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Itch (pruritus) is a sensation that drives a desire to scratch, a behavior observed 

in many animals. Although generally short-lasting and not causing harm, there 

are several pathological conditions where chronic itch is a hallmark symptom 

and in which prolonged scratching can induce damage. Finding medications 

to counteract the sensation of chronic itch has proven difficult due to the 

molecular complexity that involves a multitude of triggers, receptors and 

signaling pathways between skin, immune and nerve cells. While much has 

been learned about pruritus from in vivo animal models, they have limitations 

that corroborate the necessity for a transition to more human disease-

like models. Also, reducing animal use should be  encouraged in research. 

However, conducting human in vivo experiments can also be  ethically 

challenging. Thus, there is a clear need for surrogate models to be used in 

pre-clinical investigation of the mechanisms of itch. Most in vitro models used 

for itch research focus on the use of known pruritogens. For this, sensory 

neurons and different types of skin and/or immune cells are stimulated in 2D 

or 3D co-culture, and factors such as neurotransmitter or cytokine release 

can be  measured. There are however limitations of such simplistic in vitro 

models. For example, not all naturally occurring cell types are present and 

there is also no connection to the itch-sensing organ, the central nervous 

system (CNS). Nevertheless, in vitro models offer a chance to investigate 

otherwise inaccessible specific cell–cell interactions and molecular pathways. 

In recent years, stem cell-based approaches and human primary cells have 

emerged as viable alternatives to standard cell lines or animal tissue. As in 

vitro models have increased in their complexity, further opportunities for more 

elaborated means of investigating itch have been developed. In this review, 

we  introduce the latest concepts of itch and discuss the advantages and 

limitations of current in vitro models, which provide valuable contributions 

to pruritus research and might help to meet the unmet clinical need for more 

refined anti-pruritic substances.
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Introduction

Medical relevance of itch

Itch is dismissed by many as an unpleasant yet well-treatable 
result of insect bites, but is considered a major morbidity in 
numerous highly prevalent chronic inflammatory skin diseases, 
such as atopic dermatitis (AD) or itchy psoriasis (Silverberg et al., 
2018; Elewski et al., 2019). Other medical causes of itch include 
side effects of prescription drugs (e.g., chloroquine, opioids), 
neurological (e.g., brain lesions, multiple sclerosis), autoimmune 
(e.g., lupus erythematosus, systemic sclerosis), and liver diseases 
(cholangitis, cholestasis; Weisshaar, 2016; Zeidler et  al., 2019; 
Pereira et al., 2021). Unlike the sensation after insect bites, chronic 
itch, or pruritus, is more complex, not yet fully understood, and 
treatment options are limited. It affects up to 20% of the population 
at least once in their lifetime, severely impacting quality of life 
(Weisshaar, 2016, 2021).

Scratching-induced pain suppresses the feeling of itch and 
results in instant relief, a deceptive pleasure causing damage that, 
in AD for example, disrupts the skin, exacerbates inflammatory 
symptoms, and leads to bleeding and scarring (Furue et al., 2017; 
Yosipovitch et al., 2019). Chronic itch patients also commonly 
experience psychological problems owing to itch-induced sleep 
deprivation and body image insecurity (Darlenski et al., 2014; 
Mann et al., 2020).

On average, chronic pruritus patients lose 5.5 quality-adjusted 
life years and take on lifetime treatment costs of 274,921 USD 
(Whang et al., 2021). Needless to say, chronic itch poses both a 
heavy health and economic burden on affected groups underlining 
the need for better drug development and patient care. More 
research is needed to resolve this situation and suitable means for 
experimental investigation are required to rapidly advance 
progress. We  believe that in vitro models of itch can majorly 
contribute to a better mechanistic understanding of diseases 
associated with this society-wide problem.

Cellular and molecular basis of itch

Itch likely evolved as a helpful defense mechanism against 
pathogens and vermin (e.g., bugs, mites), triggered by diverse 
stimuli (Wimalasena et al., 2021). These signals get picked up by 
different cells in the body, eventually being transmitted by sensory 
neurons to the brain, where the urge to scratch arises.

To assess the recent contributions to the field of itch, it is 
essential to first introduce how itch develops on a cellular level 
(Figure 1). It begins with environmental stimuli, pathogens or any 
other itch-causing substances, also called pruritogens, which enter 
the epidermis and encounter keratinocytes, dendritic cells or 
directly activate free nerve endings. Upon contact, skin cells and 
resident immune cells release cytokines that target neighboring 
sensory nerves (so-called pruriceptors), which express pruritogen 
receptors that upon activation initiate diverse signaling cascades 

(Dong and Dong, 2018; Kahremany et al., 2020; Wang and Kim, 
2020). This ultimately causes depolarization, action potentials and 
neurotransmitter release (e.g., glutamate, substance P or B-type 
natriuretic peptide) for signal transmission in the spinal cord. In 
the dorsal horn of the spinal cord, gastrin-releasing peptide 
(GRP)-positive neurons act as a relay hub for itch propagation; the 
importance of these neurons is demonstrated by a failure of 
pruritogen-induced itching behavior in mice lacking GRP-positive 
neurons (Sun and Chen, 2007; Sun et al., 2009). Finally, projection 
neurons transmit the itch signal along the spinothalamic tract to 
the brainstem where the signal unfolds to further brain regions 
and the urge to scratch develops (Dong and Dong, 2018; Chen and 
Sun, 2020). For detailed information on itch circuits and 
processing in the central nervous system and brain in particular, 
the following recent reviews are recommended (Chen and Sun, 
2020; Najafi et al., 2021; Mu and Sun, 2022).

However, the above brief overview of itch transmission 
greatly simplifies the complexity of itch by leaving out a 
variety of factors and cell types, which will be discussed in 
more detail below. Itch is an inherent component of many of 
the medical conditions mentioned previously and/or can 
be triggered by diverse endogenous or environmental stimuli, 
such as irritants, allergens or emotional stress (Murota and 
Katayama, 2017; Golpanian et al., 2020). Adding to this, the 
ability of pruritogens to interact with pruriceptors and other 
cell types can be facilitated by a damaged skin barrier. The 
transmission itself is also multi-faceted, dependent on various 
signaling cascades and neuronal subsets with differential 
receptor expression (Figure  1). Therefore, it is crucial to 
understand what exactly triggers itch, the cell types involved, 
and critical mediators and receptors for accurate treatment 
options. To highlight the multitude of disease-associated 
factors, Table  1 summarizes essential interactions between 
pruritogen receptors and endogenous mediators involved in 
several pruritic conditions. Beyond the scope of this review, 
emerging treatment options have been discussed in other 
recent reviews (Misery et al., 2021; Kim, 2022).

Cell types and receptors involved 
in itch

Histamine-dependent itch

The simplest example for an urge to scratch follows a 
mosquito bite that causes a well-researched, histamine-
dependent itch, also referred to as acute itch. Histamine 
released from mast cells activates histamine-1-(H1R) and 
histamine-4-receptors (H4R) on unmyelinated, histamine-
responsive C-fibers (Yosipovitch et al., 2018). That is why 
H1R blockers (typically called “antihistamines”) work well to 
specifically treat this type of itch. Although histamine-evoked 
itch has been demonstrated in many species, naked mole-rats 
(Heterocephalus glaber) are behaviorally non-responsive to 
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histamine despite their peripheral sensory neurons being 
activated by histamine (Smith et al., 2010). The demonstration 
that intrathecal Substance P administration could rescue 
histamine-evoked scratching highlights that although 
peripheral pruriceptors are important, the anatomical 
pathways and chemical mediators regulating itch 
transmission are complex and likely species-specific. For 
mice, histamine injection into the cheek (not neck) with 
visible hind limb scratching seemed to distinguish between 
pain and itch responses (Shimada and Lamotte, 2008; 
Lamotte et  al., 2011). This site-directed differentiation is 
essential for interpreting mouse behavioral data and 
extrapolating to the human system.

Histamine-independent itch – The 
contribution of skin and immune cells

Histamine-independent itch often occurs in severe, relapsing 
pathological states, therefore often being described as chronic itch. 
In chronic disease conditions, the activation of pruriceptors is 
more intricate. This is because multiple processes are at work, 
from immune cell cytokine release to nerve interaction with skin 
cells, resulting in both peripheral itch-transmission and possibly 
even long-term sensitization to pruritogens or normally 

innocuous stimuli (Jin and Wang, 2019). In recent years, the link 
between immune and nervous systems has gained increasing 
attention and current research suggests that many cell types are 
involved in the generation of pruritus signals (Oetjen and Kim, 
2018; Yang and Kim, 2019; Tauber et al., 2021). Neuroimmune 
interactions are even more important in inflamed skin, where 
resident and immigrating (immune) cells act in concert, creating 
a microenvironment of chemical mediators and pruritogens that 
bathe sensory neurons.

Structural skin cells

Considering that itch arises from the skin, it is no surprise that 
fibroblasts and keratinocytes are important not only for skin 
homeostasis, but also for itch. Epidermal keratinocytes directly 
interact with intraepidermal sensory nerves via synapse-like 
structures and cytoplasmic tunnels (Talagas et  al., 2020a,b). 
Through ATP release, keratinocytes are thought to contribute to 
the perception of touch, heat and cold, via activation of P2X 
receptors expressed by sensory neurons (Moehring et al., 2018; 
Sadler et  al., 2020; Shindo et  al., 2021). Keratinocytes also 
transduce itch via secretion of thymic stromal lymphopoietin 
(TSLP), a typical AD and Th2-associated cytokine that is expressed 
upon exposure to TNF-α and various allergens (Takai, 2012; 

FIGURE 1

Cells and molecules in cutaneous itch transmission. Chemical or mechanical triggers can activate sensory neurons to produce the sensation of 
itch, a process characterized by intercellular crosstalk and both skin and immune cell activation. A selection of pruritogen receptors is depicted in 
close-up. Created with Biorender.com.
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Wilson et  al., 2013b; Mizuno et  al., 2015). Stimulation of 
keratinocyte toll-like receptors (TLR) 2-6 by pathogens (e.g., 
Staphylococcus aureus) or scratching (in case of TLR3) and house 
dust mite (HDM)-induced activation of protease-activated 
receptor 2 (PAR2) also significantly contribute to pruritus/AD via 
TSLP secretion (Takai et al., 2014; Smith et al., 2019; Szöllősi et al., 
2019; Buhl et  al., 2020). Located underneath the epidermis, 
fibroblasts are an integral cellular part of the dermis. Fibroblasts 
actively shape the extracellular matrix (ECM), the environment 
through which sensory neurons navigate to reach their destined 
structure, such as hair shafts (Myers et al., 2011; Long and Huttner, 
2019). ECM guidance proteins include laminins, for basement 
membrane interaction, and the adhesion molecule periostin. 
Dermal periostin is upregulated in patients with both AD and 
prurigo nodularis (PN, a chronic, inflammatory skin condition 
characterized by itchy nodules), and also induces allergic itch in 
mice, dogs and non-human primates via integrin αVβ3 (Kou et al., 
2014; Sung et  al., 2017; Mishra et  al., 2020; Hashimoto et  al., 
2021c). Through perturbed periostin homeostasis, fibroblasts 
could therefore play a key role in pruritus pathology (Hashimoto 
et al., 2021a; Ono et al., 2021).

Mast cells and other granulocytes

Mast cells are predominantly known for their role in 
histaminergic itch, but also secrete other pruritogens such as the 
lipid mediators leukotriene B4 and C4, itch-associated cytokines 
IL-4, 13, 31, 33 and proteases (tryptase, cathepsin S) that activate 
PAR2 (Toyama et al., 2021).

Similar to mast cells, basophils (Hashimoto et  al., 2019), 
eosinophils (Radonjic-Hoesli et al., 2021), neutrophils (Hashimoto 
et al., 2018), dendritic cells and macrophages all share the ability 
to release pruritogenic substances and likely contribute to itch 
(Toyama et al., 2021), especially in immune cell-enriched inflamed 
skin (Nguyen and Soulika, 2019).

T helper cells

Atopic dermatitis

Th2 and Th1/17 cells take on a special role as key drivers for 
inflammation and itch in AD and psoriasis, respectively. Th2 cells 

TABLE 1 Key sensory neuron pruritogen receptors and their endogenous ligand sources.

Pruritogen receptor Ligand Ligand-producing cells Diseases (selection)

IL-31RA IL-31 Th2 (Dillon et al., 2004), mast cells (Niyonsaba et al., 

2010)

AD (Silverberg et al., 2021), ACD (Takamori et al., 

2018), psoriasis (Nattkemper et al., 2018), PN 

(Hashimoto et al., 2021b)

IL-4R / IL-13RA1 IL-4 / IL-13 Th2 (Kortekaas Krohn et al., 2022), mast cells (Mcleod 

et al., 2015)

AD (Simpson et al., 2016), ACD (Neis et al., 

2006), PN (Holm et al., 2020)

OSMR OSM T cells, neutrophils (Tseng and Hoon, 2021), 

monocytes/macrophages (Mommert et al., 2020), 

dendritic cells (Suda et al., 2002)

AD (Mikhak et al., 2019), psoriasis, cutaneous T 

cell lymphoma (Tseng and Hoon, 2021), PN 

(Hashimoto et al., 2021b)

MOR β-endorphin Keratinocytes (Bigliardi-Qi et al., 2004), T cells (Labuz 

et al., 2010), other immune cells (Mousa et al., 2004)

AD (Ádám et al., 2022), psoriasis (Taneda et al., 

2011), PN (Weisshaar et al., 2022), uremic 

pruritus (Fishbane et al., 2020)

H1R/H4R Histamine Mast cells (Fawcett, 1954), T(h2) cells (Gutzmer et al., 

2009), other immune cells but mast cells are the 

greatest source (Togias, 2003)

Acute itch (e.g., insect bites; Fostini et al., 2019), 

AD (Albrecht and Dittrich, 2015)

TSLPR TSLP Keratinocytes (Wilson et al., 2013b), fibroblasts, 

dendritic cells (reviewed in Takai, 2012)

AD (Berna et al., 2021), PN (Zhong et al., 2019)

PAR2 Tryptase, Cathepsin S Mast cells (Siiskonen and Harvima, 2019), basophils 

(Jogie-Brahim et al., 2004); Crucial PAR2 expression: 

Keratinocytes (Zhao et al., 2020)

AD (Nattkemper et al., 2018)

MRGPRX1 Enkephalins (BAM 8-22) Skin source not clear (only for the precursor 

proenkephalin A); fibroblasts, keratinocytes 

(Slominski et al., 2011)

ACD (Li et al., 2022), acute tick itch (Li et al., 

2021), cholestatic pruritus (Sanjel et al., 2019), 

psoriasis (Slominski et al., 2011)

Integrin αVβ3 Periostin Fibroblasts (Masuoka et al., 2012), keratinocytes 

(Rosselli-Murai et al., 2013)

AD (Kou et al., 2014), PN (Hashimoto et al., 

2021c)

5-HT7/5-HT3 Serotonin (5-HT) Fibroblasts, keratinocytes (Slominski et al., 2002), but 

mostly chromaffin cells (Banskota et al., 2019)

AD (Morita et al., 2015), cholestatic pruritus 

(Schwörer et al., 1995)

Indirect receptors and channels (e.g., transient receptor potential family, Janus kinases) involved in itch transmission are not included. ACD, allergic contact dermatitis; AD, atopic 
dermatitis; PN, prurigo nodularis; 5-HT, 5-hydroxytryptamine; BAM, bovine adrenal medulla; MOR, μ opioid receptor; MRGPRX1, Mas-related G protein-coupled receptor X1; 
OSM(R), oncostatin M (receptor); PAR2, protease-activated receptor 2; TSLP(R), Thymic stromal lymphopoietin (receptor).
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prominently secrete IL-4, -13 and -31, the typical AD cytokines 
involved in itch induction in mice and humans (Dillon et al., 2004; 
Campion et al., 2019). Research revealed that these cytokines can 
directly activate their respective receptors on human and mouse 
primary sensory neurons (Cevikbas et  al., 2014; Oetjen et  al., 
2017). Their central role in pruritus was further underlined by the 
newly developed anti-IL-4 receptor-α (IL4Rα, also subunit of 
IL13R) antibody dupilumab for moderate to severe cases of AD, 
which has proven greatly effective (Simpson et al., 2016; Le Floc’H 
et  al., 2020; Simpson et  al., 2020). However, lifetime costs of 
dupilumab treatment are estimated at 0.5 million USD/person, 
thus too high to become the standard treatment for AD patients 
(Zimmermann et al., 2018).

The Th2 cytokine IL-31 is especially interesting for pruritus 
research, as it seemingly causes itch that is uncoupled from 
inflammation (Takamori et  al., 2018). In humans, skin-prick 
testing of IL-31, unlike histamine, causes late-onset itch after more 
than 60 min (Hawro et al., 2014b). Clinical trials with the anti-
IL-31 receptor alpha (IL31RA) antibody nemolizumab appear 
highly effective in reducing pruritus and AD symptoms 
(Kabashima et al., 2020; Silverberg et al., 2020, 2021; Kabashima 
and Irie, 2021). The receptor for IL-31 is a heterodimer composed 
of IL31RA and the oncostatin M receptor beta (OSMR). Therefore, 
unsurprisingly, oncostatin M also plays a role in pruritus and 
inflammation (Pohin et al., 2016; Tseng and Hoon, 2021). In the 
first clinical trial, KPL-716/vixarelimab, a monoclonal antibody 
against OSMR, reduced pruritus in AD patients (Mikhak et al., 
2019). One further mechanism contributing to itch in AD may 
be an imbalance in opioid receptor expression (Ádám et al., 2022). 
This is because binding of β-endorphin to the μ-opioid receptor 
(MOR) causes itch, while activation of κ-opioid receptor (KOR) 
suppresses it; the following review provides a detailed discussion 
of opioid receptor signaling in relation to itch (Nguyen 
E. et al., 2021).

Psoriasis

Even though non-itchy psoriasis exists, pruritus is still a 
burden for most patients, but knowledge is somewhat limited 
compared to our understanding of AD (Elewski et  al., 2019). 
Th1/17 cells are the main source of psoriasis cytokines IL-17, 22, 
TNF-α and interferon-γ. Resident T cells are crucial for the 
induction of psoriasiform inflammation and skin lesions, even 
when induced ex vivo (Gallais Serezal et al., 2018, 2019). However, 
in contrast to AD, these cytokines do not generally activate 
sensory neurons directly (Komiya et al., 2020). It has however 
been shown that TNF-α potentiates other forms of itch and the 
TNF-α sequestering agent etanercept reduced dry skin itch, thus 
underlining its use as a treatment option in psoriasis (Miao et al., 
2018). As mentioned for AD, there is evidence for altered opioid 
receptor signaling in various types of chronic itch, including 
psoriasis, for example, expression of KOR and its ligand dynorphin 
A are reduced in psoriatic lesions (Taneda et al., 2011).

Itch signaling receptors

Transient receptor potential channels

Activation of itch-sensing pruritogen receptors is often not 
directly responsible or sufficient for itch transmission. Instead, 
pruritogen receptors often rely on secondary channel openings 
for Ca2+-influx, action potential generation and signal 
propagation. Of particular interest with regard to both itch and 
pain are certain members of the transient receptor potential 
(TRP) ion channel family (Sun and Dong, 2016; Feng et  al., 
2017). Specifically for itch, those with the most well characterized 
role are TRP vanilloid 1, 3 (TRPV1, TRPV3) and ankyrin 1 
(TRPA1; Wilson et  al., 2013a; Kittaka and Tominaga, 2017). 
Known pruritogens such as histamine, IL-31, -13 and TSLP all 
signal through TRPV1 or TRPA1, which are expressed in subsets 
of sensory neurons (Oh et al., 2013; Wilson et al., 2013b; Cevikbas 
et al., 2014; Sun and Dong, 2016; Wilzopolski et al., 2021). By 
contrast, TRPV3 activation happens in keratinocytes and plays a 
pivotal role for itch in skin conditions like AD, psoriasis and post-
scar itch (Park et al., 2017; Seo et al., 2020; Larkin et al., 2021). 
Moreover, TRPV3 plays a dominant role in HDM-mediated itch 
via a PAR2/TRPV3/TSLP pathway in keratinocytes (De Boer 
et  al., 2014; Zhao et  al., 2020). Other TRP channels, such as 
TRPC4 and TRPV4, have also been reported to play a role in 
pruritus (Lee S. H. et al., 2020; Zhang et al., 2021). It is further 
speculated that TRP channel sensitization by Th2 cytokines could 
play a crucial role in AD severity and manifestation of the 
inflammatory-itch-axis (Meng et al., 2021). However, although 
long known to be important in pruritus, clinical trials for itch 
disorders with TRP antagonists have been scarce. One limitation 
of targeting many TRP channels is their broad biological 
functions, including temperature-sensing and pain transmission 
making them a difficult target when considering potential side 
effects (Xie and Hu, 2018; Koivisto et al., 2022). Nevertheless, a 
novel TRPA1 inhibitor (GDC-0334) improved pain and itch in a 
Phase I study designed for asthma treatment (Balestrini et al., 
2021). In addition, the TRPV1 antagonist asivatrep recently 
passed a Phase 3 clinical study with AD patients (Park et al., 
2022), thus demonstrating the significant therapeutic potential of 
targeting TRP channels in pruritus research.

Other forms and mediators of itch

As well as pathways involving TRP channel activation, 
common itch-associated cytokine receptors often signal through 
the Janus kinase/signal transducer and activator of transcription 
(JAK/STAT) pathway in neurons (Leonard, 2001; Oetjen et al., 
2017). Examples for this are IL-4, -13, -31 and TSLP. Selective 
JAK1/2 pathway inhibition has resulted in significant 
improvements for AD patients (Kim et al., 2020; Tsai et al., 2021) 
and even in dogs, the JAK1/2 inhibitor oclacitinib is used for 
treating AD (Cosgrove et al., 2013).
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Activation of the G protein-coupled receptor family named 
mas-related G-protein coupled receptors (MRGPRs) also causes 
histamine-independent itch (Meixiong et  al., 2019). For 
example, the food supplement β-alanine activates MRGPRD 
and causes itch in both mice and humans when injected 
intradermally (Liu et al., 2012). Adding to this, the antimalarial 
drug chloroquine induces severe pruritus in some individuals 
via MRGPRX1 activation (Liu et al., 2009; Liu and Dong, 2015). 
MRGPRX1 could play a role in cholestatic itch as well, both 
genes for MRGPRC11 (rodent analog of MRGPRX1) and 
proenkephalin, the precursor of the endogenous MRGPRX1-
ligand bovine adrenal medulla peptide 8-22 (BAM8-22), are 
upregulated in a cholestasis mouse model (Sanjel et al., 2019). 
Cholestatic pruritus however is a poorly understood 
multifactorial itch condition, speculated to involve TRP 
channels (Langedijk et  al., 2021). For example, 
lysophosphatidylcholine (LPC) activates TRPV4, leading to the 
release of microRNA-146a that causes itch by targeting sensory 
neurons, matching the elevated concentrations of both LPC and 
microRNA-146a in cholestatic itch patients (Chen et al., 2021).

