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Abstract

The ability to sense the environment is essential to survival and the primary purpose of the
somatosensory nervous system. However, despite its highly conserved nature, the sensation of

itch has been historically overlooked and its importance in medicine underappreciated. Herein,

we highlight how fundamental discoveries, coupled to rapid successes of new therapeutics, have
placed itch biology at the forefront of a translational revolution in the field of somatosensation and
beyond.

Summary

In “The Youngest Science’, Lewis Thomas describes living through an era in which scientific
innovation transformed medicine from an art of diagnosis to a discipline of treatment leading to
unprecedented extension of life. Even during this era of science-based treatment, sensory disorders
such as itch were cast aside. However, recent translational successes in the neuroimmunology of
itch points to a future of patient care in which we can improve not only longevity, but also quality,
of life.
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In this Perspective by Kim, the historically overlooked neurobiology and medicine of itch are
reviewed to show how unexpected breakthroughs have put forth new paradigms of sensation,
neuroimmunology, and therapy extending beyond itch.

Introduction

“I base most of my fashion sense on what doesn’t itch.” — Gilda Radner (comedian)

One of the earliest formal definitions of itch was coined by the German physician Samuel
Haffenreffer in 1660, where he described itch as ‘an uncomfortable sensation that provokes
a desire to scratch.” When itch lasts for longer than six weeks it is defined as chronic, and
it is estimated that about 15% of the population suffers from chronic pruritus (Leader et

al., 2015). Studies have demonstrated that chronic itch and chronic pain negatively impact
quality of life to similar degrees (Kini et al., 2011). Yet, in contrast to pain, there are
currently no FDA-approved medications specifically indicated to treat chronic pruritus.
Indeed, even in conditions where chronic itch is a defining hallmark of the disease, such as
atopic dermatitis (AD) and chronic spontaneous urticaria (CSU), itch has not been properly
assessed as a primary endpoint in clinical trials.

This viewpoint highlights how historically itch may be one of the most overlooked
sensations in terms of scientific advancements and medical recognition. However, due to
recent seminal discoveries in basic itch biology and clinical trials, chronic pruritus is now
emerging as a paradigmatic example of how translational success can address major unmet
needs in medicine.

Why Was Itch Overlooked?

In 1922, Max Von Frey observed that stimulation of the skin with spicules, while initially
evoking pain, resulted in subsequent itch sensations. These and other observations led to the
development of the intensity hypothesis, which postulated that itch is triggered by milder
stimulation with substances that also cause pain. Although other theories were proposed, for
decades, itch was largely viewed as a mild variant of pain rather than as a distinct sensation
that could be specifically targeted. Thus, while significant resources have been devoted to
the study of basic mechanisms of chronic pain, chronic itch has been relatively overlooked.

There are additional biases that further explain why itch is a frequently dismissed symptom.
Modern Western medicine values objective measurements of disease (labs, imaging, etc.)
over subjective symptoms such as itch, tinnitus, and vertigo, which have few if any FDA-
labeled drugs. While even pain has been shown to evoke empathic consolation behavior
(Langford et al., 2006; Smith et al., 2021), itch, in contrast, is associated with tremendous
social stigma (Silverberg et al., 2018) and is linked to lack of personal hygiene, psychiatric
dysfunction, and communicable diseases (e.g., body louse, scabies, etc.) (Weisshaar et al.,
2015). Taken together, numerous factors from well-intentioned but precarious scientific
assumptions to medical apathy and social biases have led to patients with chronic pruritus
being cast aside. However, new hope has been generated by a confluence of discoveries
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in basic immunology, neuroscience, and the newer interdisciplinary field of peripheral
neuroimmunology.