Serotonergic itch mediated via 5-hydroxytryptamine receptors 
(HTR) is also linked to cholestatic pruritus (Tian et al., 2016), 
given that 5-HT3 receptor antagonists provide itch relief for 
selected patients (Schwörer et al., 1995). Serotonergic itch might 
also be associated with AD, but thought to involve 5-HT7 receptors 
acting in concert with TRPA1 (Morita et  al., 2015). Notably, 
MRGPRs are also known to act through TRPA1 (Wilson 
et al., 2011).

While the mechanisms above describe chemically-induced 
itch, recent findings have shed new light on mechanical itch, 
which possibly evolved as a warning of crawling parasites. In 
mice, loss of function in PIEZO1, a mechanosensitive ion 
channel, prevented mechanical itch and sensory neuron 
knockout of PIEZO1 also reduced spontaneous scratching 
bouts in hypersensitive AD mice models, further 
demonstrating the complexity of chronic itch (Hill et  al., 
2022). Of note, if mechanical itch mechanisms also play a role 
in chronic itch, the sub-epidermal grid of mechanosensitive, 
non-myelinating Schwann cells could be involved. These cells 
have been found to transmit pain sensation via TRPA1 and 
could therefore theoretically modulate itch sensation as well 
(De Logu et al., 2017; Abdo et al., 2019). However, the roles of 
Schwann cells and PIEZO1 in itch require further investigation 
in humans.

State of the art in itch research

Lab-based itch research has become a valuable tool to support 
clinical findings and pave the way for drug development. More 
elaborate means of cellular and molecular analyses alongside new 
itch models have been created with the goal to gain mechanistic 
insight into the cellular and molecular processes that underlie the 
complex pathology of itch.

Identification of exclusive pruriceptors

Potentially of most importance in recent years was the 
identification of itch-specific sensory neurons that responded to 
multiple pruritogens and, when inhibited, did not influence 
nociception. As mentioned before, MRGPRs were identified as 
being involved in pruritus over a decade ago (Liu et al., 2009). 
However, MRGPRA3-positive sensory afferents were more 
recently identified as being crucial for itch sensation, such that 
their ablation reduced itch in a pruritus mouse model without 
noticeable impact on nocifensive behavior (Han et al., 2013; Qu 
et al., 2014). These exclusive pruriceptors were found to display 
intrinsic multimodality, a key concept in itch research. What this 
means is that slow metabotropic (Gq) activation of these neurons 
induced itch, whereas activation of ligand gated ion channels 
expressed by the same neurons, such as the ATP-gated P2X3 
receptor, resulted in the sensation of pain (Sharif et al., 2020; Xing 
et al., 2020).

Animal models of chronic itch have their 
limitations

Despite the exciting progress in itch research, it should be kept 
in mind however, that many insights presented throughout the 
previous sections are based on animal research and might not 
be entirely applicable to humans. A prime example being that 
MRGPRA3 does not exist in humans. The closest analog is 
MRGPRX1, the homolog for rodent MRGPRC11. However, C11 
and X1 share BAM8-22 as agonist, but only X1 and A3 are 
activated by chloroquine (Tseng et al., 2019). In fact, the general 
cell composition/variety of human vs. mouse DRG differs quite 
significantly. For example, many human sensory neurons are both 
CGRP and P2X3R positive, markers normally used to either 
define peptidergic or non-peptidergic neurons, respectively, in 
rodents (Shiers et al., 2020). A special focus on TRP channels 
showed only 79% sequence homology between rodent and human 
TRPA1 (Lindsay and Timperley, 2020). This is adding to a 
proteome analysis that revealed only 80% general overlap between 
rat and human DRG neurons (Schwaid et al., 2018).

Bulk and single-cell transcriptomic data have also highlighted 
differences between rodent and human DRG gene expression 
patterns (Ray et al., 2018; Nguyen M. Q. et al., 2021). Based on the 
first unbiased classification of mouse DRG neurons (Usoskin 
et  al., 2015), pruriceptors were mainly described as 
non-peptidergic subgroups 1-3 (NP1-3). The NP3 neurons were 
positive for the key pruritogen receptors IL-31R and OSMR, as 
well as their downstream effector JAK1 (Oetjen et al., 2017). In 
contrast to mouse, not one but two IL-31R/OSMR+ types of 
neurons were identified in human DRG, JAK1 being expressed in 
both subpopulations. Human pruriceptors also appear to exhibit 
greater polymodality, expressing genes involved in 
mechanosensitivity, such as PIEZO2 in IL31RA-positive cells, not 
found in their rodent counterparts (Nguyen M. Q. et al., 2021; 
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Tavares-Ferreira et al., 2022). This could indicate a connection to 
what is described as mechanical itch, an oversensitization reaction 
also found in chronic itch conditions (Lee H. et al., 2022; see also 
previous section “Other forms and mediators of itch”). 
Additionally, immunohistochemical comparison of DRG with a 
focus on nociceptors, thought to act as pruriceptors as well, 
emphasized caution for translating mouse experimental data to 
humans (Rostock et al., 2018). It is thus slowly becoming clear that 
for all the clear benefits of modeling itch in rodents that there are 
significant limitations.

If not through direct pruritogen stimulation in healthy 
animals, research has often been conducted with rodent models 
exhibiting some sort of inflammatory and/or dry skin condition, 
often referred to as a chronic itch or AD model. For example, 
MC903, a vitamin D3 analog (Li et al., 2006) or an acetone/ether/
water (AEW) application is commonly used (Miyamoto et al., 
2002). Challenging rodents with allergens over time can also 
induce contact dermatitis (Lamotte, 2016). For further 
information, more detailed reviews on rodent itch models are 
available (Lamotte et al., 2011; Wheeler et al., 2020; Donglang 
et al., 2021).

However, the morphology of less thick, hairy rodent skin 
without downward epidermal projections (rete ridges) is still 
fundamentally different to human skin (Wong et  al., 2011). 
Structurally, human epidermis consists of 3-times more 
keratinocyte layers than mouse skin. Moreover, the cell type 
composition can differ (human dermal α/β T cells vs. mouse 
epidermal γ/δ T cells), and the top 100 skin-associated genes are 
only 30% similar between mouse and human (Gerber et al., 
2014). The chemokine CCL27 for example, observed to 
be especially upregulated in AD and psoriasis (Kakinuma et al., 
2003), was only found in the human top 100 list and normally 
recruits skin-homing T cells. Whereas filaggrin 1 and 2 
(FLG1/2) seem to be conserved between human and mouse, 
other genes encoding for proteins with barrier function and 
pathogen resistance, such as dermcidin (DCD), secretoglobin 
2A2/1D2 (SCGB2A2 and SCGB1D2) and IL-37 (IL37), were 
exclusively found in human tissue without rodent homolog 
(Gerber et  al., 2014). In fact, a general transcriptomic 
comparison between mouse and human also demonstrated 
substantial differences that likely limit the inter-species 
translatability of many biological findings in itch research 
(Breschi et al., 2017).

Need for human models

Species differences are not the only issue with animal research. 
In recent years, greater focus on animal welfare led to the 
proclamation of ethical guidelines to refine, reduce and replace 
use of animals in research. In accordance with those “3R” 
principles, investigators have increased efforts to transition to 
more suitable in vitro models. Since the European court of justice 
banned animal experiments for cosmetic research ((EG) Nr. 

1223/2009), industrial interest in alternative testing methods has 
also increased. There is thus a need for the development of human 
pruritus model systems to gain mechanistic insight into molecular 
itch pathways. However, these models must be physiologically 
accurate representations of diseases or pathways to increase 
translatability for clinical manifestations. A symptom-or disease-
specific generation of surrogate models might be necessary to 
make the transition.

Human itch studies

Regarding physiological relevance, the most obvious 
choice would be direct itch induction in human skin. For acute 
itch, intradermal histamine injection into defined body sites 
provides a reliable way to test histamine receptor blockers 
(Zhai et al., 2002). For chronic itch, the multitude of extrinsic 
and intrinsic factors involved in this long-lasting sensation 
makes a physiologically representative assessment substantially 
more difficult. Cowhage-induced itch is the most commonly 
described method to induce severe, histamine-independent 
itch in humans, potentially involving MRGPRX1/2 and/or 
PAR2 in the signaling of its pruritogenic substance mucunain 
(Papoiu et  al., 2011; Metz et  al., 2014; Reddy et  al., 2018). 
Toxicologically-assessed, known cosmetic substances, such as 
polidocanol could also be tested in this model (Hawro et al., 
2014a). Another possibility to induce itch in association with 
MRGPRD activation is the administration of β-alanine, which 
causes a briefer and often milder itch response compared to 
cowhage (Christensen et  al., 2019; Klein et  al., 2021). 
Considering the role of TRP channels in itch, trans-
cinnamaldehyde, the flavor molecule of cinnamon that 
activates TRPA1, has been leveraged for human skin itch 
testing (Hojland et al., 2015).

Other studies have evoked cutaneous itch electrically and 
thereby gained better temporal control on pruritus generation 
without allergen sensitization or dependence on chemical 
pathways (Solinski and Rukwied, 2020). However, this mechanism 
without pruritogen receptor activation is perhaps best suited to 
observe brain activity patterns and to identify regions involved in 
itch processing.

Apart from electrical stimulation, the main drawback of 
human studies is the ethical issue of using irritants to 
deliberately cause itch. Sensitization and possible skin damage 
when applying new and putative anti-itch substances also 
raises ethical questions. Human itch studies are therefore 
limited to toxicologically approved and already well-
researched substances that would require previous animal 
and/or in vitro investigations.

In general, more ways to induce itch are needed for pruritus 
research in different diseases and via diverse signaling pathways. 
For this purpose, in vitro models are very adaptable and could 
replicate essential cell–cell interactions or molecular mechanisms 
in pruritus otherwise inaccessible to researchers.
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Preclinical surrogate models/challenges 
and opportunities in in vitro itch research

The question arises as to what makes a good model and how 
complex does it need to be  to fulfill its purpose? For 
pharmacological intervention at a specified target, monotypic cell 
cultures are an efficient screening tool, e.g., screening for inhibitors 
of a certain pruritogen receptor. However, for studies examining 
interactions between different cell types in disease states a more 
complex 2D, or 3D model is advisable.

As mentioned before, most itch research has been conducted 
using rodents, both in vivo behavioral studies and in vitro tests 
with sensory neurons, either alone or in combination with other 
cell types. In accordance with the 3Rs, the latter approach 
reduces the number of animals needed, while also increasing 
diversity of experiments. Despite the species differences 
discussed above, in vitro use of animal sensory neurons was for 
some time the only physiological way to investigate primary 
sensory neuron function, other than using rodent primary 
neuronesque cell lines, such as nerve growth factor treated 
PC-12 cells (Levi et al., 1988).

Ideally, human primary ex vivo tissue would provide the 
second-best option to human in vivo experiments for studying 
human chronic itch. Skin biopsies are highly accessible and 
include all itch relevant tissue-resident cells, as demonstrated by 
single cell sequencing experiments (He et al., 2020; Ahlers et al., 
2021). However, the main itch-sensing cells are sensory neurons, 
and their cell bodies are located in the DRG next to the spinal 
cord, which cannot be  obtained from healthy living donors, 
although extraction of viable cells can be achieved under certain 
conditions when donors are deceased or undergoing certain 
surgery (Valtcheva et  al., 2016). Indeed, the phenotypic and 
functional properties of human peripheral neurons still remain 
poorly understood (Tavares-Ferreira et al., 2021), as extraction of 
human peripheral neurons remains technically and ethically 
challenging. Most recently, advances in the generation of sensory 
neurons from human induced pluripotent stem cells (hiPSCs) 
have enabled neuronal research beyond these limitations 
(Chambers et al., 2012).

However, even with a suitable cell supply, in vitro itch research 
faces challenges and limitations. Many sensory neurons equipped 
with pruritogen receptors also react to algogens (Klein et al., 2011; 
Anzelc and Burkhart, 2020). The distinction between itch and 
pain is likely dependent upon differential processing in the central 
nervous system (Forster and Handwerker, 2014) and thus any 
system focused purely on peripheral cell function has its 
restrictions. In vitro models completely lack the central nervous 
system, a crucial component for the sensation of itch (see previous 
section “Cellular and molecular basis of itch”), thus limiting what 
can be garnered from in vitro studies.

Most researchers therefore do not measure “itch” itself, but 
rather study pruritogens or receptors to uncover cellular 
interactions and downstream mechanisms of certain disease-
associated responses. Based upon this, several in vitro models and 

methods have been developed to investigate various molecular 
aspects of itch, which will now be discussed.

Methods for measuring itch-related 
signals

In vitro itch research involves numerous molecular biology, 
biochemical and physiological methods. In general, as the itch-
transmitting organ, sensory neurons are center stage for most 
experiments and standard techniques in peripheral neuron 
research apply. The gold standard for gathering single cell drug 
response data is patch clamp electrophysiology, enabling 
measurement of changes in current flow or membrane voltage 
depending upon the recording configuration (Brette and 
Destexhe, 2012). However, most electrophysiology methods are 
low throughput (although automated systems, best suited to using 
stable cell lines, and multielectrode array measurements are 
changing this scenario). As a result, a commonly used, high 
throughput method of measuring changes in cellular excitability 
is Ca2+-imaging, which involves fluorescent based measurement 
of changes in intracellular [Ca2+]. Unlike electrophysiology, which 
is able to measure even very small changes in the resting 
membrane potential (e.g., via a Na+ influx), Ca2+-imaging is reliant 
on the presence of Ca2+-permeable ion channels, the necessary 
components for intracellular Ca2+ release from the endoplasmic 
reticulum, or that a depolarizing event is great enough to activate 
voltage-gated Ca2+ channels (Helmchen, 2012).

Apart from more electrophysiology and fluorescent imaging 
techniques that require specialized equipment, gene and protein 
expression analysis, as well as inflammatory cytokine or 
neuropeptide release are commonly used in the investigation of 
itch mechanisms, e.g., measuring mediator release by enzyme-
linked immunosorbent assays (ELISA, e.g., substance P, TSLP, 
NGF or histamine).

Histamine-dependent models

Monotypic cell culture

As previous research demonstrated, histamine release from 
mast cells is the crucial mechanism for this acute form of itch. The 
underlying process is often simulated by histamine application to 
cells with endogenous or transfected histamine receptors for Ca2+-
imaging following GPCR activation. H1 radioligand or other 
binding assays (Casale et al., 1985; Crane and Shih, 2004) have 
been adapted by commercial suppliers, who also offer simple 
ELISA assays or stably H1-4R transfected cell lines. See below 
(Histamine-independent chronic itch models) for sensory 
neurons that could as well be used for H1 receptor blocker tests 
after histamine application.

Human mast cells can be acquired for a more translational 
experimental model and a closer look at the release process and 
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origin of histamine itself. In co-culture with other cells, mast cells 
could also act as sources of acute itch mediators (see below). 
Especially interesting for skin research is the isolation of primary 
mast cells from human skin: tissue digestion and CD117/
FcεRIa+ − enrichment via flow cytometry provides viable mast 
cells that proliferate for ~6 weeks after isolation (Siiskonen and 
Scheffel, 2020).

Co-culture

Mast cells alone are insufficient for studying itch. In co-culture 
with sensory neurons, researchers were able to confirm the relative 
importance of close-proximity communication between sensory 
neurons and mast cells, e.g., via the itch-associated 
neurotransmitter substance P (Suzuki et  al., 1999, 2001). 
Substance P can be  released from sensory neuron peripheral 
terminals, which causes histamine release from mast cells derived 
from human skin biopsies, that histamine in turn activates sensory 
neurons (Ebertz et  al., 1987). For more information, recent 
reviews focusing on neuron-mast cell interactions in pruritus have 
been published (Gupta and Harvima, 2018; Wang et al., 2020).

Histamine-independent chronic 
itch models

After the brief excursion above on acute histamine-dependent 
itch, the focus of this review will be on histamine-independent 
forms, often collectively referred to as chronic itch, a condition 
where H1R antagonists are inefficacious and pruritus manifests as 
a pathological condition.

Monotypic cell culture

There are certain dedicated pruritus models with high 
complexity, but many researchers continue to use assays based on 
single cell types. The readout in this case is limited but does allow 
for conducting experiments in a highly controlled manner.

Cell lines

Cell lines are simple to culture, typically grow rapidly and are 
among the simplest tools for itch research. However, the diversity 
of sensory neuron subtypes in vivo makes it largely impossible to 
use a single cell line that can accurately replicate the in vivo 
neuronal variety (Zeisel et al., 2018), but certain cell lines are used 
as sensory neuron surrogates, including: PC-12 (rat), F-11 (rat/
mouse), ND7/23 (rat/mouse), ND-C (rat/mouse), 50B11 (rat), 
MED17.11 (mouse) and HD10.6 (human); a recent review 
provides details for these cell lines (Haberberger et  al., 2020). 

Broadly speaking, each surrogate cell line features certain aspects 
of DRG neurons, but none are fully representative of primary cells.

Following stimulation, some ion channels and receptors 
provide an immediate readout (e.g., changes in [Ca2+] following 
TRP channel activation), and thus transfected cells of 
non-neuronal origin provide a straightforward method for 
investigating ion channel or receptor function and running 
screening assays of potential antagonists. For example, as 
discussed previously, TRPV3 is implicated in pruritus and its 
expression in HEK293T cells has provided a successful means for 
identifying inhibitors, such as the oral anesthetic dyclonine (found 
in throat sprays and lozenges), and the tropical plant-based 
acridone citrusinine-II (Han et al., 2021; Liu et al., 2021). Other 
cell lines naturally express itch related receptors, for example, 
HaCaT cells endogenously express PAR2 (Castex-Rizzi 
et al., 2014).

Overall, human cell lines may be far from accurate sensory 
neurons but serve a certain purpose in itch research. Transfection 
of pruritogen receptors allows for focused investigation but comes 
at the cost of not being able to observe off-target effects and/or 
mischaracterizing downstream signaling events. A major problem 
with available neuronal cell lines is that although limiting animal 
use, they fail to closely enough simulate DRG neuron properties 
(Yin et al., 2016). A particular frustration is that perhaps the only 
promising human DRG neuron cell line published (HD10.6), 
which displayed a nociceptive phenotype, seems to be the property 
of Celgene and is no longer available (Raymon et  al., 1999; 
Thellman et al., 2017; Haberberger et al., 2020).

Primary neurons

In contrast to cell lines, primary sensory neurons are equipped 
with the necessary pruritogen receptors, but as mentioned, access 
to these cells from human donors is limited. Accordingly, primary 
neurons are commonly isolated from rodents. Indeed, alongside 
what has been learned from recombinant expression systems, 
mouse DRG neurons have revealed a TRP-coupling mechanism 
for certain itch stimuli. For example, TRPV4 knockdown did not 
impair TRPV1-mediated Ca2+-responses but the other way around 
significantly attenuated TRPV4 function (Kim et al., 2016). This 
constitutes a prime example for in vitro-aided resolution of 
molecular pruritus transmission.

Since MRGPRs present an area of particular interest for 
chronic itch research, in vitro experiments with mouse DRG 
neurons have been utilized. For example, it was found that itch-
inducing conopeptides from multiple snail venoms acted through 
human MRGPRX1 or mouse MRGPRC11 (Espino et al., 2018). 
Also, MRGPRC11 (referred to as mouse MRGPRX1) expression 
increases in mouse DRG neurons in a cholestasis itch model based 
on bile acid production. Fittingly, sensory neurons from those 
mice showed increased Ca2+-influx in response to the endogenous 
MRGPRX1/C11 agonist BAM8-22, which was also found to 
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be  upregulated in skin of cholestasis itch mice compared to 
controls (Sanjel et al., 2019).

Highly relevant for conclusions regarding neuroimmune 
interactions, in vitro tests with the Th2 cytokines TSLP and IL-31 
revealed that both induced an immediate Ca2+-influx in mouse 
DRG neurons (Wilson et al., 2013b; Cevikbas et al., 2014). More 
recently, the same has been shown for IL-33 and IL-20, associated 
with dry skin itch and AD (Lu et al., 2022; Trier et al., 2022). To 
suppress those pruritogen responses and thereby reduce itch, JAK 
inhibitors proved effective by blocking downstream signaling. 
Results with JAK inhibitors from mouse DRG neuron studies were 
impressive and improved pruritus treatment options after 
successful translation to humans (Oetjen et  al., 2017; Kim 
et al., 2020).

Experiments using human DRG neurons remain uncommon 
due to limitations of obtaining them, e.g., logistics (there is a 
critical window between obtaining post-mortem/surgery tissue 
and culturing neurons), ethical issues surrounding the use for 
experimental purposes, and potential legal restrictions. A 
pioneering study that performed in vitro tests with human DRG 
neurons incubated them with the neurotrophic factors nerve 
growth factor (NGF), glial-derived neurotrophic factor (GDNF) 
and neurotrophin-3 (NT-3). After neurotrophic factor incubation, 
TRPA1 responses were sensitized in a similar way to NGF-treated 
mouse DRG neurons (Malin et al., 2011) and to how nociceptors 
display increased sensitivity after injury (Anand et  al., 2008). 
Adding to the previous work, electrophysiological analysis has 
found that many human DRG neurons reacted to histamine or 
chloroquine (Davidson et al., 2014). With relevance for chronic 
itch, Ca2+-imaging of both human and mouse DRG neurons 
identified that IL-31 responders react to the endogenous 
pruritogen endothelin-1 (Meng et al., 2018). Also in human DRG 
neurons, signal transmission via TRPV1 was impaired after 
reduced SHANK3 expression. This implied a crucial interaction 
between both proteins for skin sensation (Han et  al., 2016). 
Another group investigated the function of TRPM3 in human 
DRG neurons and human embryonic stem cell-derived sensory 
neurons (hESC-SNs; Vangeel et al., 2020), the latter potentially 
providing a more feasible option for modeling human pruritus.

Stem cell-based approaches

The uncovering of multiple ways to generate human sensory 
neurons from stem and other progenitor cells was a major leap for 
in vitro research. Peripheral neuron-like cells have been generated 
successfully from ESCs, induced pluripotent stem cells (iPSCs), 
and even through direct cell conversion.

Numerous publications describe the generation of peripheral 
neurons from ESCs. For example, the human neural progenitor 
cell line hNP1, based on ESCs, was used to derive neural crest cells 
(NCCs) and later electrophysiologically-active hESC-SNs (Guo 
et al., 2013). Electrical activity was measured after 2–4 weeks, but 
functional substance P expression was rarely found, even after 

78 days, suggesting that these cells are not fully analogous to 
primary DRG neurons. In a wider structural analysis of cell 
properties and function over time, hESC-SNs approached more 
human DRG neuron-like receptor expression at d39 (Young et al., 
2014). However, some sensory ion channels were overrepresented 
and others were missing, such as ASIC2 and NaV1.8, respectively. 
It would have been interesting to follow an extension of timepoints 
to evaluate when the closest DRG-like state occurred, especially 
regarding ion channels and receptors involved in pruritus, but as 
of yet, such work has not been conducted. Another hESC-based 
study found that spontaneous action potential firing peaked 
6 weeks following differentiation, again emphasizing the necessity 
for prolonged maturation time (Alshawaf et al., 2018), a limiting 
factor for routine laboratory use.

IPSC-derived sensory neurons (iPSC-SNs) are a more widely 
available source for the generation of NCCs and thereafter 
DRG-like neurons compared to ESCs. Most iPSC-SN 
differentiation protocols generate P2X3-and TRPV1-positive cells 
after several weeks of small molecule-and growth factor-aided 
maturation (Chambers et al., 2012 – which still provides a good 
overview of the general steps required to generate iPSC-SNs). 
Similar to hESC-SNs, a longer differentiation time (8 weeks+) 
favors the functional expression of itch-related receptors, e.g., TRP 
channels. The general process however is time-, material-and cost-
consuming, and requires improvements for increased efficiency. 
A recently published protocol for differentiation of iPSCs into 
nociceptors, proprioceptors and mechanoreceptors used Trk 
A/B/C antibody-immunopanning and time-displaced replating 
strategies (Saito-Diaz et al., 2021). Although this strategy yielded 
pure neuron types based on the same iPSC culture, the 
differentiation time of up to 10 weeks is still impractical for 
wholescale implementation and replacement of rodent primary 
sensory neurons.

Efforts are being made to further improve iPSC-based neuron 
culture time and receptor expression. Recent work showed that 
maturation time could be reduced with simultaneously higher 
efficiency when neurogenin-1 gene expression was switched on 
during development (Holzer et  al., 2022). In addition to 
neurogenin-1, neurogenin-2 was also able to induce the 
conversion from NCs to a nociceptive phenotype (Hulme et al., 
2020). Further emphasizing the critical aspect of time, researchers 
working for Pfizer described the generation of a library screening 
tool for higher-throughput applications using iPSC-SN. To make 
this possible, a shorter differentiation time was opted for at the 
expense of proper maturation (Stacey et al., 2018). With special 
focus on itch receptors, a similar, shortened approach (19 days 
from NCCs to SNs) was insufficient to generate a full DRG-like 
phenotype but still allowed for small reactions to capsaicin, AITC 
(TRPA1 agonist), IL-31, IL-4, and BAM8-22 (Umehara et  al., 
2020). With even less differentiated sensory neurons, another 
group have claimed to be able to test skin sensitizing substances, 
such as the irritant methylparaben (a possible TRPA1 agonist) by 
analyzing neuronal outgrowth and blebbing (Satoh et al., 2021). 
In addition to sensory neurons, more types of nerve cells are 

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 11 frontiersin.org

needed for signal transmission to the CNS, such as spinal cord 
interneurons, that can also be generated from iPSCs, providing a 
chance for downstream itch investigation and co-culture systems 
building the bridge to the CNS (Gupta et al., 2018).

Sensory neurons can also be generated more directly from 
primary cells, shortening the lengthy differentiation of stem cells. 
For example, epidermal NCCs can be found at the base of hair 
follicles and are therefore accessible neural cells from skin 
biopsies. Changing growth factor and small molecule exposure 
converted these epidermal NCCs into peptidergic sensory 
neurons with functional TRPV1 activation and could therefore 
be used as an alternative to specific primary nociceptors (Wilson 
et al., 2018). Neurons have also been derived from human skin 
precursor cells, potentially displaying the first sensory neuron 
phenotype obtained through direct cell conversion (Lebonvallet 
et al., 2012a). Unfortunately, no electrophysiological studies or 
functional peripheral receptor activation were conducted. 
Assuming these cells lacked basic features of sensory neurons, 
they could still be regarded as a prospect for future developments. 
With the same but improved method, the group achieved TRPV1 
activation of those sensory neuron-like cells, although the 
threshold for successful activation was set very low (Bataille et al., 
2020). Another readily available source of cells for direct 
conversion into sensory neurons is nonmobilized adult peripheral 
blood, which was recently established as a drug screening platform 
(Vojnits et al., 2019). Also, due to their spatial proximity to DRG, 
and supposedly plastic differentiation ability, neural crest cell-like 
satellite glia cells have also successfully been used for sensory 
neuron-conversion (Wang et al., 2021).

Although some of the above cells do not function exactly like 
sensory neurons generated from embryonic or pluripotent stem 
cells, they do benefit from being patient-specific cells and offer 
time-saving transformation from accessible sources.

A promising field would be the generation of hiPSC-SNs from 
severe skin disease patients. So far, only sensory neurons from 
neuropathy patients (e.g., congenital insensitivity to pain, 
erythromelalgia) have been verified to replicate disease 
characteristics mainly orchestrated via NaV1.7 (Meents et al., 2019; 
McDermott et al., 2019; Clark et al., 2021 – the latter two also 
provide a comprehensable methods section to generate iPSC-
SNs). Additionally, iPSCs from diseased donors could help 
generate other cell types relevant to itch. For an accurate depiction 
of skin-nerve interactions in diseases characterized by pruritus, 
keratinocytes are essential. Contrary to cells from healthy donor 
biopsies, primary keratinocyte isolation from AD or psoriasis 
lesional skin is difficult. These cells often no longer proliferate, and 
it was unclear if and for how long they would maintain a lesional 
profile after in vitro culture. The hallmark Th2 cytokines IL-4 and 
IL-13 have been used to trigger an AD-like phenotype in human 
epidermal keratinocytes from healthy donors (Berdyshev et al., 
2018; Dai et al., 2021). However, pluripotent stem cell-derived 
keratinocytes from psoriasis patients recently showed disease-
specific abnormalities in differentiation and insulin resistance 
genes, emphasizing the role of genetic predisposing factors (Ali 

et  al., 2020). In addition, increasing numbers of commercial 
suppliers are offering neural progenitor cells that can 
be differentiated to iPSC-SNs, thus providing further alternatives 
to primary animal cells. Such pre-established sensory neuron 
cultures can replicate some of the unique features of sensory 
neurons in a standardized manner and make it easier to 
experiment with more complex co-culture and disease models, as 
well as having the benefit of being human cells.

Co-culture

As the first line of skin defense, keratinocytes take on a 
relevant role in signal transmission to cells underneath. Their 
stimulation and subsequent mediator secretion can influence 
nerve sprouting, immune cell behavior and itch sensation. For 
example, in one study, sensory neuron progenitors were 
differentiated for 3 weeks and subsequently cultured for 10 days 
with keratinocyte-conditioned medium (Guimaraes et al., 2018). 
Even though TRPV1 function was severely limited in the neuronal 
cells, the additional skin-environment-mimicking maturation step 
enhanced substance P release, an itch-associated neuropeptide 
found in late-stage iPSC differentiation (see above). However, the 
replating strategy used caused giant cell clusters to form, which is 
a major drawback for Ca2+-imaging or electrophysiology studies.

Other than conditioned medium, co-culture systems with cell 
contact provide an opportunity to study intercellular 
communication in a controlled environment. Indeed, electron 
microscopy studies show that skin-nerve communication takes 
place at epithelial synapse-like structures (Talagas et al., 2020c). 
An early skin-like co-culture model featured porcine DRG 
neurons and keratinocytes to mimic inflammation and pruritus 
by analyzing substance P secretion (Pereira et al., 2010). The same 
group later developed a simplified co-culture model with neuronal 
F-11 cells (a rat/mouse fusion cell line). Here, possibly owing to 
previously discussed limitations of cell lines, addition of 
keratinocytes had no effect on either axonal growth or Substance 
P release (Le Gall-Ianotto et al., 2012). In contrast, co-culture of 
primary rat keratinocytes with rat DRG neurons enhanced neurite 
extension (Ulmann et al., 2007). Further research uncovered that 
the effects were mediated by keratinocyte-released neurotrophins 
and in part the adrenal hormone dehydroepiandrosterone 
(Ulmann et al., 2009). Systems such as these, whereby neurons can 
interact with skin cells, could contribute to the growing 
understanding of the role of hyper−/hypoinnervation in pruritis.

Nerve sprouting

It is controversial whether chronic itch conditions favor the 
sprouting or pruning of nerves in the skin. There are reports of an 
increased intraepidermal nerve fiber density in human AD caused 
by release of NGF from keratinocytes as a result of scratching. 
Fittingly, these publications also describe decreased levels of the 

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 12 frontiersin.org

nerve-retraction factor Semaphorin 3A in AD skin (Tominaga 
et  al., 2008; Tominaga and Takamori, 2014). However, other 
human AD biopsy observations point to an increased length, but 
lower nerve density in AD (Tsutsumi et al., 2016) or a general 
hypoinnervation and increased pruning activity (Takahashi et al., 
2019). There is potential for in vitro models to investigate factors 
affecting neuronal innervation of normal and pruritic skin.

Coculture models such as those described in the previous 
section can specifically measure neural sprouting using 
microscopy. Specifically, for other in vitro investigations of nerve 
innervation, researchers made use of specialized co-cultures that 
consist of sensory neurons and skin cells in compartmentalized 
structures. One of those devices is the Campenot chamber, 
microgrooves etched into plasticware permitting passage of 
neurites and a Teflon divider on top creates distal culture 
compartments (Campenot et  al., 2009). Utilizing this system, 
porcine DRG neurons were co-cultured with human AD lesional 
skin cells. Compared to healthy donor cells, AD keratinocytes, but 
not fibroblasts, caused a stimulation of neurite outgrowth via 
elevated expression of NGF and GDNF (Roggenkamp et al., 2012), 
supporting the idea that hyperinnervation occurs in AD. Higher 
neurotrophic signaling and therefore nerve sensitization likely 
contributes to the pathological condition of chronic itch in AD.

An alternative, more basic innervation test has been 
established that uses Matrigel as basement membrane substitute 
together with an NGF gradient system in a Boyden chamber. With 
this setup, researchers found that matrix metalloproteinase 
(MMP) 2 inhibitors were effective at producing nerve retraction 
(Tominaga et al., 2009). In a follow-up study using collagen type 
I instead of Matrigel, MMP-8 expression was increased in sensory 
neurons and its inhibition blocked neurite extension (Tominaga 
et al., 2011). Both studies assumed that hyperinnervation was 
linked to chronic itch in AD and therefore MMP inhibitors could 
potentially provide effective treatment options.

3D and more advanced models

Organoids and lab-on-a-chip

Microfluidic chambers (MFCs) are compartmentalized in 
vitro platforms that allow for interaction and innervation studies. 
MFCs are often of very small size, thus requiring relatively few 
cells that grow in their own defined medium, and therefore this 
system has proved to be a valuable addition for the transition to 
larger scale in vitro experiments.

Keratinocytes and dendritic cells have been incorporated into 
a closed microfluidic system with dynamic medium flow and 
automated trans-epithelial electrical resistance (TEER) 
measurements to generate an immune-competent skin model 
(Ramadan and Ting, 2016). This is already useful to test barrier 
effectiveness against irritants based on IL-6/1β expression but 
could also be adapted to include other cell types such as sensory 
neurons or Th2 cells. For more information on similar models, a 

recent review has been published that specifically examined 
co-culture systems with keratinocytes and dendritic cells (Thelu 
et al., 2020). Another group has created a multi-layered skin-on-
a-chip format with epidermal, dermal and endothelial 
compartments separated by porous membranes (Wufuer 
et al., 2016).

While the aforementioned models could prove useful 
following incorporation of sensory neurons, further amendments 
are needed for neurite passage to enable innervation studies. In 
contrast, compartmentalized Xona® or AXIS™ chambers harbor 
microchannels for neurite extension and a closed 
microenvironment that seemingly favors neurite growth and 
maturation (Nagendran et al., 2018; Kamande et al., 2019). Using 
the AXIS™ system with keratinocytes and DRG neurons in 
separate compartments, neurite retraction can be assessed and the 
system has potential use for screening anti-itch compounds 
(Kumamoto et  al., 2014). Another group modified Xona® 
chambers to gain access to the neuronal cell bodies for 
electrophysiology and Ca2+-imaging. This added the ability to 
apply drugs in the compartment with rat neonatal keratinocytes 
and innervating axons, while measuring the effect in the opposite 
somal chamber (Tsantoulas et al., 2013). A more recent study used 
hiPSC-derived sensory neurons together with human 
keratinocytes in Xona® devices to study cutaneous skin afferent 
communication, and concluded that neurites were attracted by 
keratinocytes in co-culture (Belamadni et al., 2022).

Advancing from lab-on-a-chip models, organoids are 
considered highly promising. Researchers have used mouse 
pluripotent stem cells in an organoid system and observed self-
assembly and differentiation of skin layers. After several weeks, 
sebaceous glands and hair follicle formation occurred, as well as 
neural crest-like cells, showing the potential for eventual sensory 
neuron manipulation to create a whole skin itch model (Lee et al., 
2018). With even more physiological relevance to the human 
system, the same researchers later used hiPSCs to successfully 
create similar self-assembled and fully stratified skin organoids 
including hair follicle formation (Lee J. et al., 2020, 2022; Ramovs 
et al., 2022). In another highly complementary organoid system, 
hESC-SNs were introduced to endothelial cells and proved 
essential for vascular formation (Kannan et al., 2021). This again 
underlined the relevance of 3D tissue modeling for skin (disease) 
research.

3D skin models

To achieve skin-like stratification and epidermis formation, 
keratinocytes can be cultured in 3D at an air-liquid interface. This 
reconstructed human epidermis was tested in the context of 
sensitive skin with chemically-induced itch. Lactic acid treatment 
decreased TEER and barrier protein gene expression (e.g., 
filaggrin), while neurotrophin genes such as brain-derived 
neurotrophic factor (BDNF) and artemin (ARTN) were 
upregulated, indicative of increased skin irritation (Hasan et al., 
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2019). Another comparable test with reconstructed epidermis and 
inflammatory cytokine release assay concluded that few-layer 
graphene is non-irritant, but this system has not yet been used for 
the systematic study of itch (Fusco et al., 2020). However, given 
the single cell type and no interaction with immune or nerve cells, 
this model should not be considered an accurate depiction of skin, 
which will limit conclusions that can be made. With the addition 
of fibroblasts, a system can be referred to as “full-thickness skin 
equivalent” and could then prove more valuable for investigation 
of pruritic skin diseases. This could also be done entirely from 
patient-derived iPSCs (Itoh et al., 2013).

As mentioned before, AD keratinocytes are difficult to 
extract from lesional skin biopsies and exhibit a low 
proliferation rate. However, full-thickness explant culture 
models have shown that cells maintained their disease profile 
in vitro, including barrier defects (Van Drongelen et al., 2015). 
Others have suggested that AD fibroblasts are even more 
essential for AD modeling, various 3D skin models with 
healthy and AD skin cells showcasing the reduced secretion of 
leukemia inhibitory factor (LIF) by atopic fibroblasts (Berroth 
et  al., 2013). Both these studies provide a basis for 
physiologically representative investigations without the need 
for artificial AD-like cytokine treatment. Examples of such 
cytokine treatments are FT-HSE incubation with methyl-β-
cyclodextrin and IL-4, as well as other models using a 
combination of IL-4, −13, −31 and TNF-α (Danso et al., 2014; 
Do Nascimento Pedrosa et al., 2017; Sriram et al., 2019). A 
unique way to rebuild itch-related skin diseases in 3D includes 
the incorporation of Th1 and Th17-polarized T cells, which 
induced psoriasiform inflammation and keratinocyte 
differentiation (van den Bogaard et al., 2014). For a recent 
review on models for understanding mostly the inflammatory 
side of AD and psoriasis, see (Sarama et al., 2022).

Researchers have also developed bioprinted, multi-well 3D 
skin models comprising keratinocytes, fibroblasts, pericytes and 
endothelial cells to allow for skin vascularization. Strikingly, JAK 
inhibitor tests in these models reversed an IL-4 induced AD 
phenotype and even increased epithelial resistance (Liu et  al., 
2020). For further advanced treatment options in AD, 3D 
miniature organotypic skin models were treated with the small 
molecule osthole, which inhibited TLR2 signaling involved in 
S. aureus-induced itch (Kordulewska et al., 2021).

Adding to the already introduced in vitro models, a recent 
review described 2D to 3D models with keratinocytes and 
dendritic cells for the assessment of skin sensitization and thereby 
itch in allergic contact dermatitis (Thelu et al., 2020). For example, 
as a specialized subset of dendritic cells and due to their residence 
in the epidermis, the incorporation of Langerhans cells into a full 
thickness skin equivalent was especially useful to observe skin 
sensitization events (Bock et al., 2018).

Starting in 2003, researchers began to explore the potential of 
innervated 3D skin models with mouse DRG neurons for neurite 
growth studies and found that keratinocytes are crucial for neurite 
survival (Gingras et  al., 2003). As described in the co-culture 

section above, keratinocyte-nerve communication is an essential 
transmission pathway, and it indeed works both ways. Epidermal 
growth gets stimulated by CGRP and Substance P release from 
porcine DRG neurons (Roggenkamp et al., 2013).

Another group have used the HaCaT keratinocyte cell line for 
epidermis formation on a self-assembled fibroblast dermis. This 
sophisticated approach utilized computational fluid dynamics for 
optimal 6–10 weeklong culture conditions. Additionally, collagen 
assembly was observed using second harmonic generation 
imaging. In this system, epidermis-directed rat DRG neuron 
innervation could be  illustrated with two-photon fluorescent 
imaging and TRPV1 functionality was shown after 8 days of 
innervation (Martorina et al., 2017).

The first innervated human 3D skin model with iPSC-SNs 
included primary fibroblasts, keratinocytes and also endothelial 
cells in a collagen sponge scaffold. It was observed that mouse or 
iPSC-derived Schwann cells underneath the epidermis were 
necessary for epidermis-directed neurite growth (Muller et al., 
2018). With such a multitude of cell types in 3D, the measured 
substance P expression presented a physiologically accurate 
readout in response to topical compound applications. Compared 
with other iPSC-SN protocols, the short neuronal maturation time 
could have affected the neuronal phenotype, but the chosen time 
course likely reflects survival of the whole model. Those last 
systems embodied prime examples for increased complexity and 
effort in skin modeling to be used for itch research. Nevertheless, 
it is important to note that the addition of more cell types also 
limits scalability, adds cost, decreases throughput and might make 
reproducibility across research laboratories more difficult 
(Figure 2).

Ex vivo models

In comparison with human nerve tissue, skin biopsies are 
easily accessible and can be  utilized for ex vivo models. For 
example, researchers presented a pharmacological tool comprised 
of skin explants, monocyte-derived dendritic cells (MoDCs) and 
autologous T cells for drug hypersensitivity reactions. Co-culture 
of MoDCs pre-exposed to drugs of differing mechanisms of action 
(e.g., carbamazepine, ofloxacin, lapatinib, all of which are low 
molecular weight drugs for which the assay was developed) 
primed the T cells that migrated into the skin biopsy afterwards 
(Ahmed et al., 2019). T cell proliferation scores and a higher IFNγ 
production in the explant were indicative of a cutaneous immune 
response that could have triggered itch for multiple of the tested 
drugs. However, the addition of sensory neurons and their activity 
profile would have allowed for an even better conclusion on 
drug hypersensitivity.

To address the missing neurons in skin biopsies, some 
researchers have added PC-12 cells to skin explants. This 
nerve-skin setup can be used to analyze the differential effects 
of skin biopsies from healthy or disease patients (Lebonvallet 
et al., 2013). The same group also performed re-innervation 
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with rat DRG neurons, which decreased apoptosis of 
keratinocytes in skin explants, thus suggesting an essential 
role of neuronal innervation for epidermal integrity and 
survival (Lebonvallet et  al., 2012b). This once more 
emphasizes the importance of bidirectional keratinocyte-
neuron signaling. Using the same explant system, rat DRG 
neurons showed an increase in electrical activity in patch-
clamp recordings when capsaicin was applied directly onto 
the epidermis (Lebonvallet et  al., 2014). Interestingly, the 
neurons did not respond to capsaicin when applied to the 
surrounding medium. Therefore, skin cells were thought to 
have transmitted molecular signals in reaction to capsaicin 
even though it is debatable as to what extent keratinocytes 
express capsaicin-sensitive TRPV1 (Pecze et al., 2008). In the 
most recent iteration of this skin-nerve model, topical 
administration of TRPA1 and PAR2 agonists (polygodial and 
SLIGKV, respectively) also increased electrical activity. 
However, gene expression analysis and TSLP/CGRP release 
assays after agonist application revealed mixed results 
(Lebonvallet et al., 2021). Nevertheless, this model appears to 
be  especially useful to look at neuronal stimulation by 
potentially pruritus-inducing compounds in a physiological 
in vitro environment.

Discussion and outlook

Recent advances in itch research have generated multiple 
opportunities to study itch mechanisms in vitro and have also 
resulted in many new insights into this complex sensation. 
Sensory neurons are the primary itch-sensing cells and interact 
with virtually all skin and resident immune cells to generate itch 
signals. Intercellular communication is characterized by constant 
exchange of cytokines, neurotransmitters, and neurotrophic 
factors, which is likely altered in pruritic skin diseases such as 
AD. Therefore, understanding intercellular processes in health and 
disease is critical to developing new therapies, in vitro methods 
offering numerous advantages over in vivo studies for such 
detailed analysis.