The Emergence of Itch

Although many studies had isolated polymodal C fibers as the key mediators of itch,
whether itch was a truly distinct sensation remained a topic of controversy for decades
(Handwerker, 2014). Indeed, even the classical itch-inducing molecule (i.e. pruritogen)
histamine was known to cause both itch and pain (Rosenthal, 1977). Then, in a seminal
study in 1997, Schemlz et al. employed application of histamine by iontophoresis to the

skin of humans, and coupled this with single fiber microneurography, to show that histamine
activates a previously unrecognized subset of C fibers, and not traditional mechanoreceptors
or heat nociceptors (Schmelz et al., 1997). A few years later, Andrew and Craig identified
second-order spinothalamic neurons that also exhibit similar functional specificity and
uniquely thalamic projections (Andrew and Craig, 2001). Taken together, in the context

of histaminergic itch, a paradigm was emerging that suggested the possibility of an itch-
specific neural pathway extending from the periphery to the spinal cord and brain (Figure 1).
However, whether truly itch-specific receptors exist remained an open question.

In 2007 Sun and Chen discovered gastrin-releasing peptide receptor (GRPR) as an itch-
specific receptor in the spinal cord that was entirely independent of the histamine pathway
(Sun and Chen, 2007). They further demonstrated that GRPR* neurons critically mediate
itch, but not other sensations (Sun et al., 2009), supporting the ‘labeled line’ hypothesis that
itch-specific neurons exist within the spinal cord as previously suggested by Andrew and
Craig with regard to histamine (Andrew and Craig, 2001; Handwerker and Schmelz, 2009).
Although the itch-specificity of GRPR and the labeled line theory remains debated, these
conceptual advances established a paradigm in which even nonhistaminergic itch could be
targeted in a specific manner, apart from other sensations such as pain, for therapeutic relief.
Additionally, these studies further supported the the longstanding hypothesis that there are
yet likely itch-specific receptors and neurons in the periphery as well.

Mas-related G protein-coupled receptors (Mrgprs) were discovered in 2001 (Dong et al.,
2001), although it was not until 2009, that the itch-specific roles of this family were
revealed. For example, similar to GRPR™ neurons in the spinal cord, MrgprA3* neurons in
the dorsal root ganglia (DRG) were found to be critically important in transmitting a variety
of different itch signals, independently of histamine and pain (Figure 1) (Liu et al., 2009).

In 2013, brain natriuretic peptide (BNP) was identified as a key neuropeptide that is released
from primary peripheral itch-sensory neurons to stimulate itch circuits within the spinal
cord (i.e. GRPR* neurons) (Mishra and Hoon, 2013). Indeed, pharmacologic blockade of
the receptor for BNP demonstrates potent anti-itch efficacy in mice (Jirgen et al., 2019).
Collectively, these studies advanced the concept that itch could be triggered in the periphery
via dedicated receptors and neurons (i.e. pruriceptors) as observed in the spinal cord itself.
Indeed, investigating the role of various Mrgprs in itch and even visceral sensory processes
is a major field of inquiry (Inclan-Rico et al., 2021). Thus, the development of antagonists
for these pathways is a new area of pharmaceutical development not only for itch but a
variety of sensory disorders across multiple barrier surfaces.
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Mast cells have long been appreciated to reside in close approximation to sensory neurons
across numerous tissues (Forsythe and Bienenstock, 2012). Therefore, the functional mast
cell-nerve unit represents what can be considered the classical neuroimmune axis in the
periphery. Although originally thought to be involved in pain, the functional relevance of
Mrgprs on sensory neurons was not truly appreciated until their discovery as itch receptors
(Liu et al., 2009). Strikingly, one of the Mrgprs, MrggprB2 in mice, has emerged as a mast
cell-specific receptor (McNeil et al., 2015) that mediates nonhistaminergic itch (Meixiong et
al., 2019). Thus, while other Mrgprs such as MrgprA3 and Mrgprcl11 reside on pruriceptors,
MrgprB2, and its human ortholog MRGPRX2, have emerged as key receptors on mast cells
that can rapidly trigger itch responses (Figure 1). Recent cryo-EM studies have successfully
solved the structure of human mast cell-expressed MRGPRX2, as well as sensory neuron-
expressed MRGPRX4, which has been implicated in cholestatic itch (Cao et al., 2021; Yang
et al., 2021). These studies will likely accelerate rational drug design for the development
of antagonists that may be used to treat mast cell-associated itch in conditions like CSU and
beyond. Notwithstnading this, the biology of Mrgprs further supports the mast cell-nerve
unit as a central neuroimmune axis in itch and likely other physiologic processes.