Comprising sensory neurons, skin and immune cells, 2D and 
3D co-culture models, skin reconstructions and even explant 
systems have been used to investigate itch. The more human-cell-
based and complex a model that is developed, the more accurate 
its depiction of the primary system in humans for whom treatment 
is sought. However, a major limitation of cellular systems is the 
missing connection to the CNS. However, blocking pruriception 
at its source might be the most efficient way of preventing itch. 
That is one reason why researchers have focused largely on 

FIGURE 2

Types of in vitro models for investigating itch. From simplistic monotypic 2D cultures to more elaborate 3D setups, surrogate models have been 
developed for the depiction of mechanisms that characterize itch. Physiological relevance for translation to the human system increases with 
complexity of the models but comes at the cost of lower throughput, higher cost, and greater effort. Created with BioRender.com.
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identifying and analyzing specific pruritogen receptors and the 
unraveling of intra-and intercellular signaling pathways in 
cellular systems.

For a physiologically accurate depiction of pruritogen 
signaling pathways, primary human DRG neurons have recently 
gained greater use. However, logistical problems provide a major 
hurdle preventing routine use of human DRG neurons, but they 
provide an excellent model for final mechanism or compound 
validation. The newly emerging field of iPSC-SN biology has come 
a long way, with ever more rapid and effective maturation/
differentiation protocols being developed. However, there are still 
several limitations of iPSC-SNs, perhaps most significantly their 
failure to accurately recapitulate the diversity of human DRG 
neuron subtypes, as well as the arduous and costly maturation 
time still lasting weeks.

It is to be expected that in vitro models for studying itch will 
develop alongside new insights into pruritic diseases. For tailoring 
specific models to test treatment options, suitable targets need to 
be identified first. It is likely that different types of chronic itch will 
require different directed approaches, as pruritic conditions are highly 
heterogenous. At this moment, as it is still unclear for many pruritic 
conditions what exactly causes the malfunctioning skin sensation, 
omics studies could help to reveal relevant therapeutic targets. For 
example, new findings in human healthy vs. disease donor biopsies 
via single cell sequencing are likely to uncover contributions of 
different cells to lesional and itchy skin states (He et al., 2020, 2021).

Adding to more disease-specific challenges in itch research, 
personal medicine applications will grow in importance along with 
patient-derived cells for disease modeling and identification. Even the 
differences between iPSC-SN derived from different healthy 
individuals cultured with the same protocol emphasizes that indeed 
one model system might not fit all (Schwartzentruber et al., 2018). 
This obviously affects treatment options as well. Another challenge 
for non-explant in vitro models is the variety of cell subtypes found in 
human skin. Keratinocytes are often treated with 3D differentiation 
medium and an air-liquid interface culture is performed for 
epidermal stratification. However, fibroblasts are so heterogenous 
throughout the dermis that even primary isolated and in vitro 
expanded fibroblasts do not accurately replicate the in vivo situation 
in organotypic skin models (Sriram et al., 2015).

Despite the challenges, itch research has come a long way, 
including the numerous in vitro experiments and methods that 
have enhanced our understanding and covered diverse aspects 
of this peculiar skin sensation. Most in vitro experiments 
provide the possibility to study disease mechanisms without 
requiring access to patients or primary tissue. They also 
facilitate experimental scalability, enable low-cost setups, and 
permit direct observation and measurement of intercellular 
communication. Therefore, even considering their limitations, 
in vitro models are valuable tools to unravel the various 
mechanisms of itch in preclinical research.

Looking to the future, we can expect to see more entirely 
human in vitro models, which inherently have greater 
physiological relevance and clinical translatability. As mentioned 

above, human DRG neurons and skin are different to those of 
rodents regarding structure, cell phenotypes and protein 
expression. However, rodent pruritus research has also proven 
valuable for development of itch treatment options in companion 
animals. For example, dogs and cats also develop AD or similar 
pruritic diseases, which can pose a heavy burden on both pets and 
owners (Gedon and Mueller, 2018). For that, the JAK inhibitor 
oclacitinib was FDA-approved in 2013 (Gonzales et al., 2014), 
nearly a decade before JAK inhibitors gained approval for AD 
treatment in humans.

Currently, it is not possible to completely substitute in vivo 
work with only in vitro models. Firstly, because itch is a complex 
process involving numerous organ systems including interactions 
between the peripheral and central nervous systems. Secondly, 
because in vivo experiments will always be required to obtain data 
regarding, for example, the pharmacokinetic properties of novel 
therapeutics. However, in vitro approaches are not only able to 
offer significant insights, but also help to reduce the number of 
animals used in experiments.

Alongside in vitro cellular systems, computational and in silico 
advances, together with the development of artificial intelligence 
and deep learning approaches could prove extremely useful for 
pruritus research (Rifaioglu et al., 2019). With assistance from 
computer-aided research, the general need for initial testing of 
new antipruritic substances using traditional “wet lab” techniques 
could significantly decrease (Chandra et al., 2020; Clayton et al., 
2021; Sliz et al., 2022).

From simple monotypic cell cultures to complex re-innervated 
skin, in vitro itch models have steadily evolved to fit the need for 
preclinical in vitro investigations. With rapid advances in hiPSC-SN 
biology, the growing experimental use of primary human DRG 
neurons, and development of in silico approaches, itch research is 
expected to be ever more characterized by the use of sophisticated 
and elaborate in vitro methodology. This will help to refine and 
reduce the number of in vivo studies, and aid to improve 
therapeutic solutions for people suffering from chronic itch.

Author contributions

HM wrote the initial draft of the manuscript that was edited 
by JS and ES. All authors contributed to the article and approved 
the submitted version.

Conflict of interest

JS is an employee of Beiersdorf AG. HM was formerly 
employed by Beiersdorf AG, and ES has received funding from 
Beiersdorf AG in the past.

The authors declare that this affiliation did not influence the 
current work and this study was conducted in the absence of any 
commercial or financial relationships that could be construed as 
a potential conflict of interest.

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 16 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Abdo, H., Calvo-Enrique, L., Lopez, J. M., Song, J., Zhang, M.-D., Usoskin, D., 

et al. (2019). Specialized cutaneous Schwann cells initiate pain sensation. Science 
365, 695–699. doi: 10.1126/science.aax6452

Ádám, D., Arany, J., Tóth, K. F., Tóth, B. I., Szöllősi, A. G., and Oláh, A. (2022). 
Opioidergic signaling—a neglected, yet potentially important player in atopic 
dermatitis. Int. J. Mol. Sci. 23:4140. doi: 10.3390/ijms23084140

Ahlers, J. M. D., Falckenhayn, C., Holzscheck, N., Sole-Boldo, L., Schutz, S., 
Wenck, H., et al. (2021). Single-cell RNA profiling of human skin reveals age-related 
loss of dermal sheath cells and their contribution to a juvenile phenotype. Front. 
Genet. 12:797747. doi: 10.3389/fgene.2021.797747

Ahmed, S. S., Whritenour, J., Ahmed, M. M., Bibby, L., Darby, L., Wang, X. N., 
et al. (2019). Evaluation of a human in vitro skin test for predicting drug 
hypersensitivity reactions. Toxicol. Appl. Pharmacol. 369, 39–48. doi: 10.1016/j.
taap.2019.02.005

Albrecht, M., and Dittrich, A. M. (2015). Expression and function of histamine 
and its receptors in atopic dermatitis. Molecular and cellular. Pediatrics 2. doi: 
10.1186/s40348-015-0027-1

Ali, G., Elsayed, A. K., Nandakumar, M., Bashir, M., Younis, I., Abu Aqel, Y., et al. 
(2020). Keratinocytes derived from patient-specific induced pluripotent stem cells 
recapitulate the genetic signature of psoriasis disease. Stem Cells Dev. 29, 383–400. 
doi: 10.1089/scd.2019.0150

Alshawaf, A. J., Viventi, S., Qiu, W., D'abaco, G., Nayagam, B., Erlichster, M., et al. 
(2018). Phenotypic and functional characterization of peripheral sensory neurons 
derived from human embryonic stem cells. Sci. Rep. 8:603. doi: 10.1038/
s41598-017-19093-0

Anand, U., Otto, W. R., Facer, P., Zebda, N., Selmer, I., Gunthorpe, M. J., et al. 
(2008). TRPA1 receptor localisation in the human peripheral nervous system and 
functional studies in cultured human and rat sensory neurons. Neurosci. Lett. 438, 
221–227. doi: 10.1016/j.neulet.2008.04.007

Anzelc, M., and Burkhart, C. G. (2020). Pain and pruritus: a study of their 
similarities and differences. Int. J. Dermatol. 59, 159–164. doi: 10.1111/ijd.14678

Balestrini, A., Joseph, V., Dourado, M., Reese, R. M., Shields, S. D., Rouge, L., 
et al. (2021). A TRPA1 inhibitor suppresses neurogenic inflammation and 
airway contraction for asthma treatment. J. Exp. Med. 218:e20201637. doi: 
10.1084/jem.20201637

Banskota, S., Ghia, J.-E., and Khan, W. I. (2019). Serotonin in the gut: blessing or 
a curse. Biochimie 161, 56–64. doi: 10.1016/j.biochi.2018.06.008

Bataille, A., Leschiera, R., L'herondelle, K., Pennec, J. P., Le Goux, N., Mignen, O., 
et al. (2020). In vitro differentiation of human skin-derived cells into functional 
sensory neurons-like. Cells 9:9. doi: 10.3390/cells9041000

Belamadni, A., Ren, D., Jayaraj, N., George, D., Miller, R., and Mencihella, D. 
(2022). Integrating sensory neurons with keratinocytes to model painful 
diabetic neuropathy on a Chip. J. Pain 23:10. doi: 10.1016/j.jpain.2022. 
03.038

Berdyshev, E., Goleva, E., Bronova, I., Dyjack, N., Rios, C., Jung, J., et al. (2018). 
Lipid abnormalities in atopic skin are driven by type 2 cytokines. JCI Insight 
3:e98006. doi: 10.1172/jci.insight.98006

Berna, R., Mitra, N., Lou, C., Wan, J., Hoffstad, O., Wubbenhorst, B., et al. (2021). 
TSLP and IL-7R variants are associated with persistent atopic dermatitis. J. Invest. 
Dermatol. 141, 446–450e2. doi: 10.1016/j.jid.2020.05.119

Berroth, A., Kuhnl, J., Kurschat, N., Schwarz, A., Stab, F., Schwarz, T., et al. (2013). 
Role of fibroblasts in the pathogenesis of atopic dermatitis. J. Allergy Clin. Immunol. 
131, 1547–1554.e6. doi: 10.1016/j.jaci.2013.02.029

Bigliardi-Qi, M., Sumanovski, L. T., Büchner, S., Rufli, T., and Bigliardi, P. L. 
(2004). Mu-opiate receptor and Beta-endorphin expression in nerve endings 
and keratinocytes in human skin. Dermatology 209, 183–189. doi: 
10.1159/000079887

Bock, S., Said, A., Muller, G., Schafer-Korting, M., Zoschke, C., and Weindl, G. 
(2018). Characterization of reconstructed human skin containing Langerhans cells 
to monitor molecular events in skin sensitization. Toxicol. In Vitro 46, 77–85. doi: 
10.1016/j.tiv.2017.09.019

Breschi, A., Gingeras, T. R., and Guigó, R. (2017). Comparative transcriptomics 
in human and mouse. Nat. Rev. Genet. 18, 425–440. doi: 10.1038/nrg.2017.19

Brette, R., and Destexhe, A. (2012). “Intracellular recording” in Handbook of 
Neural Activity Measurement. eds. A. Destexhe and R. Brette (Cambridge: 
Cambridge University Press)

Buhl, T., Ikoma, A., Kempkes, C., Cevikbas, F., Sulk, M., Buddenkotte, J., et al. 
(2020). Protease-activated Receptor-2 regulates Neuro-epidermal communication 
in atopic dermatitis. Front. Immunol. 11:1740. doi: 10.3389/fimmu.2020.01740

Campenot, R. B., Lund, K., and Mok, S.-A. (2009). Production of compartmented 
cultures of rat sympathetic neurons. Nat. Protoc. 4, 1869–1887. doi: 10.1038/nprot.2009.210

Campion, M., Smith, L., Gatault, S., Metais, C., Buddenkotte, J., and Steinhoff, M. 
(2019). Interleukin-4 and interleukin-13 evoke scratching behaviour in mice. Exp. 
Dermatol. 28, 1501–1504. doi: 10.1111/exd.14034

Casale, T. B., Wescott, S., Rodbard, D., and Kaliner, M. (1985). Characterization 
of histamine H-1 receptors on human mononuclear cells. Int. J. Immunopharmacol. 
7, 639–645. doi: 10.1016/0192-0561(85)90147-X

Castex-Rizzi, N., Galliano, M. F., Aries, M. F., Hernandez-Pigeon, H., Vaissiere, C., 
Delga, H., et al. (2014). In vitro approaches to pharmacological screening in the field 
of atopic dermatitis. Br. J. Dermatol. 170, 12–18. doi: 10.1111/bjd.13106

Cevikbas, F., Wang, X., Akiyama, T., Kempkes, C., Savinko, T., Antal, A., et al. 
(2014). A sensory neuron-expressed IL-31 receptor mediates T helper cell-
dependent itch: involvement of TRPV1 and TRPA1. J. Allergy Clin. Immunol. 133, 
448–460.e7. doi: 10.1016/j.jaci.2013.10.048

Chambers, S. M., Qi, Y., Mica, Y., Lee, G., Zhang, X.-J., Niu, L., et al. (2012). 
Combined small-molecule inhibition accelerates developmental timing and 
converts human pluripotent stem cells into nociceptors. Nat. Biotechnol. 30, 
715–720. doi: 10.1038/nbt.2249

Chandra, S., Wang, Z., Tao, X., Chen, O., Luo, X., Ji, R.-R., et al. (2020). Computer-
aided discovery of a new Nav1.7 inhibitor for treatment of pain and itch. 
Anesthesiology 133, 611–627. doi: 10.1097/ALN.0000000000003427

Chen, X.-J., and Sun, Y.-G. (2020). Central circuit mechanisms of itch. Nat. 
Commun. 11:3052. doi: 10.1038/s41467-020-16859-5

Chen, Y., Wang, Z. L., Yeo, M., Zhang, Q. J., Lopez-Romero, A. E., Ding, H. P., 
et al. (2021). Epithelia-sensory neuron cross talk underlies Cholestatic itch induced 
by Lysophosphatidylcholine. Gastroenterology 161, 301–317e16. doi: 10.1053/j.
gastro.2021.03.049

Christensen, J., Vecchio, S., Elberling, J., Arendt-Nielsen, L., and Andersen, H. 
(2019). Assessing punctate Administration of Beta-alanine as a potential human 
model of non-histaminergic itch. Acta Dermato Venereologica 99, 222–223. doi: 
10.2340/00015555-3067

Clark, A. J., Kugathasan, U., Baskozos, G., Priestman, D. A., Fugger, N., 
Lone, M. A., et al. (2021). An iPSC model of hereditary sensory neuropathy-1 
reveals L-serine-responsive deficits in neuronal ganglioside composition and 
axoglial interactions. Cell Rep. Med. 2:100345. doi: 10.1016/j.xcrm.2021.100345

Clayton, K., Vallejo, A., Sirvent, S., Davies, J., Porter, G., Reading, I. C., et al. 
(2021). Machine learning applied to atopic dermatitis transcriptome reveals distinct 
therapy-dependent modification of the keratinocyte immunophenotype*. Br. J. 
Dermatol. 184, 913–922. doi: 10.1111/bjd.19431

Cosgrove, S. B., Wren, J. A., Cleaver, D. M., Martin, D. D., Walsh, K. F., Harfst, J. A., 
et al. (2013). Efficacy and safety of oclacitinib for the control of pruritus and 
associated skin lesions in dogs with canine allergic dermatitis. Vet. Dermatol. 24, 
479–e114. doi: 10.1111/vde.12047

Crane, K., and Shih, D.-T. (2004). Development of a homogeneous binding assay 
for histamine receptors. Anal. Biochem. 335, 42–49. doi: 10.1016/j.ab.2004.09.003

Dai, X., Utsunomiya, R., Shiraishi, K., Mori, H., Muto, J., Murakami, M., et al. 
(2021). Nuclear IL-33 plays an important role in the suppression of FLG, LOR, 
keratin 1, and keratin 10 by IL-4 and IL-13 in human keratinocytes. J. Investig. 
Dermatol. 141, 2646–2655.e6. doi: 10.1016/j.jid.2021.04.002

Danso, M. O., Van Drongelen, V., Mulder, A., Van Esch, J., Scott, H., Van 
Smeden, J., et al. (2014). TNF-α and Th2 cytokines induce atopic dermatitis–like 
features on epidermal differentiation proteins and stratum corneum lipids in human 
skin equivalents. J. Investig. Dermatol. 134, 1941–1950. doi: 10.1038/jid.2014.83

Darlenski, R., Kazandjieva, J., Hristakieva, E., and Fluhr, J. W. (2014). Atopic 
dermatitis as a systemic disease. Clin. Dermatol. 32, 409–413. doi: 10.1016/j.
clindermatol.2013.11.007

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1126/science.aax6452
https://doi.org/10.3390/ijms23084140
https://doi.org/10.3389/fgene.2021.797747
https://doi.org/10.1016/j.taap.2019.02.005
https://doi.org/10.1016/j.taap.2019.02.005
https://doi.org/10.1186/s40348-015-0027-1
https://doi.org/10.1089/scd.2019.0150
https://doi.org/10.1038/s41598-017-19093-0
https://doi.org/10.1038/s41598-017-19093-0
https://doi.org/10.1016/j.neulet.2008.04.007
https://doi.org/10.1111/ijd.14678
https://doi.org/10.1084/jem.20201637
https://doi.org/10.1016/j.biochi.2018.06.008
https://doi.org/10.3390/cells9041000
https://doi.org/10.1016/j.jpain.2022.03.038
https://doi.org/10.1016/j.jpain.2022.03.038
https://doi.org/10.1172/jci.insight.98006
https://doi.org/10.1016/j.jid.2020.05.119
https://doi.org/10.1016/j.jaci.2013.02.029
https://doi.org/10.1159/000079887
https://doi.org/10.1016/j.tiv.2017.09.019
https://doi.org/10.1038/nrg.2017.19
https://doi.org/10.3389/fimmu.2020.01740
https://doi.org/10.1038/nprot.2009.210
https://doi.org/10.1111/exd.14034
https://doi.org/10.1016/0192-0561(85)90147-X
https://doi.org/10.1111/bjd.13106
https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1038/nbt.2249
https://doi.org/10.1097/ALN.0000000000003427
https://doi.org/10.1038/s41467-020-16859-5
https://doi.org/10.1053/j.gastro.2021.03.049
https://doi.org/10.1053/j.gastro.2021.03.049
https://doi.org/10.2340/00015555-3067
https://doi.org/10.1016/j.xcrm.2021.100345
https://doi.org/10.1111/bjd.19431
https://doi.org/10.1111/vde.12047
https://doi.org/10.1016/j.ab.2004.09.003
https://doi.org/10.1016/j.jid.2021.04.002
https://doi.org/10.1038/jid.2014.83
https://doi.org/10.1016/j.clindermatol.2013.11.007
https://doi.org/10.1016/j.clindermatol.2013.11.007


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 17 frontiersin.org

Davidson, S., Copits, B. A., Zhang, J., Page, G., Ghetti, A., and Gereau, R. W. 
(2014). Human sensory neurons: membrane properties and sensitization by 
inflammatory mediators. Pain 155, 1861–1870. doi: 10.1016/j.pain.2014.06.017

De Boer, J. D., Van’t Veer, C., Stroo, I., Van Der Meer, A. J., De Vos, A. F., Van Der 
Zee, J. S., et al. (2014). Protease-activated receptor-2 deficient mice have reduced 
house dust mite-evoked allergic lung inflammation. Innate Immun. 20, 618–625. doi: 
10.1177/1753425913503387

De Logu, F., Nassini, R., Materazzi, S., Carvalho Gonçalves, M., Nosi, D., Rossi 
Degl’innocenti, D., et al. (2017). Schwann cell TRPA1 mediates neuroinflammation 
that sustains macrophage-dependent neuropathic pain in mice. Nat. Commun. 
8:1887. doi: 10.1038/s41467-017-01739-2

Dillon, S. R., Sprecher, C., Hammond, A., Bilsborough, J., Rosenfeld-Franklin, M., 
Presnell, S. R., et al. (2004). Interleukin 31, a cytokine produced by activated T cells, 
induces dermatitis in mice. Nat. Immunol. 5, 752–760. doi: 10.1038/ni1084

Do Nascimento Pedrosa, T., De Vuyst, E., Mound, A., Lambert De Rouvroit, C., 
Maria-Engler, S. S., and Poumay, Y. (2017). Methyl-β-cyclodextrin treatment 
combined to incubation with interleukin-4 reproduces major features of atopic 
dermatitis in a 3D-culture model. Arch. Dermatol. Res. 309, 63–69. doi: 10.1007/
s00403-016-1699-7

Dong, X., and Dong, X. (2018). Peripheral and central mechanisms of itch. Neuron 
98, 482–494. doi: 10.1016/j.neuron.2018.03.023

Donglang, G., Tongtong, L., Dan, C., Chan, Z., Changming, W., Guang, Y., et al. 
(2021). Comparative study on different skin pruritus mouse models. Front. Med. 
(Lausanne) 8:630237. doi: 10.3389/fmed.2021.630237

Ebertz, J. M., Hirshman, C. A., Kettelkamp, N. S., Uno, H., and Hanifin, J. M. 
(1987). Substance P-induced histamine release in human cutaneous mast cells. J. 
Investig. Dermatol. 88, 682–685.

Elewski, B., Alexis, A. F., Lebwohl, M., Stein Gold, L., Pariser, D., Del Rosso, J., 
et al. (2019). Itch: an under-recognized problem in psoriasis. J. Eur. Acad. Dermatol. 
Venereol. 33, 1465–1476. doi: 10.1111/jdv.15450

Espino, S. S., Robinson, S. D., Safavi-Hemami, H., Gajewiak, J., Yang, W., 
Olivera, B. M., et al. (2018). Conopeptides promote itch through human itch 
receptor hMgprX1. Toxicon 154, 28–34. doi: 10.1016/j.toxicon.2018.09.002

Fawcett, D. W. (1954). Cytological and pharmacological observations on the 
release of histamine by MAST cells. J. Exp. Med. 100, 217–224. doi: 10.1084/
jem.100.2.217

Feng, J., Yang, P., Mack, M. R., Dryn, D., Luo, J., Gong, X., et al. (2017). Sensory 
TRP channels contribute differentially to skin inflammation and persistent itch. Nat. 
Commun. 8:980. doi: 10.1038/s41467-017-01056-8

Fishbane, S., Jamal, A., Munera, C., Wen, W., and Menzaghi, F. (2020). A phase 3 
trial of Difelikefalin in hemodialysis patients with pruritus. N. Engl. J. Med. 382, 
222–232. doi: 10.1056/NEJMoa1912770

Forster, C., and Handwerker, H. O. (2014). “Central nervous processing of itch 
and pain” in Itch: Mechanisms and Treatment. eds. E. Carstens and T. Akiyama (Boca 
Raton, FL: CRC Press/Taylor & Francis) © 2014 by Taylor & Francis Group, LLC

Fostini, A. C., Golpanian, R. S., Rosen, J. D., Xue, R.-D., and Yosipovitch, G. 
(2019). Beat the bite: pathophysiology and management of itch in mosquito bites. 
Itch 4:e19. doi: 10.1097/itx.0000000000000019

Furue, M., Chiba, T., Tsuji, G., Ulzii, D., Kido-Nakahara, M., Nakahara, T., et al. 
(2017). Atopic dermatitis: immune deviation, barrier dysfunction, IgE autoreactivity 
and new therapies. Allergol. Int. 66, 398–403. doi: 10.1016/j.alit.2016.12.002

Fusco, L., Garrido, M., Martín, C., Sosa, S., Ponti, C., Centeno, A., et al. (2020). 
Skin irritation potential of graphene-based materials using a non-animal test. 
Nanoscale 12, 610–622. doi: 10.1039/C9NR06815E

Gallais Serezal, I., Classon, C., Cheuk, S., Barrientos-Somarribas, M., Wadman, E., 
Martini, E., et al. (2018). Resident T cells in resolved psoriasis steer tissue responses 
that stratify clinical outcome. J. Invest. Dermatol. 138, 1754–1763. doi: 10.1016/j.
jid.2018.02.030

Gallais Serezal, I., Hoffer, E., Ignatov, B., Martini, E., Zitti, B., Ehrstrom, M., et al. 
(2019). A skewed pool of resident T cells triggers psoriasis-associated tissue 
responses in never-lesional skin from patients with psoriasis. J. Allergy Clin. 
Immunol. 143, 1444–1454. doi: 10.1016/j.jaci.2018.08.048

Gedon, N. K. Y., and Mueller, R. S. (2018). Atopic dermatitis in cats and dogs: a 
difficult disease for animals and owners. Clin. Transl. Allergy 8. doi: 10.1186/
s13601-018-0228-5

Gerber, P. A., Buhren, B. A., Schrumpf, H., Homey, B., Zlotnik, A., and Hevezi, P. 
(2014). The top skin-associated genes: a comparative analysis of human and mouse 
skin transcriptomes. Biol. Chem. 395, 577–591. doi: 10.1515/hsz-2013-0279

Gingras, M., Bergeron, J., Déry, J., Durham, H. D., and Berthod, F. (2003). In vitro 
development of a tissue-engineered model of peripheral nerve regeneration to study 
neurite growth. FASEB J. 17, 1–16. doi: 10.1096/fj.02-1180fje

Golpanian, R. S., Kim, H. S., and Yosipovitch, G. (2020). Effects of stress on itch. 
Clin. Ther. 42, 745–756. doi: 10.1016/j.clinthera.2020.01.025

Gonzales, A. J., Bowman, J. W., Fici, G. J., Zhang, M., Mann, D. W., and 
Mitton-Fry, M. (2014). Oclacitinib (APOQUEL®) is a novel Janus kinase inhibitor 
with activity against cytokines involved in allergy. J. Vet. Pharmacol. Ther. 37, 
317–324. doi: 10.1111/jvp.12101

Guimaraes, M. Z. P., De Vecchi, R., Vitoria, G., Sochacki, J. K., Paulsen, B. S., 
Lima, I., et al. (2018). Generation of iPSC-derived human peripheral sensory 
neurons releasing substance P elicited by TRPV1 agonists. Front. Mol. Neurosci. 
11:277. doi: 10.3389/fnmol.2018.00277

Guo, X., Spradling, S., Stancescu, M., Lambert, S., and Hickman, J. J. (2013). 
Derivation of sensory neurons and neural crest stem cells from human neural 
progenitor hNP1. Biomaterials 34, 4418–4427. doi: 10.1016/j.biomaterials. 
2013.02.061

Gupta, K., and Harvima, I. T. (2018). Mast cell-neural interactions contribute to 
pain and itch. Immunol. Rev. 282, 168–187. doi: 10.1111/imr.12622

Gupta, S., Sivalingam, D., Hain, S., Makkar, C., Sosa, E., Clark, A., et al. (2018). 
Deriving dorsal spinal sensory interneurons from human pluripotent stem cells. 
Stem Cell Rep. 10, 390–405. doi: 10.1016/j.stemcr.2017.12.012

Gutzmer, R., Mommert, S., Gschwandtner, M., Zwingmann, K., Stark, H., and 
Werfel, T. (2009). The histamine H4 receptor is functionally expressed on TH2 cells. 
J. Allergy Clin. Immunol. 123, 619–625. doi: 10.1016/j.jaci.2008.12.1110

Haberberger, R. V., Barry, C., and Matusica, D. (2020). Immortalized dorsal root 
ganglion neuron cell lines. Front. Cell. Neurosci. 14:184. doi: 10.3389/fncel. 
2020.00184

Han, Q., Kim, Y. H., Wang, X., Liu, D., Zhang, Z.-J., Bey, A. L., et al. (2016). 
SHANK3 deficiency impairs heat Hyperalgesia and TRPV1 signaling in primary 
sensory neurons. Neuron 92, 1279–1293. doi: 10.1016/j.neuron.2016.11.007

Han, Y., Luo, A., Kamau, P. M., Takomthong, P., Hu, J., Boonyarat, C., et al. (2021). 
A plant-derived TRPV3 inhibitor suppresses pain and itch. Br. J. Pharmacol. 178, 
1669–1683. doi: 10.1111/bph.15390

Han, L., Ma, C., Liu, Q., Weng, H.-J., Cui, Y., Tang, Z., et al. (2013). A 
subpopulation of nociceptors specifically linked to itch. Nat. Neurosci. 16, 174–182. 
doi: 10.1038/nn.3289

Hasan, M. Z., Kitamura, M., Kawai, M., Ohira, M., Mori, K., Shoju, S., et al. 
(2019). Transcriptional profiling of lactic acid treated reconstructed human 
epidermis reveals pathways underlying stinging and itch. Toxicol. In Vitro 57, 
164–173. doi: 10.1016/j.tiv.2019.03.005

Hashimoto, T., Mishra, S. K., Olivry, T., and Yosipovitch, G. (2021a). Periostin, an 
emerging player in itch sensation. J. Invest. Dermatol. 141, 2338–2343. doi: 10.1016/j.
jid.2021.03.009

Hashimoto, T., Nattkemper, L. A., Kim, H. S., Kursewicz, C. D., Fowler, E., 
Shah, S. M., et al. (2021b). Itch intensity in prurigo nodularis is closely related to 
dermal interleukin-31, oncostatin M, IL-31 receptor alpha and oncostatin M 
receptor beta. Exp. Dermatol. 30, 804–810. doi: 10.1111/exd.14279

Hashimoto, T., Nattkemper, L. A., Kim, H. S., Kursewicz, C. D., Fowler, E., 
Shah, S. M., et al. (2021c). Dermal Periostin: a new player in itch of Prurigo 
Nodularis. Acta Derm. Venereol. 101:adv00375. doi: 10.2340/00015555-3702

Hashimoto, T., Rosen, J. D., Sanders, K. M., and Yosipovitch, G. (2018). Possible 
role of neutrophils in itch. Itch 3:e17. doi: 10.1097/itx.0000000000000017

Hashimoto, T., Rosen, J. D., Sanders, K. M., and Yosipovitch, G. (2019). Possible 
roles of basophils in chronic itch. Exp. Dermatol. 28, 1373–1379. doi: 10.1111/
exd.13705

Hawro, T., Fluhr, J. W., Mengeaud, V., Redoulès, D., Church, M. K., Maurer, M., 
et al. (2014a). Polidocanol inhibits cowhage – but not histamine-induced itch in 
humans. Exp. Dermatol. 23, 922–923. doi: 10.1111/exd.12555

Hawro, T., Saluja, R., Weller, K., Altrichter, S., Metz, M., and Maurer, M. (2014b). 
Interleukin-31 does not induce immediate itch in atopic dermatitis patients and 
healthy controls after skin challenge. Allergy 69, 113–117. doi: 10.1111/all.12316

He, H., Bissonnette, R., Wu, J., Diaz, A., Saint-Cyr Proulx, E., Maari, C., et al. 
(2021). Tape strips detect distinct immune and barrier profiles in atopic dermatitis 
and psoriasis. J. Allergy Clin. Immunol. 147, 199–212. doi: 10.1016/j.jaci.2020.05.048

He, H., Suryawanshi, H., Morozov, P., Gay-Mimbrera, J., Del Duca, E., Kim, H. J., 
et al. (2020). Single-cell transcriptome analysis of human skin identifies novel 
fibroblast subpopulation and enrichment of immune subsets in atopic dermatitis. J. 
Allergy Clin. Immunol. 145, 1615–1628. doi: 10.1016/j.jaci.2020.01.042

Helmchen, F. (2012). “Calcium imaging” in Handbook of Neural Activity 
Measurement. eds. A. Destexhe and R. Brette (Cambridge: Cambridge University Press)

Hill, R. Z., Loud, M. C., Dubin, A. E., Peet, B., and Patapoutian, A. (2022). PIEZO1 
transduces mechanical itch in mice. Nature 607, 104–110. doi: 10.1038/
s41586-022-04860-5

Hojland, C. R., Andersen, H. H., Poulsen, J. N., Arendt-Nielsen, L., and 
Gazerani, P. (2015). A human surrogate model of itch utilizing the TRPA1 agonist 
trans-cinnamaldehyde. Acta Derm. Venereol. 95, 798–803. doi: 10.2340/ 
00015555-2103

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.pain.2014.06.017
https://doi.org/10.1177/1753425913503387
https://doi.org/10.1038/s41467-017-01739-2
https://doi.org/10.1038/ni1084
https://doi.org/10.1007/s00403-016-1699-7
https://doi.org/10.1007/s00403-016-1699-7
https://doi.org/10.1016/j.neuron.2018.03.023
https://doi.org/10.3389/fmed.2021.630237
https://doi.org/10.1111/jdv.15450
https://doi.org/10.1016/j.toxicon.2018.09.002
https://doi.org/10.1084/jem.100.2.217
https://doi.org/10.1084/jem.100.2.217
https://doi.org/10.1038/s41467-017-01056-8
https://doi.org/10.1056/NEJMoa1912770
https://doi.org/10.1097/itx.0000000000000019
https://doi.org/10.1016/j.alit.2016.12.002
https://doi.org/10.1039/C9NR06815E
https://doi.org/10.1016/j.jid.2018.02.030
https://doi.org/10.1016/j.jid.2018.02.030
https://doi.org/10.1016/j.jaci.2018.08.048
https://doi.org/10.1186/s13601-018-0228-5
https://doi.org/10.1186/s13601-018-0228-5
https://doi.org/10.1515/hsz-2013-0279
https://doi.org/10.1096/fj.02-1180fje
https://doi.org/10.1016/j.clinthera.2020.01.025
https://doi.org/10.1111/jvp.12101
https://doi.org/10.3389/fnmol.2018.00277
https://doi.org/10.1016/j.biomaterials.2013.02.061
https://doi.org/10.1016/j.biomaterials.2013.02.061
https://doi.org/10.1111/imr.12622
https://doi.org/10.1016/j.stemcr.2017.12.012
https://doi.org/10.1016/j.jaci.2008.12.1110
https://doi.org/10.3389/fncel.2020.00184
https://doi.org/10.3389/fncel.2020.00184
https://doi.org/10.1016/j.neuron.2016.11.007
https://doi.org/10.1111/bph.15390
https://doi.org/10.1038/nn.3289
https://doi.org/10.1016/j.tiv.2019.03.005
https://doi.org/10.1016/j.jid.2021.03.009
https://doi.org/10.1016/j.jid.2021.03.009
https://doi.org/10.1111/exd.14279
https://doi.org/10.2340/00015555-3702
https://doi.org/10.1097/itx.0000000000000017
https://doi.org/10.1111/exd.13705
https://doi.org/10.1111/exd.13705
https://doi.org/10.1111/exd.12555
https://doi.org/10.1111/all.12316
https://doi.org/10.1016/j.jaci.2020.05.048
https://doi.org/10.1016/j.jaci.2020.01.042
https://doi.org/10.1038/s41586-022-04860-5
https://doi.org/10.1038/s41586-022-04860-5
https://doi.org/10.2340/00015555-2103
https://doi.org/10.2340/00015555-2103


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 18 frontiersin.org

Holm, J. G., Agner, T., Sand, C., and Thomsen, S. F. (2020). Dupilumab for prurigo 
nodularis: case series and review of the literature. Dermatol. Ther. 33:e13222. doi: 
10.1111/dth.13222

Holzer, A.-K., Karreman, C., Suciu, I., Furmanowsky, L.-S., Wohlfarth, H., 
Loser, D., et al. (2022). Generation of human Nociceptor-enriched sensory neurons 
for the study of pain-related dysfunctions. Stem Cells Transl. Med. 11, 727–741. doi: 
10.1093/stcltm/szac031

Hulme, A. J., Mcarthur, J. R., Maksour, S., Miellet, S., Ooi, L., Adams, D. J., et al. 
(2020). Molecular and functional characterization of Neurogenin-2 induced human 
sensory neurons. Front. Cell. Neurosci. 14:600895. doi: 10.3389/fncel.2020.600895

Itoh, M., Umegaki-Arao, N., Guo, Z., Liu, L., Higgins, C. A., and Christiano, A. M. 
(2013). Generation of 3D skin equivalents fully reconstituted from human induced 
pluripotent stem cells (iPSCs). PLoS One 8:e77673. doi: 10.1371/journal.pone. 
0077673

Jin, S.-Y., and Wang, F. (2019). Sensitization mechanisms of chronic itch. Int. J. 
Dermatol. Venereology 2, 211–215. doi: 10.1097/JD9.0000000000000045

Jogie-Brahim, S., Min, H.-K., Fukuoka, Y., Xia, H.-Z., and Schwartz, L. B. (2004). 
Expression of α-tryptase and β-tryptase by human basophils. J. Allergy Clin. 
Immunol. 113, 1086–1092. doi: 10.1016/j.jaci.2004.02.032

Kabashima, K., and Irie, H. (2021). Interleukin-31 as a clinical target for pruritus 
treatment. Front. Med. (Lausanne) 8:638325. doi: 10.3389/fmed.2021.638325

Kabashima, K., Matsumura, T., Komazaki, H., and Kawashima, M. (2020). Trial 
of Nemolizumab and topical agents for atopic dermatitis with pruritus. N. Engl. J. 
Med. 383, 141–150. doi: 10.1056/NEJMoa1917006

Kahremany, S., Hofmann, L., Gruzman, A., and Cohen, G. (2020). Advances in 
understanding the initial steps of Pruritoceptive itch: how the itch hits the switch. 
Int. J. Mol. Sci. 21:4883. doi: 10.3390/ijms21144883

Kakinuma, T., Saeki, H., Tsunemi, Y., Fujita, H., Asano, N., Mitsui, H., et al. 
(2003). Increased serum cutaneous T cell-attracting chemokine (CCL27) levels in 
patients with atopic dermatitis and psoriasis vulgaris. J. Allergy Clin. Immunol. 111, 
592–597. doi: 10.1067/mai.2003.114

Kamande, J. W., Nagendran, T., Harris, J., and Taylor, A. M. (2019). Multi-
compartment microfluidic device geometry and covalently bound poly-D-lysine 
influence neuronal maturation. Front. Bioeng. Biotechnol. 7:84. doi: 10.3389/
fbioe.2019.00084

Kannan, S., Lee, M., Muthusamy, S., Blasiak, A., Sriram, G., and Cao, T. (2021). 
Peripheral sensory neurons promote angiogenesis in neurovascular models derived 
from hESCs. Stem Cell Res. 52:102231. doi: 10.1016/j.scr.2021.102231

Kim, B. S. (2022). The translational revolution of itch. Neuron 110, 2209–2214. 
doi: 10.1016/j.neuron.2022.03.031

Kim, S., Barry, D. M., Liu, X.-Y., Yin, S., Munanairi, A., Meng, Q.-T., et al. (2016). 
Facilitation of TRPV4 by TRPV1 is required for itch transmission in some sensory 
neuron populations. Sci. Signal. 9:ra71. doi: 10.1126/scisignal.aaf1047

Kim, B. S., Sun, K., Papp, K., Venturanza, M., Nasir, A., and Kuligowski, M. E. 
(2020). Effects of ruxolitinib cream on pruritus and quality of life in atopic dermatitis: 
results from a phase 2, randomized, dose-ranging, vehicle-and active-controlled study. 
J. Am. Acad. Dermatol. 82, 1305–1313. doi: 10.1016/j.jaad.2020.02.009

Kittaka, H., and Tominaga, M. (2017). The molecular and cellular mechanisms of 
itch and the involvement of TRP channels in the peripheral sensory nervous system 
and skin. Allergol. Int. 66, 22–30. doi: 10.1016/j.alit.2016.10.003

Klein, A., Carstens, M. I., and Carstens, E. (2011). Facial injections of pruritogens 
or algogens elicit distinct behavior responses in rats and excite overlapping 
populations of primary sensory and trigeminal subnucleus caudalis neurons. J. 
Neurophysiol. 106, 1078–1088. doi: 10.1152/jn.00302.2011

Klein, A., Solinski, H. J., Malewicz, N. M., Ieong, H. F.-H., Sypek, E. I., Shimada, S. G., 
et al. (2021). Pruriception and neuronal coding in nociceptor subtypes in human and 
nonhuman primates. eLife 10:e64506. doi: 10.7554/eLife.64506

Koivisto, A. P., Belvisi, M. G., Gaudet, R., and Szallasi, A. (2022). Advances in TRP 
channel drug discovery: from target validation to clinical studies. Nat. Rev. Drug 
Discov. 21, 41–59. doi: 10.1038/s41573-021-00268-4

Komiya, E., Tominaga, M., Kamata, Y., Suga, Y., and Takamori, K. (2020). 
Molecular and cellular mechanisms of itch in psoriasis. Int. J. Mol. Sci. 21:8406. doi: 
10.3390/ijms21218406

Kordulewska, N. K., Topa, J., Stryiński, R., and Jarmołowska, B. (2021). Osthole 
inhibits expression of genes associated with toll-like receptor 2 signaling pathway in 
an Organotypic 3D skin model of human epidermis with atopic dermatitis. Cells 
11:88. doi: 10.3390/cells11010088

Kortekaas Krohn, I., Aerts, J. L., Breckpot, K., Goyvaerts, C., Knol, E., Van Wijk, F., 
et al. (2022). T-cell subsets in the skin and their role in inflammatory skin disorders. 
Allergy 77, 827–842. doi: 10.1111/all.15104

Kou, K., Okawa, T., Yamaguchi, Y., Ono, J., Inoue, Y., Kohno, M., et al. (2014). 
Periostin levels correlate with disease severity and chronicity in patients with atopic 
dermatitis. Br. J. Dermatol. 171, 283–291. doi: 10.1111/bjd.12943

Kumamoto, J.-I., Nakatani, M., Tsutsumi, M., Goto, M., Denda, S., Takei, K., et al. 
(2014). Coculture system of keratinocytes and dorsal-root-ganglion-derived cells 
for screening neurotrophic factors involved in guidance of neuronal axon growth in 
the skin. Exp. Dermatol. 23, 58–60. doi: 10.1111/exd.12288

Labuz, D., Schreiter, A., Schmidt, Y., Brack, A., and Machelska, H. (2010). T 
lymphocytes containing β-endorphin ameliorate mechanical hypersensitivity 
following nerve injury. Brain Behav. Immun. 24, 1045–1053. doi: 10.1016/j.
bbi.2010.04.001

Lamotte, R. H. (2016). Allergic contact dermatitis: a model of inflammatory itch 
and pain in human and mouse. Adv. Exp. Med. Biol. 904, 23–32. doi: 
10.1007/978-94-017-7537-3_2

Lamotte, R. H., Shimada, S. G., and Sikand, P. (2011). Mouse models of acute, 
chemical itch and pain in humans. Exp. Dermatol. 20, 778–782. doi: 
10.1111/j.1600-0625.2011.01367.x

Langedijk, J., Beuers, U. H., and Oude Elferink, R. P. J. (2021). Cholestasis-
associated pruritus and its Pruritogens. Front. Med. (Lausanne) 8:639674. doi: 
10.3389/fmed.2021.639674

Larkin, C., Chen, W., Szabo, I. L., Shan, C., Dajnoki, Z., Szegedi, A., et al. (2021). 
Novel insights into the TRPV3-mediated itch in atopic dermatitis. J. Allergy Clin. 
Immunol. 147, 1110–1114e5. doi: 10.1016/j.jaci.2020.09.028

Le Floc’H, A., Allinne, J., Nagashima, K., Scott, G., Birchard, D., Asrat, S., et al. 
(2020). Dual blockade of IL-4 and IL-13 with dupilumab, an IL-4Rα antibody, is 
required to broadly inhibit type 2 inflammation. Allergy 75, 1188–1204. doi: 
10.1111/all.14151