The Translational Success of Neuroimmune Therapeutics in ltch

In recent years, a series of single cell RNA-sequencing (scRNA-seq) studies in mice
codified DRG neurons at the transcriptional level. Notably, it has now been shown that
there is convergent expression of pruritogen receptors on the same neuronal subsets such
as the receptors for the immune cell-derived pruritogens histamine (HrA1), leukotriene

C4 (Cysltr2), \L-4 (1H4ra), 1L-13 (//13ral), and 1L-31 (//131r8) (Figure 1) (Li et al., 2016;
Usoskin et al., 2015; Zeisel et al., 2018). Subsequently, expression of Janus kinase 1 (JakZ),
a key downstream mediator of a number of cytokines (e.g. IL-4, IL-13, and IL-31) was
also identified within these same pruriceptors (Oetjen et al., 2017). A series of SCRNA-seq
and functional studies studies in human DRG have confirmed that distinct pruriceptors
likely exist within humans as well. For example, expression of /L31RA and its co-receptor
OSMR as well as JAK1 has been detected within putative human pruriceptors (Diana et al.,
2022; Nguyen et al., 2021) and type 2 cytokines have been shown to activate human DRG
neurons (Oetjen et al., 2017). However, there are notable differences as well. For example,
OSMR-expressing neurons appear to subdivide into two distinct populations, in contrast to
a single population in mice (Nguyen et al., 2021). Further, human pruriceptors appear to
co-express receptors associated with mechanosensation, suggesting more polymodality in
humans (Diana et al., 2022; Klein et al., 2021; Nguyen et al., 2021). Notwithstanding these
differences, the early findings in mice provoked the hypothesis that disrupting these key
neuroimmune circuits may represent a new therapeutic paradigm for chronic pruritus.

In the context of AD, a classical inflammatory itch disorder, a number of agents directed
at these neuron-associated pathways have demonstrated unprecedented anti-itch efficacy
in clinical trials. The first example of this was the approval in 2017 of dupilumab, a
monoclonal antibody (mAb) directed at the receptor (IL-4Ra) for both IL-4 and IL-13.
Thus, it is widely speculated that the anti-itch efficacy of dupilumab is derived, in part,
from its ability to limit signaling of these cytokines directly on sensory neurons (Oetjen
etal., 2017; Silverberg et al., 2020). Indeed, it is believed that the investigational anti-
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IL-13 mAbs lebrikizumab and tralokinumab also derive their anti-itch efficacy, in part, via
similar disruption at the neuroimmune interface (Miron et al., 2022; Simpson et al., 2018;
Wollenberg et al., 2019). Strikingly, dupilumab may represent a broader anti-itch strategy
due to its success in alleviating itch in conditions beyond AD. Indeed, recent pivotal phase
3 clinical trials in CSU and prurigo nodularis (PN) met all primary endpoints including for
itch (NCT04180488, NCT04183335), paving the way for FDA approval. The broad success
of dupilumab across a number of chronic itch conditions strongly suggests its ability to
disrupt itch through its direct effect on pruriceptors.

The development of nemolizumab, a mAb against the IL-31RA receptor subunit, is a

unique example of what is now considered a primary anti-itch agent. Consistent with its
identification as the original cytokine pruritogen (Cevikbas et al., 2014; Dillon et al., 2004),
both phase 2 and phase 3 clinical trials in AD have exhibited more pronounced effects on
itch than even skin inflammation (Kabashima et al., 2020; Ruzicka et al., 2017). Further,
this agent has already demonstrated efficacy as an anti-pruritic therapeutic in PN as well
(Stander et al., 2020). In further support of the IL-31 pathway’s central role in itch, targeting
oncostatin M (OSM) receptor beta (OSMR), the co-receptor for IL-31RA, with the mAb
vixarelimab has also demonstrated efficacy in phase 2 clinical trials for PN (NCT03816891).
Recent studies have shown that OSM itself can sensitize itch neurons to inflammatory
pruritogenic stimuli (Pang-Yen and A., 2022). Taken together, blockade of the 1L-31/0SM
pathway represents one of the clearest examples of how disruption of key neuroimmune itch
circuits is a promising therapeutic approach.