Le Gall-Ianotto, C., Andres, E., Hurtado, S. P., Pereira, U., and Misery, L. (2012). 
Characterization of the first coculture between human primary keratinocytes and 
the dorsal root ganglion-derived neuronal cell line F-11. Neuroscience 210, 47–57. 
doi: 10.1016/j.neuroscience.2012.02.043

Lebonvallet, N., Boulais, N., Le Gall, C., Cheret, J., Pereira, U., Mignen, O., et al. 
(2012a). Characterization of neurons from adult human skin-derived precursors in 
serum-free medium: a PCR array and immunocytological analysis. Exp. Dermatol. 
21, 195–200. doi: 10.1111/j.1600-0625.2011.01422.x

Lebonvallet, N., Boulais, N., Le Gall, C., Pereira, U., Gauché, D., Gobin, E., et al. 
(2012b). Effects of the re-innervation of organotypic skin explants on the epidermis. 
Exp. Dermatol. 21, 156–158. doi: 10.1111/j.1600-0625.2011.01421.x

Lebonvallet, N., Fluhr, J. W., Le Gall-Ianotto, C., Leschiera, R., Talagas, M., 
Reux, A., et al. (2021). A re-innervated in vitro skin model of non-histaminergic itch 
and skin neurogenic inflammation: PAR2-, TRPV1-and TRPA1-agonist induced 
functionality. Skin Health Dis. 1:e66. doi: 10.1002/ski2.66

Lebonvallet, N., Pennec, J.-P., Le Gall, C., Pereira, U., Boulais, N., Cheret, J., et al. 
(2013). Effect of human skin explants on the neurite growth of the PC12 cell line. 
Exp. Dermatol. 22, 224–225. doi: 10.1111/exd.12095

Lebonvallet, N., Pennec, J.-P., Le Gall-Ianotto, C., Chéret, J., Jeanmaire, C., 
Carré, J.-L., et al. (2014). Activation of primary sensory neurons by the topical 
application of capsaicin on the epidermis of a re-innervated organotypic human skin 
model. Exp. Dermatol. 23, 73–75. doi: 10.1111/exd.12294

Lee, J., Bscke, R., Tang, P. C., Hartman, B. H., Heller, S., and Koehler, K. R. (2018). 
Hair follicle development in mouse pluripotent stem cell-derived skin Organoids. 
Cell Rep. 22, 242–254. doi: 10.1016/j.celrep.2017.12.007

Lee, H., Graham, R. D., Melikyan, D., Smith, B., Mirzakhalili, E., Lempka, S. F., 
et al. (2022). Molecular determinants of mechanical itch sensitization in chronic 
itch. Front. Mol. Neurosci. 15:937890. doi: 10.3389/fnmol.2022.937890

Lee, J., Rabbani, C. C., Gao, H., Steinhart, M. R., Woodruff, B. M., Pflum, Z. E., 
et al. (2020). Hair-bearing human skin generated entirely from pluripotent stem 
cells. Nature 582, 399–404. doi: 10.1038/s41586-020-2352-3

Lee, S. H., Tonello, R., Choi, Y., Jung, S. J., and Berta, T. (2020). Sensory neuron-
expressed TRPC4 is a target for the relief of Psoriasiform itch and skin inflammation 
in mice. J. Invest. Dermatol. 140, 2221–2229.e6. doi: 10.1016/j.jid.2020.03.959

Lee, J., Van Der Valk, W. H., Serdy, S. A., Deakin, C., Kim, J., Le, A. P., et al. 
(2022). Generation and characterization of hair-bearing skin organoids from 
human pluripotent stem cells. Nat. Protoc. 17, 1266–1305. doi: 10.1038/
s41596-022-00681-y

Leonard, W. J. (2001). Role of Jak kinases and STATs in cytokine signal 
transduction. Int. J. Hematol. 73, 271–277. doi: 10.1007/BF02981951

Levi, A., Biocca, S., Cattaneo, A., and Calissano, P. (1988). The mode of action of 
nerve growth factor in PC12 cells. Mol. Neurobiol. 2, 201–226. doi: 10.1007/
BF02935346

Li, M., Hener, P., Zhang, Z., Kato, S., Metzger, D., and Chambon, P. (2006). Topical 
vitamin D3 and low-calcemic analogs induce thymic stromal lymphopoietin in 
mouse keratinocytes and trigger an atopic dermatitis. Proc. Natl. Acad. Sci. U. S. A. 
103, 11736–11741. doi: 10.1073/pnas.0604575103

Li, F., Wang, C., Hu, D., Zhang, X., Shen, R., Zhou, Y., et al. (2022). mMrgprA3/
mMrgprC11/hMrgprX1: potential therapeutic targets for allergic contact 

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/dth.13222
https://doi.org/10.1093/stcltm/szac031
https://doi.org/10.3389/fncel.2020.600895
https://doi.org/10.1371/journal.pone.0077673
https://doi.org/10.1371/journal.pone.0077673
https://doi.org/10.1097/JD9.0000000000000045
https://doi.org/10.1016/j.jaci.2004.02.032
https://doi.org/10.3389/fmed.2021.638325
https://doi.org/10.1056/NEJMoa1917006
https://doi.org/10.3390/ijms21144883
https://doi.org/10.1067/mai.2003.114
https://doi.org/10.3389/fbioe.2019.00084
https://doi.org/10.3389/fbioe.2019.00084
https://doi.org/10.1016/j.scr.2021.102231
https://doi.org/10.1016/j.neuron.2022.03.031
https://doi.org/10.1126/scisignal.aaf1047
https://doi.org/10.1016/j.jaad.2020.02.009
https://doi.org/10.1016/j.alit.2016.10.003
https://doi.org/10.1152/jn.00302.2011
https://doi.org/10.7554/eLife.64506
https://doi.org/10.1038/s41573-021-00268-4
https://doi.org/10.3390/ijms21218406
https://doi.org/10.3390/cells11010088
https://doi.org/10.1111/all.15104
https://doi.org/10.1111/bjd.12943
https://doi.org/10.1111/exd.12288
https://doi.org/10.1016/j.bbi.2010.04.001
https://doi.org/10.1016/j.bbi.2010.04.001
https://doi.org/10.1007/978-94-017-7537-3_2
https://doi.org/10.1111/j.1600-0625.2011.01367.x
https://doi.org/10.3389/fmed.2021.639674
https://doi.org/10.1016/j.jaci.2020.09.028
https://doi.org/10.1111/all.14151
https://doi.org/10.1016/j.neuroscience.2012.02.043
https://doi.org/10.1111/j.1600-0625.2011.01422.x
https://doi.org/10.1111/j.1600-0625.2011.01421.x
https://doi.org/10.1002/ski2.66
https://doi.org/10.1111/exd.12095
https://doi.org/10.1111/exd.12294
https://doi.org/10.1016/j.celrep.2017.12.007
https://doi.org/10.3389/fnmol.2022.937890
https://doi.org/10.1038/s41586-020-2352-3
https://doi.org/10.1016/j.jid.2020.03.959
https://doi.org/10.1038/s41596-022-00681-y
https://doi.org/10.1038/s41596-022-00681-y
https://doi.org/10.1007/BF02981951
https://doi.org/10.1007/BF02935346
https://doi.org/10.1007/BF02935346
https://doi.org/10.1073/pnas.0604575103


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 19 frontiersin.org

dermatitis–induced pruritus in mice and humans. Contact Dermatitis 86, 286–294. 
doi: 10.1111/cod.14051

Li, X., Yang, H., Han, Y., Yin, S., Shen, B., Wu, Y., et al. (2021). Tick peptides evoke 
itch by activating MrgprC11/MRGPRX1 to sensitize TRPV1  in pruriceptors. J. 
Allergy Clin. Immunol. 147, 2236–2248.e16. doi: 10.1016/j.jaci.2020.12.626

Lindsay, C. D., and Timperley, C. M. (2020). TRPA1 and issues relating to animal 
model selection for extrapolating toxicity data to humans. Hum. Exp. Toxicol. 39, 
14–36. doi: 10.1177/0960327119877460

Liu, Q., and Dong, X. (2015). “The role of the Mrgpr receptor family in itch” in 
Pharmacology of Itch Pharmacology of Itch, Handbook of Experimental Pharmacology.  
Vol. 226. eds. A. Cowan and G. Yosipovitch (Berlin, Heidelberg: Springer). 71–88.  
doi: 10.1007/978-3-662-44605-8_5

Liu, X., Michael, S., Bharti, K., Ferrer, M., and Song, M. J. (2020). A biofabricated 
vascularized skin model of atopic dermatitis for preclinical studies. Biofabrication 
12:035002. doi: 10.1088/1758-5090/ab76a1

Liu, Q., Sikand, P., Ma, C., Tang, Z., Han, L., Li, Z., et al. (2012). Mechanisms of 
itch evoked by beta-alanine. J. Neurosci. 32, 14532–14537. doi: 10.1523/
JNEUROSCI.3509-12.2012

Liu, Q., Tang, Z., Surdenikova, L., Kim, S., Patel, K. N., Kim, A., et al. (2009). 
Sensory neuron-specific GPCR Mrgprs are itch receptors mediating chloroquine-
induced pruritus. Cells 139, 1353–1365. doi: 10.1016/j.cell.2009.11.034

Liu, Q., Wang, J., Wei, X., Hu, J., Ping, C., Gao, Y., et al. (2021). Therapeutic 
inhibition of keratinocyte TRPV3 sensory channel by local anesthetic dyclonine. 
elife 10:e68128.

Long, K. R., and Huttner, W. B. (2019). How the extracellular matrix shapes neural 
development. Open Biol. 9:180216. doi: 10.1098/rsob.180216

Lu, Z., Xiao, S., Chen, W., Zhu, R., Yang, H., Steinhoff, M., et al. (2022). IL-20 
promotes cutaneous inflammation and peripheral itch sensation in atopic dermatitis. 
FASEB J. 36:e22334. doi: 10.1096/fj.202101800R

Malin, S., Molliver, D., Christianson, J. A., Schwartz, E. S., Cornuet, P., 
Albers, K. M., et al. (2011). TRPV1 and TRPA1 function and modulation are target 
tissue dependent. J. Neurosci. 31, 10516–10528. doi: 10.1523/JNEUROSCI.2992- 
10.2011

Mann, C., Dreher, M., Weess, H. G., and Staubach, P. (2020). Sleep disturbance in 
patients with Urticaria and atopic dermatitis: an underestimated burden. Acta Derm. 
Venereol. 100, adv00073–adv00076. doi: 10.2340/00015555-3416

Martorina, F., Casale, C., Urciuolo, F., Netti, P. A., and Imparato, G. (2017). In 
vitro activation of the neuro-transduction mechanism in sensitive organotypic 
human skin model. Biomaterials 113, 217–229. doi: 10.1016/j.biomaterials.2016. 
10.051

Masuoka, M., Shiraishi, H., Ohta, S., Suzuki, S., Arima, K., Aoki, S., et al. (2012). 
Periostin promotes chronic allergic inflammation in response to Th2 cytokines. J. 
Clin. Investig. 122, 2590–2600. doi: 10.1172/JCI58978

Mcdermott, L. A., Weir, G. A., Themistocleous, A. C., Segerdahl, A. R., Blesneac, I., 
Baskozos, G., et al. (2019). Defining the functional role of NaV1.7  in human 
nociception. Neuron 101, 905–919.e8. doi: 10.1016/j.neuron.2019.01.047

Mcleod, J. J. A., Baker, B., and Ryan, J. J. (2015). Mast cell production and response 
to IL-4 and IL-13. Cytokine 75, 57–61. doi: 10.1016/j.cyto.2015.05.019

Meents, J. E., Bressan, E., Sontag, S., Foerster, A., Hautvast, P., Rosseler, C., et al. 
(2019). The role of Nav1.7 in human nociceptors: insights from human induced 
pluripotent stem cell-derived sensory neurons of erythromelalgia patients. Pain 160, 
1327–1341. doi: 10.1097/j.pain.0000000000001511

Meixiong, J., Anderson, M., Limjunyawong, N., Sabbagh, M. F., Hu, E., 
Mack, M. R., et al. (2019). Activation of mast-cell-expressed mas-related G-protein-
coupled receptors drives non-histaminergic itch. Immunity 50, 1163–1171.e5. doi: 
10.1016/j.immuni.2019.03.013

Meng, J., Li, Y., Fischer, M. J. M., Steinhoff, M., Chen, W., and Wang, J. (2021). Th2 
modulation of transient receptor potential channels: an unmet therapeutic 
intervention for atopic dermatitis. Front. Immunol. 12:696784. doi: 10.3389/
fimmu.2021.696784

Meng, J., Moriyama, M., Feld, M., Buddenkotte, J., Buhl, T., Szollosi, A., et al. 
(2018). New mechanism underlying IL-31-induced atopic dermatitis. J. Allergy Clin. 
Immunol. 141, 1677–1689e8. doi: 10.1016/j.jaci.2017.12.1002

Metz, M., Redoules, D., Fluhr, J., Maurer, M., Hawro, T., and Mengeaud, V. (2014). 
Development of a standardized experimental itch model in humans. J. Am. Acad. 
Dermatol. 1:AB42. doi: 10.1016/j.jaad.2014.01.173

Miao, X., Huang, Y., Liu, T.-T., Guo, R., Wang, B., Wang, X.-L., et al. (2018). 
TNF-α/TNFR1 signaling is required for the full expression of acute and chronic itch 
in mice via peripheral and central mechanisms. Neurosci. Bull. 34, 42–53. doi: 
10.1007/s12264-017-0124-3

Mikhak, Z., Bissonnette, R., Siri, D., Tyring, S. K., Tessari, E., Gandhi, R., et al. 
(2019). KPL-716, anti-Oncostatin M receptor beta antibody, reduced pruritus 

in atopic dermatitis. J. Investig. Dermatol. 139:S96. doi: 10.1016/j.jid.2019. 
03.636

Misery, L., Brenaut, E., Pierre, O., Le Garrec, R., Gouin, O., Lebonvallet, N., et al. 
(2021). Chronic itch: emerging treatments following new research concepts. Br. J. 
Pharmacol. 178, 4775–4791. doi: 10.1111/bph.15672

Mishra, S. K., Wheeler, J. J., Pitake, S., Ding, H., Jiang, C., Fukuyama, T., et al. 
(2020). Periostin activation of integrin receptors on sensory neurons induces allergic 
itch. Cell Rep. 31:107472. doi: 10.1016/j.celrep.2020.03.036

Miyamoto, T., Nojima, H., Shinkado, T., Nakahashi, T., and Kuraishi, Y. (2002). 
Itch-associated response induced by experimental dry skin in mice. Jpn. J. 
Pharmacol. 88, 285–292. doi: 10.1254/jjp.88.285

Mizuno, K., Morizane, S., Takiguchi, T., and Iwatsuki, K. (2015). Dexamethasone 
but not tacrolimus suppresses TNF-α-induced thymic stromal lymphopoietin 
expression in lesional keratinocytes of atopic dermatitis model. J. Dermatol. Sci. 80, 
45–53. doi: 10.1016/j.jdermsci.2015.06.016

Moehring, F., Cowie, A. M., Menzel, A. D., Weyer, A. D., Grzybowski, M., 
Arzua, T., et al. (2018). Keratinocytes mediate innocuous and noxious touch via 
ATP-P2X4 signaling. elife 7:e31684. doi: 10.7554/eLife.31684

Mommert, S., Hüer, M., Schaper-Gerhardt, K., Gutzmer, R., and Werfel, T. (2020). 
Histamine up-regulates oncostatin M expression in human M1 macrophages. Br. J. 
Pharmacol. 177, 600–613. doi: 10.1111/bph.14796

Morita, T., Mcclain, S. P., Batia, L. M., Pellegrino, M., Wilson, S. R., Kienzler, M. A., 
et al. (2015). HTR7 mediates serotonergic acute and chronic itch. Neuron 87, 
124–138. doi: 10.1016/j.neuron.2015.05.044

Mousa, S. A., Shakibaei, M., Sitte, N., SchäFer, M., and Stein, C. (2004). Subcellular 
pathways of β-endorphin synthesis, processing, and release from Immunocytes in 
inflammatory pain. Endocrinology 145, 1331–1341. doi: 10.1210/en.2003-1287

Mu, D., and Sun, Y.-G. (2022). Circuit mechanisms of itch in the brain. J. Investig. 
Dermatol. 142, 23–30. doi: 10.1016/j.jid.2021.09.022

Muller, Q., Beaudet, M.-J., De Serres-Bérard, T., Bellenfant, S., Flacher, V., and 
Berthod, F. (2018). Development of an innervated tissue-engineered skin with 
human sensory neurons and Schwann cells differentiated from iPS cells. Acta 
Biomater. 82, 93–101. doi: 10.1016/j.actbio.2018.10.011

Murota, H., and Katayama, I. (2017). Exacerbating factors of itch in atopic 
dermatitis. Allergol. Int. 66, 8–13. doi: 10.1016/j.alit.2016.10.005

Myers, J. P., Santiago-Medina, M., and Gomez, T. M. (2011). Regulation of axonal 
outgrowth and pathfinding by integrin-ecm interactions. Dev. Neurobiol. 71, 
901–923. doi: 10.1002/dneu.20931

Nagendran, T., Poole, V., Harris, J., and Taylor, A. M. (2018). Use of pre-assembled 
plastic microfluidic chips for compartmentalizing primary murine neurons. J. Vis. 
Exp. 141:58421. doi: 10.3791/58421

Najafi, P., Dufor, O., Ben Salem, D., Misery, L., and Carré, J. L. (2021). Itch 
processing in the brain. J. Eur. Acad. Dermatol. Venereol. 35, 1058–1066. doi: 
10.1111/jdv.17029

Nattkemper, L. A., Tey, H. L., Valdes-Rodriguez, R., Lee, H., Mollanazar, N. K., 
Albornoz, C., et al. (2018). The genetics of chronic itch: gene expression in the skin 
of patients with atopic dermatitis and psoriasis with severe itch. J. Invest. Dermatol. 
138, 1311–1317. doi: 10.1016/j.jid.2017.12.029

Neis, M. M., Peters, B., Dreuw, A., Wenzel, J., Bieber, T., Mauch, C., et al. (2006). 
Enhanced expression levels of IL-31 correlate with IL-4 and IL-13 in atopic and 
allergic contact dermatitis. J. Allergy Clin. Immunol. 118, 930–937. doi: 10.1016/j.
jaci.2006.07.015

Nguyen, E., Lim, G., and Ross, S. E. (2021). Evaluation of therapies for peripheral 
and Neuraxial opioid-induced pruritus based on molecular and cellular discoveries. 
Anesthesiology 135, 350–365. doi: 10.1097/ALN.0000000000003844

Nguyen, A. V., and Soulika, A. M. (2019). The dynamics of the Skin’s immune 
system. Int. J. Mol. Sci. 20:1811. doi: 10.3390/ijms20081811

Nguyen, M. Q., Von Buchholtz, L. J., Reker, A. N., Ryba, N. J., and Davidson, S. 
(2021). Single-nucleus transcriptomic analysis of human dorsal root ganglion 
neurons. elife 10:e71752. doi: 10.7554/eLife.71752

Niyonsaba, F., Ushio, H., Hara, M., Yokoi, H., Tominaga, M., Takamori, K., et al. 
(2010). Antimicrobial peptides human β-Defensins and cathelicidin LL-37 induce 
the secretion of a Pruritogenic cytokine IL-31 by human mast cells. J. Immunol. 184, 
3526–3534. doi: 10.4049/jimmunol.0900712

Oetjen, L. K., and Kim, B. S. (2018). Interactions of the immune and sensory 
nervous systems in atopy. FEBS J. 285, 3138–3151. doi: 10.1111/febs.14465

Oetjen, L. K., Mack, M. R., Feng, J., Whelan, T. M., Niu, H., Guo, C. J., et al. (2017). 
Sensory neurons co-opt classical immune signaling pathways to mediate chronic 
itch. Cells 171, 217–228e13. doi: 10.1016/j.cell.2017.08.006

Oh, M. H., Oh, S. Y., Lu, J., Lou, H., Myers, A. C., Zhu, Z., et al. (2013). TRPA1-
dependent pruritus in IL-13-induced chronic atopic dermatitis. J. Immunol. 191, 
5371–5382. doi: 10.4049/jimmunol.1300300

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/cod.14051
https://doi.org/10.1016/j.jaci.2020.12.626
https://doi.org/10.1177/0960327119877460
https://doi.org/10.1007/978-3-662-44605-8_5
https://doi.org/10.1088/1758-5090/ab76a1
https://doi.org/10.1523/JNEUROSCI.3509-12.2012
https://doi.org/10.1523/JNEUROSCI.3509-12.2012
https://doi.org/10.1016/j.cell.2009.11.034
https://doi.org/10.1098/rsob.180216
https://doi.org/10.1096/fj.202101800R
https://doi.org/10.1523/JNEUROSCI.2992-10.2011
https://doi.org/10.1523/JNEUROSCI.2992-10.2011
https://doi.org/10.2340/00015555-3416
https://doi.org/10.1016/j.biomaterials.2016.10.051
https://doi.org/10.1016/j.biomaterials.2016.10.051
https://doi.org/10.1172/JCI58978
https://doi.org/10.1016/j.neuron.2019.01.047
https://doi.org/10.1016/j.cyto.2015.05.019
https://doi.org/10.1097/j.pain.0000000000001511
https://doi.org/10.1016/j.immuni.2019.03.013
https://doi.org/10.3389/fimmu.2021.696784
https://doi.org/10.3389/fimmu.2021.696784
https://doi.org/10.1016/j.jaci.2017.12.1002
https://doi.org/10.1016/j.jaad.2014.01.173
https://doi.org/10.1007/s12264-017-0124-3
https://doi.org/10.1016/j.jid.2019.03.636
https://doi.org/10.1016/j.jid.2019.03.636
https://doi.org/10.1111/bph.15672
https://doi.org/10.1016/j.celrep.2020.03.036
https://doi.org/10.1254/jjp.88.285
https://doi.org/10.1016/j.jdermsci.2015.06.016
https://doi.org/10.7554/eLife.31684
https://doi.org/10.1111/bph.14796
https://doi.org/10.1016/j.neuron.2015.05.044
https://doi.org/10.1210/en.2003-1287
https://doi.org/10.1016/j.jid.2021.09.022
https://doi.org/10.1016/j.actbio.2018.10.011
https://doi.org/10.1016/j.alit.2016.10.005
https://doi.org/10.1002/dneu.20931
https://doi.org/10.3791/58421
https://doi.org/10.1111/jdv.17029
https://doi.org/10.1016/j.jid.2017.12.029
https://doi.org/10.1016/j.jaci.2006.07.015
https://doi.org/10.1016/j.jaci.2006.07.015
https://doi.org/10.1097/ALN.0000000000003844
https://doi.org/10.3390/ijms20081811
https://doi.org/10.7554/eLife.71752
https://doi.org/10.4049/jimmunol.0900712
https://doi.org/10.1111/febs.14465
https://doi.org/10.1016/j.cell.2017.08.006
https://doi.org/10.4049/jimmunol.1300300


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 20 frontiersin.org

Ono, J., Takai, M., Kamei, A., Azuma, Y., and Izuhara, K. (2021). Pathological roles 
and clinical usefulness of Periostin in type 2 inflammation and pulmonary fibrosis. 
Biomol. Ther. 11:1084. doi: 10.3390/biom11081084

Papoiu, A. D. P., Tey, H. L., Coghill, R. C., Wang, H., and Yosipovitch, G. (2011). 
Cowhage-induced itch as an experimental model for pruritus. A comparative study 
with histamine-induced Itch. PLoS One 6:e17786. doi: 10.1371/journal.pone.0017786

Park, C. W., Kim, H. J., Choi, Y. W., Chung, B. Y., Woo, S. Y., Song, D. K., et al. 
(2017). TRPV3 channel in keratinocytes in scars with post-burn pruritus. Int. J. Mol. 
Sci. 18:2425. doi: 10.3390/ijms18112425

Park, C. W., Kim, B. J., Lee, Y. W., Won, C., Park, C. O., Chung, B. Y., et al. (2022). 
Asivatrep, a TRPV1 antagonist, for the topical treatment of atopic dermatitis: phase 
3, randomized, vehicle-controlled study (CAPTAIN-AD). J. Allergy Clin. Immunol. 
149, 1340–1347.e4. doi: 10.1016/j.jaci.2021.09.024

Pecze, L., Szabó, K., Széll, M., Jósvay, K., Kaszás, K., Kúsz, E., et al. (2008). Human 
keratinocytes are Vanilloid resistant. PLoS One 3:e3419. doi: 10.1371/journal.
pone.0003419

Pereira, U., Boulais, N., Lebonvallet, N., Lefeuvre, L., Gougerot, A., and Misery, L. 
(2010). Development of an in vitro coculture of primary sensitive pig neurons and 
keratinocytes for the study of cutaneous neurogenic inflammation. Exp. Dermatol. 
19, 931–935. doi: 10.1111/j.1600-0625.2010.01119.x

Pereira, M. P., Wiegmann, H., Agelopoulos, K., and Stander, S. (2021). 
Neuropathic itch: routes to clinical diagnosis. Front. Med. (Lausanne) 8:641746. doi: 
10.3389/fmed.2021.641746

Pohin, M., Guesdon, W., Mekouo, A. A. T., Rabeony, H., Paris, I., Atanassov, H., 
et al. (2016). Oncostatin M overexpression induces skin inflammation but is not 
required in the mouse model of imiquimod-induced psoriasis-like inflammation. 
Eur. J. Immunol. 46, 1737–1751. doi: 10.1002/eji.201546216

Qu, L., Fan, N., Ma, C., Wang, T., Han, L., Fu, K., et al. (2014). Enhanced 
excitability of MRGPRA3-and MRGPRD-positive nociceptors in a model of 
inflammatory itch and pain. Brain 137, 1039–1050. doi: 10.1093/brain/awu007

Radonjic-Hoesli, S., Brüggen, M.-C., Feldmeyer, L., Simon, H.-U., and Simon, D. 
(2021). Eosinophils in skin diseases. Semin. Immunopathol. 43, 393–409. doi: 
10.1007/s00281-021-00868-7

Ramadan, Q., and Ting, F. C. W. (2016). In vitro micro-physiological immune-
competent model of the human skin. Lab Chip 16, 1899–1908. doi: 10.1039/
C6LC00229C

Ramovs, V., Janssen, H., Fuentes, I., Pitaval, A., Rachidi, W., De Sousa, C., et al. 
(2022). Characterization of the epidermal-dermal junction in hiPSC-derived skin 
organoids. Stem Cell Rep. doi: 10.1016/j.stemcr.2022.04.008

Ray, P., Torck, A., Quigley, L., Wangzhou, A., Neiman, M., Rao, C., et al. (2018). 
Comparative transcriptome profiling of the human and mouse dorsal root ganglia: 
an RNA-seq-based resource for pain and sensory neuroscience research. Pain 159, 
1325–1345. doi: 10.1097/j.pain.0000000000001217

Raymon, H. K., Thode, S., Zhou, J., Friedman, G. C., Pardinas, J. R., Barrere, C., 
et al. (1999). Immortalized human dorsal root ganglion cells differentiate into 
neurons with nociceptive properties. J. Neurosci. 19, 5420–5428.

Reddy, V. B., Azimi, E., Chu, L., and Lerner, E. A. (2018). Mas-related G-protein 
coupled receptors and Cowhage-induced itch. J. Investig. Dermatol. 138, 461–464. 
doi: 10.1016/j.jid.2017.05.042

Rifaioglu, A. S., Atas, H., Martin, M. J., Cetin-Atalay, R., Atalay, V., and Doğan, T. 
(2019). Recent applications of deep learning and machine intelligence on in silico 
drug discovery: methods, tools and databases. Brief. Bioinform. 20, 1878–1912. doi: 
10.1093/bib/bby061

Roggenkamp, D., Falkner, S., Stäb, F., Petersen, M., Schmelz, M., and Neufang, G. 
(2012). Atopic keratinocytes induce increased Neurite outgrowth in a Coculture 
model of porcine dorsal root ganglia neurons and human skin cells. J. Investig. 
Dermatol. 132, 1892–1900. doi: 10.1038/jid.2012.44

Roggenkamp, D., Kopnick, S., Stab, F., Wenck, H., Schmelz, M., and Neufang, G. 
(2013). Epidermal nerve fibers modulate keratinocyte growth via neuropeptide 
signaling in an innervated skin model. J. Invest. Dermatol. 133, 1620–1628. doi: 
10.1038/jid.2012.464

Rosselli-Murai, L. K., Almeida, L. O., Zagni, C., Galindo-Moreno, P., 
Padial-Molina, M., Volk, S. L., et al. (2013). Periostin responds to mechanical stress 
and tension by activating the MTOR signaling pathway. PLoS One 8:e83580. doi: 
10.1371/journal.pone.0083580

Rostock, C., Schrenk-Siemens, K., Pohle, J., and Siemens, J. (2018). Human vs 
mouse nociceptors-similarities and differences. Neuroscience 387, 13–27. doi: 
10.1016/j.neuroscience.2017.11.047

Sadler, K. E., Moehring, F., and Stucky, C. L. (2020). Keratinocytes contribute to 
normal cold and heat sensation. elife 17, 1279–1288. doi: 10.7554/eLife.58625

Saito-Diaz, K., Street, J. R., Ulrichs, H., and Zeltner, N. (2021). Derivation of 
peripheral nociceptive, Mechanoreceptive, and proprioceptive sensory neurons 
from the same culture of human pluripotent stem cells. Stem Cell Rep. 16, 446–457. 
doi: 10.1016/j.stemcr.2021.01.001

Sanjel, B., Maeng, H.-J., and Shim, W.-S. (2019). BAM8-22 and its receptor 
MRGPRX1 may attribute to cholestatic pruritus. Sci. Rep. 9:10888. doi: 10.1038/
s41598-019-47267-5

Sarama, R., Matharu, P. K., Abduldaiem, Y., Correa, M. P., Gil, C. D., and 
Greco, K. V. (2022). In vitro disease models for understanding psoriasis and atopic 
dermatitis. Front. Bioeng. Biotechnol. 10:803218. doi: 10.3389/fbioe.2022.803218

Satoh, M., Suzuki, T., Sakurai, T., Toyama, S., Kamata, Y., Kondo, S., et al. (2021). 
A novel in vitro assay using human iPSC-derived sensory neurons to evaluate the 
effects of external chemicals on neuronal morphology: possible implications in the 
prediction of abnormal skin sensation. Int. J. Mol. Sci. 22:10525. doi: 10.3390/
ijms221910525

Schwaid, A. G., Krasowka-Zoladek, A., Chi, A., and Cornella-Taracido, I. (2018). 
Comparison of the rat and human dorsal root ganglion proteome. Sci. Rep. 8:13469. 
doi: 10.1038/s41598-018-31189-9

Schwartzentruber, J., Foskolou, S., Kilpinen, H., Rodrigues, J., Alasoo, K., 
Knights, A. J., et al. (2018). Molecular and functional variation in iPSC-derived 
sensory neurons. Nat. Genet. 50, 54–61. doi: 10.1038/s41588-017-0005-8

Schwörer, H., Hartmann, H., and Ramadori, G. (1995). Relief of cholestatic 
pruritus by a novel class of drugs: 5-hydroxytryptamine type 3 (5-HT3) receptor 
antagonists: effectiveness of ondansetron. Pain 61, 33–37. doi: 10.1016/0304-3959 
(94)00145-5

Seo, S. H., Kim, S., Kim, S. E., Chung, S., and Lee, S. E. (2020). Enhanced thermal 
sensitivity of TRPV3 in keratinocytes underlies heat-induced Pruritogen release and 
pruritus in atopic dermatitis. J. Invest. Dermatol. 140:e6. doi: 10.1016/j.
jid.2020.02.028

Sharif, B., Ase, A. R., Ribeiro-Da-Silva, A., and Séguéla, P. (2020). Differential 
coding of itch and pain by a subpopulation of primary afferent neurons. Neuron 106, 
940–951.e4. doi: 10.1016/j.neuron.2020.03.021

Shiers, S., Klein, R. M., and Price, T. J. (2020). Quantitative differences in neuronal 
subpopulations between mouse and human dorsal root ganglia demonstrated with 
RNAscope in situ hybridization. Pain 161, 2410–2424. doi: 10.1097/j.pain. 
0000000000001973

Shimada, S. G., and Lamotte, R. H. (2008). Behavioral differentiation between itch 
and pain in mouse. Pain 139, 681–687. doi: 10.1016/j.pain.2008.08.002

Shindo, Y., Fujita, K., Tanaka, M., Fujio, H., Hotta, K., and Oka, K. (2021). 
Mechanical stimulus-evoked signal transduction between keratinocytes and sensory 
neurons via extracellular ATP. Biochem. Biophys. Res. Commun. 582, 131–136. doi: 
10.1016/j.bbrc.2021.10.046

Siiskonen, H., and Harvima, I. (2019). Mast cells and sensory nerves contribute 
to neurogenic inflammation and pruritus in chronic skin inflammation. Front. Cell. 
Neurosci. 13:422. doi: 10.3389/fncel.2019.00422

Siiskonen, H., and Scheffel, J. (2020). Isolation and culture of human skin mast 
cells. Methods Mol. Biol 2154, 33–43. doi: 10.1007/978-1-0716-0648-3_4

Silverberg, J. I., Gelfand, J. M., Margolis, D. J., Boguniewicz, M., Fonacier, L., 
Grayson, M. H., et al. (2018). Patient burden and quality of life in atopic dermatitis 
in US adults: a population-based cross-sectional study. Ann. Allergy Asthma 
Immunol. 121, 340–347. doi: 10.1016/j.anai.2018.07.006

Silverberg, J. I., Pinter, A., Alavi, A., Lynde, C., Bouaziz, J. D., Wollenberg, A., 
et al. (2021). Nemolizumab is associated with a rapid improvement in atopic 
dermatitis signs and symptoms: subpopulation (EASI ≥ 16) analysis of 
randomized phase 2B study. J. Eur. Acad. Dermatol. Venereol. 35, 1562–1568. doi: 
10.1111/jdv.17218

Silverberg, J. I., Pinter, A., Pulka, G., Poulin, Y., Bouaziz, J. D., Wollenberg, A., 
et al. (2020). Phase 2B randomized study of nemolizumab in adults with moderate-
to-severe atopic dermatitis and severe pruritus. J. Allergy Clin. Immunol. 145, 
173–182. doi: 10.1016/j.jaci.2019.08.013

Simpson, E. L., Bieber, T., Guttman-Yassky, E., Beck, L. A., Blauvelt, A., Cork, M. J., 
et al. (2016). Two phase 3 trials of Dupilumab versus placebo in atopic dermatitis. 
N. Engl. J. Med. 375, 2335–2348. doi: 10.3389/fmed.2021.638325

Simpson, E. L., Paller, A. S., Siegfried, E. C., Boguniewicz, M., Sher, L., 
Gooderham, M. J., et al. (2020). Efficacy and safety of Dupilumab in adolescents 
with uncontrolled moderate to severe atopic dermatitis: a phase 3 randomized 
clinical trial. JAMA Dermatol. 156, 44–56. doi: 10.1001/jamadermatol.2019.3336

Sliz, E., Huilaja, L., Pasanen, A., Laisk, T., Reimann, E., Mägi, R., et al. (2022). 
Uniting biobank resources reveals novel genetic pathways modulating susceptibility 
for atopic dermatitis. J. Allergy Clin. Immunol. 149, 1105–1112.e9. doi: 10.1016/j.
jaci.2021.07.043

Slominski, A., Pisarchik, A., Semak, I., Sweatman, T., Wortsman, J., 
Szczesniewski, A., et al. (2002). Serotoninergic and melatoninergic systems are fully 
expressed in human skin. FASEB J. 16, 896–898. doi: 10.1096/fj.01-0952fje

Slominski, A. T., Zmijewski, M. A., Zbytek, B., Brozyna, A. A., Granese, J., 
Pisarchik, A., et al. (2011). Regulated Proenkephalin expression in human skin 
and cultured skin cells. J. Investig. Dermatol. 131, 613–622. doi: 10.1038/
jid.2010.376

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/biom11081084
https://doi.org/10.1371/journal.pone.0017786
https://doi.org/10.3390/ijms18112425
https://doi.org/10.1016/j.jaci.2021.09.024
https://doi.org/10.1371/journal.pone.0003419
https://doi.org/10.1371/journal.pone.0003419
https://doi.org/10.1111/j.1600-0625.2010.01119.x
https://doi.org/10.3389/fmed.2021.641746
https://doi.org/10.1002/eji.201546216
https://doi.org/10.1093/brain/awu007
https://doi.org/10.1007/s00281-021-00868-7
https://doi.org/10.1039/C6LC00229C
https://doi.org/10.1039/C6LC00229C
https://doi.org/10.1016/j.stemcr.2022.04.008
https://doi.org/10.1097/j.pain.0000000000001217
https://doi.org/10.1016/j.jid.2017.05.042
https://doi.org/10.1093/bib/bby061
https://doi.org/10.1038/jid.2012.44
https://doi.org/10.1038/jid.2012.464
https://doi.org/10.1371/journal.pone.0083580
https://doi.org/10.1016/j.neuroscience.2017.11.047
https://doi.org/10.7554/eLife.58625
https://doi.org/10.1016/j.stemcr.2021.01.001
https://doi.org/10.1038/s41598-019-47267-5
https://doi.org/10.1038/s41598-019-47267-5
https://doi.org/10.3389/fbioe.2022.803218
https://doi.org/10.3390/ijms221910525
https://doi.org/10.3390/ijms221910525
https://doi.org/10.1038/s41598-018-31189-9
https://doi.org/10.1038/s41588-017-0005-8
https://doi.org/10.1016/0304-3959(94)00145-5
https://doi.org/10.1016/0304-3959(94)00145-5
https://doi.org/10.1016/j.jid.2020.02.028
https://doi.org/10.1016/j.jid.2020.02.028
https://doi.org/10.1016/j.neuron.2020.03.021
https://doi.org/10.1097/j.pain.0000000000001973
https://doi.org/10.1097/j.pain.0000000000001973
https://doi.org/10.1016/j.pain.2008.08.002
https://doi.org/10.1016/j.bbrc.2021.10.046
https://doi.org/10.3389/fncel.2019.00422
https://doi.org/10.1007/978-1-0716-0648-3_4
https://doi.org/10.1016/j.anai.2018.07.006
https://doi.org/10.1111/jdv.17218
https://doi.org/10.1016/j.jaci.2019.08.013
https://doi.org/10.3389/fmed.2021.638325
https://doi.org/10.1001/jamadermatol.2019.3336
https://doi.org/10.1016/j.jaci.2021.07.043
https://doi.org/10.1016/j.jaci.2021.07.043
https://doi.org/10.1096/fj.01-0952fje
https://doi.org/10.1038/jid.2010.376
https://doi.org/10.1038/jid.2010.376


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 21 frontiersin.org

Smith, E. S., Blass, G. R., Lewin, G. R., and Park, T. J. (2010). Absence of 
histamine-induced itch in the African naked mole-rat and rescue by substance P. 
Mol. Pain 6:29. doi: 10.1186/1744-8069-6-29

Smith, L., Gatault, S., Casals-Diaz, L., Kelly, P. A., Camerer, E., Metais, C., et al. 
(2019). House dust mite-treated PAR2 over-expressor mouse: a novel model of 
atopic dermatitis. Exp. Dermatol. 28, 1298–1308. doi: 10.1111/exd.14030

Solinski, H. J., and Rukwied, R. (2020). Electrically evoked itch in human subjects. 
Front. Med. (Lausanne) 7:627617. doi: 10.3389/fmed.2020.627617

Sriram, G., Bigliardi, P. L., and Bigliardi-Qi, M. (2015). Fibroblast heterogeneity 
and its implications for engineering organotypic skin models in vitro. Eur. J. Cell 
Biol. 94, 483–512. doi: 10.1016/j.ejcb.2015.08.001

Sriram, G., Bigliardi, P. L., and Bigliardi-Qi, M. (2019). Full-thickness human skin 
equivalent models of atopic dermatitis. Methods Mol. Biol. 1879, 367–383. doi: 
10.1007/7651_2018_163

Stacey, P., Wassermann, A. M., Kammonen, L., Impey, E., Wilbrey, A., and 
Cawkill, D. (2018). Plate-based phenotypic screening for pain using human iPSC-
derived sensory neurons. SLAS Discov 23, 585–596. doi: 10.1177/2472555218764678

Suda, T., Chida, K., Todate, A., Ide, K., Asada, K., Nakamura, Y., et al. (2002). 
ONCOSTATIN M production by human dendritic cells in response to bacterial 
products. Cytokine 17, 335–340. doi: 10.1006/cyto.2002.1023

Sun, Y.-G., and Chen, Z.-F. (2007). A gastrin-releasing peptide receptor mediates 
the itch sensation in the spinal cord. Nature 448, 700–703. doi: 10.1038/nature06029

Sun, S., and Dong, X. (2016). Trp channels and itch. Semin. Immunopathol. 38, 
293–307. doi: 10.1007/s00281-015-0530-4

Sun, Y.-G., Zhao, Z.-Q., Meng, X.-L., Yin, J., Liu, X.-Y., and Chen, Z.-F. (2009). 
Cellular basis of itch sensation. Science 325, 1531–1534. doi: 10.1126/science. 
1174868

Sung, M., Lee, K. S., Ha, E. G., Lee, S. J., Kim, M. A., Lee, S. W., et al. (2017). An 
association of periostin levels with the severity and chronicity of atopic dermatitis 
in children. Pediatr. Allergy Immunol. 28, 543–550. doi: 10.1111/pai.12744

Suzuki, R., Furuno, T., Mckay, D. M., Wolvers, D., Teshima, R., Nakanishi, M., 
et al. (1999). Direct Neurite-mast cell communication in vitro occurs via the 
neuropeptide substance P. J. Immunol. 163, 2410–2415.

Suzuki, R., Furuno, T., Teshima, R., and Nakanishi, M. (2001). Bi-directional 
relationship of in vitro mast cell-nerve communication observed by confocal laser 
scanning microscopy. Biol. Pharm. Bull. 24, 291–294. doi: 10.1248/bpb.24.291

Szöllősi, A. G., Mcdonald, I., Szabó, I. L., Meng, J., Van Den Bogaard, E., and 
Steinhoff, M. (2019). TLR3  in chronic human itch: a keratinocyte-associated 
mechanism of peripheral itch sensitization. J. Investig. Dermatol. 139, 2393–2396.e6. 
doi: 10.1016/j.jid.2019.04.018

Takahashi, S., Ishida, A., Kubo, A., Kawasaki, H., Ochiai, S., Nakayama, M., et al. 
(2019). Homeostatic pruning and activity of epidermal nerves are dysregulated in 
barrier-impaired skin during chronic itch development. Sci. Rep. 9:8625. doi: 
10.1038/s41598-019-44866-0

Takai, T. (2012). TSLP expression: cellular sources, triggers, and regulatory 
mechanisms. Allergol. Int. 61, 3–17. doi: 10.2332/allergolint.11-RAI-0395

Takai, T., Chen, X., Xie, Y., Vu, A. T., Le, T. A., Kinoshita, H., et al. (2014). TSLP 
expression induced via toll-like receptor pathways in human keratinocytes. Methods 
Enzymol. 535, 371–387. doi: 10.1016/B978-0-12-397925-4.00021-3

Takamori, A., Nambu, A., Sato, K., Yamaguchi, S., Matsuda, K., Numata, T., et al. 
(2018). IL-31 is crucial for induction of pruritus, but not inflammation, in contact 
hypersensitivity. Sci. Rep. 8:6639. doi: 10.1038/s41598-018-25094-4

Talagas, M., Lebonvallet, N., Berthod, F., and Misery, L. (2020a). Lifting the veil 
on the keratinocyte contribution to cutaneous nociception. Protein Cell 11, 239–250. 
doi: 10.1007/s13238-019-00683-9

Talagas, M., Lebonvallet, N., Leschiera, R., Elies, P., Marcorelles, P., and 
Misery, L. (2020b). Intra-epidermal nerve endings progress within keratinocyte 
cytoplasmic tunnels in normal human skin. Exp. Dermatol. 29, 387–392. doi: 
10.1111/exd.14081

Talagas, M., Lebonvallet, N., Leschiera, R., Sinquin, G., Elies, P., Haftek, M., et al. 
(2020c). Keratinocytes communicate with sensory neurons via synaptic-like 
contacts. Ann. Neurol. 88, 1205–1219. doi: 10.1002/ana.25912

Taneda, K., Tominaga, M., Negi, O., Tengara, S., Kamo, A., Ogawa, H., et al. 
(2011). Evaluation of epidermal nerve density and opioid receptor levels in psoriatic 
itch. Br. J. Dermatol. 165, 277–284. doi: 10.1111/j.1365-2133.2011.10347.x

Tauber, M., Wang, F., Kim, B., and Gaudenzio, N. (2021). Bidirectional sensory 
neuron-immune interactions: a new vision in the understanding of allergic 
inflammation. Curr. Opin. Immunol. 72, 79–86. doi: 10.1016/j.coi.2021.03.012

Tavares-Ferreira, D., Shiers, S., Ray, P. R., Wangzhou, A., Jeevakumar, V., 
Sankaranarayanan, I., et al. (2021). Spatial transcriptomics of dorsal root ganglia 
identifies molecular signatures of human nociceptors. Sci Transl. Med. 14:eabj8186. 
doi: 10.1101/2021.02.06.430065

Tavares-Ferreira, D., Shiers, S., Ray, P. R., Wangzhou, A., Jeevakumar, V., 
Sankaranarayanan, I., et al. (2022). Spatial transcriptomics of dorsal root ganglia 
identifies molecular signatures of human nociceptors. Sci. Transl. Med. 14:eabj8186. 
doi: 10.1126/scitranslmed.abj8186

Thellman, N. M., Botting, C., Madaj, Z., and Triezenberg, S. J. (2017). An 
immortalized human dorsal root ganglion cell line provides a novel context to study 
herpes simplex virus 1 latency and reactivation. J. Virol. 91:e00080-17. doi: 10.1128/
JVI.00080-17

Thelu, A., Catoire, S., and Kerdine-Romer, S. (2020). Immune-competent in vitro 
co-culture models as an approach for skin sensitisation assessment. Toxicol. In Vitro 
62:104691. doi: 10.1016/j.tiv.2019.104691

Tian, B., Wang, X.-L., Huang, Y., Chen, L.-H., Cheng, R.-X., Zhou, F.-M., et al. 
(2016). Peripheral and spinal 5-HT receptors participate in cholestatic itch and 
antinociception induced by bile duct ligation in rats. Sci. Rep. 6:36286. doi: 10.1038/
srep36286

Togias, A. (2003). H1-receptors: localization and role in airway physiology and in 
immune functions. J. Allergy Clin. Immunol. 112, S60–S68. doi: 10.1016/
S0091-6749(03)01878-5

Tominaga, M., Kamo, A., Tengara, S., Ogawa, H., and Takamori, K. (2009). In vitro 
model for penetration of sensory nerve fibres on a Matrigel basement membrane: 
implications for possible application to intractable pruritus. Br. J. Dermatol. 161, 
1028–1037. doi: 10.1111/j.1365-2133.2009.09421.x

Tominaga, M., Ogawa, H., and Takamori, K. (2008). Decreased production of 
semaphorin 3A in the lesional skin of atopic dermatitis. Br. J. Dermatol. 158, 
842–844. doi: 10.1111/j.1365-2133.2007.08410.x

Tominaga, M., and Takamori, K. (2014). Itch and nerve fibers with special 
reference to atopic dermatitis: therapeutic implications. J. Dermatol. 41, 205–212. 
doi: 10.1111/1346-8138.12317

Tominaga, M., Tengara, S., Kamo, A., Ogawa, H., and Takamori, K. (2011). Matrix 
Metalloproteinase-8 is involved in dermal nerve growth: implications for possible 
application to pruritus from in vitro models. J. Investig. Dermatol. 131, 2105–2112. 
doi: 10.1038/jid.2011.173

Toyama, S., Tominaga, M., and Takamori, K. (2021). Connections between 
immune-derived mediators and sensory nerves for itch sensation. Int. J. Mol. Sci. 
22:12365. doi: 10.3390/ijms222212365

Trier, A. M., Mack, M. R., Fredman, A., Tamari, M., Ver Heul, A. M., Zhao, Y., 
et al. (2022). IL-33 signaling in sensory neurons promotes dry skin itch. J. Allergy 
Clin. Immunol. 149, 1473–1480.e6. doi: 10.1016/j.jaci.2021.09.014

Tsai, H. R., Lu, J. W., Chen, L. Y., and Chen, T. L. (2021). Application of Janus 
kinase inhibitors in atopic dermatitis: an updated systematic review and meta-
analysis of clinical trials. J. Pers Med. 11:e00080-17. doi: 10.3390/jpm11040279

Tsantoulas, C., Farmer, C., Machado, P., Baba, K., Mcmahon, S. B., and Raouf, R. 
(2013). Probing functional properties of nociceptive axons using a microfluidic 
culture system. PLoS One 8:e80722. doi: 10.1371/journal.pone.0080722

Tseng, P.-Y., and Hoon, M. A. (2021). Oncostatin M can sensitize sensory neurons 
in inflammatory pruritus. Sci. Transl. Med. 13:eabe3037. doi: 10.1126/scitranslmed.
abe3037

Tseng, P. Y., Zheng, Q., Li, Z., and Dong, X. (2019). MrgprX1 mediates neuronal 
excitability and itch through Tetrodotoxin-resistant sodium channels. Itch (Phila) 
4:e28. doi: 10.1097/itx.0000000000000028

Tsutsumi, M., Kitahata, H., Fukuda, M., Kumamoto, J., Goto, M., Denda, S., et al. 
(2016). Numerical and comparative three-dimensional structural analysis of 
peripheral nerve fibres in epidermis of patients with atopic dermatitis. Br. J. 
Dermatol. 174, 191–194. doi: 10.1111/bjd.13974

Ulmann, L., Rodeau, J.-L., Danoux, L., Contet-Audonneau, J.-L., Pauly, G., and 
Schlichter, R. (2007). Trophic effects of keratinocytes on the axonal development of 
sensory neurons in a coculture model. Eur. J. Neurosci. 26, 113–125. doi: 10.1111/j.
1460-9568.2007.05649.x

Ulmann, L., Rodeau, J. L., Danoux, L., Contet-Audonneau, J. L., Pauly, G., and 
Schlichter, R. (2009). Dehydroepiandrosterone and neurotrophins favor axonal 
growth in a sensory neuron-keratinocyte coculture model. Neuroscience 159, 
514–525. doi: 10.1016/j.neuroscience.2009.01.018

Umehara, Y., Toyama, S., Tominaga, M., Matsuda, H., Takahashi, N., Kamata, Y., 
et al. (2020). Robust induction of neural crest cells to derive peripheral sensory 
neurons from human induced pluripotent stem cells. Sci. Rep. 10:4360. doi: 10.1038/
s41598-020-60036-z

Usoskin, D., Furlan, A., Islam, S., Abdo, H., Lonnerberg, P., Lou, D., et al. (2015). 
Unbiased classification of sensory neuron types by large-scale single-cell RNA 
sequencing. Nat. Neurosci. 18, 145–153. doi: 10.1038/nn.3881

Valtcheva, M. V., Copits, B. A., Davidson, S., Sheahan, T. D., Pullen, M. Y., 
Mccall, J. G., et al. (2016). Surgical extraction of human dorsal root ganglia from 
organ donors and preparation of primary sensory neuron cultures. Nat. Protoc. 11, 
1877–1888. doi: 10.1038/nprot.2016.111

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/1744-8069-6-29
https://doi.org/10.1111/exd.14030
https://doi.org/10.3389/fmed.2020.627617
https://doi.org/10.1016/j.ejcb.2015.08.001
https://doi.org/10.1007/7651_2018_163
https://doi.org/10.1177/2472555218764678
https://doi.org/10.1006/cyto.2002.1023
https://doi.org/10.1038/nature06029
https://doi.org/10.1007/s00281-015-0530-4
https://doi.org/10.1126/science.1174868
https://doi.org/10.1126/science.1174868
https://doi.org/10.1111/pai.12744
https://doi.org/10.1248/bpb.24.291
https://doi.org/10.1016/j.jid.2019.04.018
https://doi.org/10.1038/s41598-019-44866-0
https://doi.org/10.2332/allergolint.11-RAI-0395
https://doi.org/10.1016/B978-0-12-397925-4.00021-3
https://doi.org/10.1038/s41598-018-25094-4
https://doi.org/10.1007/s13238-019-00683-9
https://doi.org/10.1111/exd.14081
https://doi.org/10.1002/ana.25912
https://doi.org/10.1111/j.1365-2133.2011.10347.x
https://doi.org/10.1016/j.coi.2021.03.012
https://doi.org/10.1101/2021.02.06.430065
https://doi.org/10.1126/scitranslmed.abj8186
https://doi.org/10.1128/JVI.00080-17
https://doi.org/10.1128/JVI.00080-17
https://doi.org/10.1016/j.tiv.2019.104691
https://doi.org/10.1038/srep36286
https://doi.org/10.1038/srep36286
https://doi.org/10.1016/S0091-6749(03)01878-5
https://doi.org/10.1016/S0091-6749(03)01878-5
https://doi.org/10.1111/j.1365-2133.2009.09421.x
https://doi.org/10.1111/j.1365-2133.2007.08410.x
https://doi.org/10.1111/1346-8138.12317
https://doi.org/10.1038/jid.2011.173
https://doi.org/10.3390/ijms222212365
https://doi.org/10.1016/j.jaci.2021.09.014
https://doi.org/10.3390/jpm11040279
https://doi.org/10.1371/journal.pone.0080722
https://doi.org/10.1126/scitranslmed.abe3037
https://doi.org/10.1126/scitranslmed.abe3037
https://doi.org/10.1097/itx.0000000000000028
https://doi.org/10.1111/bjd.13974
https://doi.org/10.1111/j.1460-9568.2007.05649.x
https://doi.org/10.1111/j.1460-9568.2007.05649.x
https://doi.org/10.1016/j.neuroscience.2009.01.018
https://doi.org/10.1038/s41598-020-60036-z
https://doi.org/10.1038/s41598-020-60036-z
https://doi.org/10.1038/nn.3881
https://doi.org/10.1038/nprot.2016.111


Mießner et al. 10.3389/fnmol.2022.984126

Frontiers in Molecular Neuroscience 22 frontiersin.org

Van Den Bogaard, E. H., Tjabringa, G. S., Joosten, I., Vonk-Bergers, M., Van 
Rijssen, E., Tijssen, H. J., et al. (2014). Crosstalk between keratinocytes and T cells 
in a 3D microenvironment: a model to study inflammatory skin diseases. J. Invest. 
Dermatol. 134, 719–727. doi: 10.1038/jid.2013.417

Van Drongelen, V., Danso, M. O., Out, J. J., Mulder, A., Lavrijsen, A. P. M., Bouwstra, J. A., 
et al. (2015). Explant cultures of atopic dermatitis biopsies maintain their epidermal 
characteristics in vitro. Cell Tissue Res. 361, 789–797. doi: 10.1007/s00441-015-2162-3

Vangeel, L., Benoit, M., Miron, Y., Miller, P. E., De Clercq, K., Chaltin, P., et al. 
(2020). Functional expression and pharmacological modulation of TRPM3  in 
human sensory neurons. Br. J. Pharmacol. 177, 2683–2695. doi: 10.1111/bph.14994

Vojnits, K., Mahammad, S., Collins, T. J., and Bhatia, M. (2019). Chemotherapy-
induced neuropathy and drug discovery platform using human sensory neurons 
converted directly from adult peripheral blood. Stem Cells Transl. Med. 8, 
1180–1191. doi: 10.1002/sctm.19-0054

Wang, F., and Kim, B. S. (2020). Itch: a paradigm of Neuroimmune crosstalk. 
Immunity 52, 753–766. doi: 10.1016/j.immuni.2020.04.008

Wang, D., Lu, J., Xu, X., Yuan, Y., Zhang, Y., Xu, J., et al. (2021). Satellite glial cells 
give rise to nociceptive sensory neurons. Stem Cell Rev. Rep. 17, 999–1013. doi: 
10.1007/s12015-020-10102-w

Wang, F., Yang, T.-L. B., and Kim, B. S. (2020). The return of the mast cell: new 
roles in Neuroimmune itch biology. J. Investig. Dermatol. 140, 945–951. doi: 
10.1016/j.jid.2019.12.011

Weisshaar, E. (2016). “Epidemiology of itch” in Itch – Management in Clinical 
Practice Vol. 50. eds. J. C. Szepietowski and E. Weisshaar E (Basel: Karger). 5–10. doi: 
10.1159/000446010

Weisshaar, E. (2021). Itch: a global problem? Front. Med. (Lausanne) 8:665575. 
doi: 10.3389/fmed.2021.665575

Weisshaar, E., Szepietowski, J. C., Bernhard, J. D., Hait, H., Legat, F. J., Nattkemper, L., 
et al. (2022). Efficacy and safety of oral nalbuphine extended release in prurigo 
nodularis: results of a phase 2 randomized controlled trial with an open-label 
extension phase. J. Eur. Acad. Dermatol. Venereol. 36, 453–461. doi: 10.1111/jdv.17816

Whang, K. A., Khanna, R., Williams, K. A., Mahadevan, V., Semenov, Y., and 
Kwatra, S. G. (2021). Health-related QOL and economic burden of chronic pruritus. 
J. Investig. Dermatol. 141, 754–760.e1. doi: 10.1016/j.jid.2020.08.020

Wheeler, J. J., Allen-Moyer, K. N., Davis, J. M., and Mishra, S. K. (2020). A 
systematic review of animal models and sex as a variable in itch research. Itch 5:e40. 
doi: 10.1097/itx.0000000000000040

Wilson, R., Ahmmed, A. A., Poll, A., Sakaue, M., Laude, A., and Sieber-Blum, M. 
(2018). Human peptidergic nociceptive sensory neurons generated from human 
epidermal neural crest stem cells (hEPI-NCSC). PLoS One 13:e0199996. doi: 
10.1371/journal.pone.0199996

Wilson, S. R., Gerhold, K. A., Bifolck-Fisher, A., Liu, Q., Patel, K. N., Dong, X., 
et al. (2011). TRPA1 is required for histamine-independent, mas-related G protein-
coupled receptor-mediated itch. Nat. Neurosci. 14, 595–602. doi: 10.1038/nn.2789

Wilson, S. R., Nelson, A. M., Batia, L., Morita, T., Estandian, D., Owens, D. M., 
et al. (2013a). The ion channel TRPA1 is required for chronic itch. J. Neurosci. 33, 
9283–9294. doi: 10.1523/JNEUROSCI.5318-12.2013

Wilson, S. R., The, L., Batia, L. M., Beattie, K., Katibah, G. E., Mcclain, S. P., et al. 
(2013b). The epithelial cell-derived atopic dermatitis cytokine TSLP activates 
neurons to induce itch. Cells 155, 285–295. doi: 10.1016/j.cell.2013.08.057

Wilzopolski, J., Kietzmann, M., Mishra, S. K., Stark, H., Baumer, W., and 
Rossbach, K. (2021). TRPV1 and TRPA1 channels are both involved downstream 
of histamine-induced itch. Biomolecules 11:1166. doi: 10.3390/biom11081166

Wimalasena, N. K., Milner, G., Silva, R., Vuong, C., Zhang, Z., Bautista, D. M., 
et al. (2021). Dissecting the precise nature of itch-evoked scratching. Neuron 109, 
3075–3087.e2. doi: 10.1016/j.neuron.2021.07.020

Wong, V. W., Sorkin, M., Glotzbach, J. P., Longaker, M. T., and Gurtner, G. C. 
(2011). Surgical approaches to create murine models of human wound healing. J. 
Biomed. Biotechnol. 2011, 1–8. doi: 10.1155/2011/969618

Wufuer, M., Lee, G., Hur, W., Jeon, B., Kim, B. J., Choi, T. H., et al. (2016). Skin-
on-a-chip model simulating inflammation, edema and drug-based treatment. Sci. 
Rep. 6:37471. doi: 10.1038/srep37471

Xie, Z., and Hu, H. (2018). TRP channels as drug targets to relieve itch. 
Pharmaceuticals (Basel) 11:100. doi: 10.3390/ph11040100

Xing, Y., Chen, J., Hilley, H., Steele, H., Yang, J., and Han, L. (2020). Molecular 
signature of Pruriceptive MrgprA3(+) neurons. J. Invest. Dermatol. 140, 2041–2050. 
doi: 10.1016/j.jid.2020.03.935

Yang, T.-L. B., and Kim, B. S. (2019). Pruritus in allergy and immunology. J. 
Allergy Clin. Immunol. 144, 353–360. doi: 10.1016/j.jaci.2019.06.016

Yin, K., Baillie, G. J., and Vetter, I. (2016). Neuronal cell lines as model dorsal root 
ganglion neurons: a transcriptomic comparison. Mol. Pain 12:1744806916646111. 
doi: 10.1177/1744806916646111

Yosipovitch, G., Misery, L., Proksch, E., Metz, M., Stander, S., and Schmelz, M. 
(2019). Skin barrier damage and itch: review of mechanisms, topical management 
and future directions. Acta Derm. Venereol. 99, 1201–1209. doi: 10.2340/ 
00015555-3296

Yosipovitch, G., Rosen, J. D., and Hashimoto, T. (2018). Itch: from mechanism to 
(novel) therapeutic approaches. J. Allergy Clin. Immunol. 142, 1375–1390. doi: 
10.1016/j.jaci.2018.09.005

Young, G. T., Gutteridge, A., Fox, H., Wilbrey, A. L., Cao, L., Cho, L. T., et al. 
(2014). Characterizing human stem cell-derived sensory neurons at the single-cell 
level reveals their ion channel expression and utility in pain research. Mol. Ther. 22, 
1530–1543. doi: 10.1038/mt.2014.86

Zeidler, C., Pereira, M. P., Huet, F., Misery, L., Steinbrink, K., and Stander, S. 
(2019). Pruritus in autoimmune and inflammatory Dermatoses. Front. Immunol. 
10:1303. doi: 10.3389/fimmu.2019.01303

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., Van Der 
Zwan, J., et al. (2018). Molecular architecture of the mouse nervous system. Cells 
174, 999–1014e22. doi: 10.1016/j.cell.2018.06.021

Zhai, H., Simion, F. A., Abrutyn, E., Koehler, A. M., and Maibach, H. I. (2002). 
Screening topical Antipruritics: a histamine-induced itch human model. Skin 
Pharmacol. Physiol. 15, 213–217. doi: 10.1159/000065967

Zhang, Q., Henry, G., and Chen, Y. (2021). Emerging role of transient receptor 
potential Vanilloid 4 (TRPV4) Ion Channel in acute and chronic itch. Int. J. Mol. Sci. 
22:7591. doi: 10.3390/ijms22147591

Zhao, J., Munanairi, A., Liu, X. Y., Zhang, J., Hu, L., Hu, M., et al. (2020). PAR2 
mediates itch via TRPV3 signaling in keratinocytes. J. Invest. Dermatol. 140, 
1524–1532. doi: 10.1016/j.jid.2020.01.012

Zhong, W., Wu, X., Zhang, W., Zhang, J., Chen, X., Chen, S., et al. (2019). Aberrant 
expression of histamine-independent Pruritogenic mediators in keratinocytes may 
be involved in the pathogenesis of Prurigo Nodularis. Acta Derm. Venereol. 99, 
579–586. doi: 10.2340/00015555-3150

Zimmermann, M., Rind, D., Chapman, R., Kumar, V., Kahn, S., and Carlson, J. 
(2018). Economic evaluation of Dupilumab for moderate-to-severe atopic 
dermatitis: a cost-utility analysis. J. Drugs Dermatol. 17, 750–756.

https://doi.org/10.3389/fnmol.2022.984126
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/jid.2013.417
https://doi.org/10.1007/s00441-015-2162-3
https://doi.org/10.1111/bph.14994
https://doi.org/10.1002/sctm.19-0054
https://doi.org/10.1016/j.immuni.2020.04.008
https://doi.org/10.1007/s12015-020-10102-w
https://doi.org/10.1016/j.jid.2019.12.011
https://doi.org/10.1159/000446010
https://doi.org/10.3389/fmed.2021.665575
https://doi.org/10.1111/jdv.17816
https://doi.org/10.1016/j.jid.2020.08.020
https://doi.org/10.1097/itx.0000000000000040
https://doi.org/10.1371/journal.pone.0199996
https://doi.org/10.1038/nn.2789
https://doi.org/10.1523/JNEUROSCI.5318-12.2013
https://doi.org/10.1016/j.cell.2013.08.057
https://doi.org/10.3390/biom11081166
https://doi.org/10.1016/j.neuron.2021.07.020
https://doi.org/10.1155/2011/969618
https://doi.org/10.1038/srep37471
https://doi.org/10.3390/ph11040100
https://doi.org/10.1016/j.jid.2020.03.935
https://doi.org/10.1016/j.jaci.2019.06.016
https://doi.org/10.1177/1744806916646111
https://doi.org/10.2340/00015555-3296
https://doi.org/10.2340/00015555-3296
https://doi.org/10.1016/j.jaci.2018.09.005
https://doi.org/10.1038/mt.2014.86
https://doi.org/10.3389/fimmu.2019.01303
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1159/000065967
https://doi.org/10.3390/ijms22147591
https://doi.org/10.1016/j.jid.2020.01.012
https://doi.org/10.2340/00015555-3150

	In vitro models for investigating itch
	Introduction
	Medical relevance of itch
	Cellular and molecular basis of itch

	Cell types and receptors involved in itch
	Histamine-dependent itch
	Histamine-independent itch – The contribution of skin and immune cells
	Structural skin cells
	Mast cells and other granulocytes

	T helper cells
	Atopic dermatitis
	Psoriasis

	Itch signaling receptors
	Transient receptor potential channels
	Other forms and mediators of itch

	State of the art in itch research
	Identification of exclusive pruriceptors
	Animal models of chronic itch have their limitations
	Need for human models
	Human itch studies
	Preclinical surrogate models/challenges and opportunities in in vitro itch research
	Methods for measuring itch-related signals

	Histamine-dependent models
	Monotypic cell culture
	Co-culture

	Histamine-independent chronic itch models
	Monotypic cell culture
	Cell lines
	Primary neurons
	Stem cell-based approaches
	Co-culture
	Nerve sprouting

	3D and more advanced models
	Organoids and lab-on-a-chip
	3D skin models
	Ex vivo models

	Discussion and outlook
	Author contributions
	Conflict of interest
	Publisher’s note

	References