Given that signaling of numerous cytokines in immune cells rely on JAK1, and pruriceptors
also express this molecule, it was hypothesized that JAK1-selective inhibitors would
demonstrate rapid and potent anti-itch efficacy. In murine studies, conditional deletion of
JAK1 within sensory neurons resulted in rapid and broad attenuation of itch across multiple
itch models (Oetjen et al., 2017). Consistent with these findings, recent phase 3 clinical trials
with the JAK1-selective inhibitors abrocitinib and upadacitinib have demonstrated superior
anti-itch efficacy in direct comparison to dupilumab in AD (Bieber et al., 2021; Blauvelt

et al., 2021). Whether JAK1-selective inhibitors are broadly efficacious, and demonstrate
improvements in itch across a variety of chronic pruritic disorders, remains to be determined
in future randomized trials.

Beyond simply blocking pruritogens and their signaling, an emerging and potentially
broader anti-pruritic strategy utilizes activation of itch-suppressive circuits. Stimulation of
the kappa opioid receptor (KOR) results in activation of non-pruriceptive neurons both in
the periphery and the spinal cord to suppress itch signals (Figure 1) (Kardon et al., 2014;
Munanairi et al., 2018; Snyder et al., 2018). In contrast, stimulation of the mu opioid
receptor (MOR) has traditionally been associated with the provocation of itch both centrally
and in the periphery (Ko et al., 2004; Melo et al., 2018). Clinical trials are underway in a
number of chronic pruritic disorders including AD, PN, uremic/kidney disease-associated
pruritus, and cholestatic/liver disease-associated pruritus with the KOR agonist difelikefalin
and the KOR agonist/MOR antagonist nalbuphine. Indeed, nalbuphine reported positive
data in phase 2/3 clinical trials and difelikefalin FDA-approved in 2021 for uremic pruritus
in dialysis patients (Fishbane et al., 2019; Mathur et al., 2017). Further, nalbuphine has
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demonstrated efficacy in PN (NCT02174419), while difelikefalin exhibited improvement of
itch in a subset of patients with mild-to-moderate AD in phase 2 studies (NCT04018027).

The identification of multiple itch-specific molecular targets and their rapid conversion

into successful clinical trials serves as a testament to the translational success of itch
neuroimmunology. There is increasing appreciation that many of these neuroimmune
mechanisms are likely conserved across different organs. Thus, whether similar translational
success will be seen in the future for other proinflammatory or neuropathic conditions that
trigger neurosensory dysfunction remains an exciting area of future inquiry.

ltch as a Broader Paradigm of Neuroimmunological Disorders

One can appreciate that itch is exemplary of a poorly understood and overlooked sensory
disorder with unmet clinical need. However, can breakthroughs in itch biology and successes
in clinical trials for chronic pruritus lend insight into other sensory maladies such as cough,
dysphagia, and functional bowel disorders? There may indeed be considerable shared and
synergistic biology across different sensory paradigms.

Although we present a paradigm in which itch-specific pathways have been identified

in mice, and therapeutics in humans exhibit itch-selective properties, there is likely still
polymodality of itch neurons. For example, MrgprD, although originally considered an

itch receptor, has demonstrated pain-mediating properties in both the skin and gut and has
reported mixed itch and pain responses in humans (Klein et al., 2021; Tereza et al., 2018;
Wang et al., 2019). Further, transient receptor potential (TRP) channels influence both itch
and pain responses (Esancy et al., 2018; Moore et al., 2018). As noted above, SCRNA-seq
studies in human DRG confirm more polymodality of pruriceptors in humans compared to
mice, with more mechanoreceptive genes identified on human neurons (Diana et al., 2022;
Klein et al., 2021; Nguyen et al., 2021). These findings may explain, in part, why humans
are so susceptible to mechanical itch or alloknesis. In a sense, the original identification of a
restricted repertoire of 8 Mrgpr genes in humans, compared to 50 in mice, foreshadowed the
likelihood of more polymodality of itch receptors abnd/or neurons in humans (Dong et al.,
2001).

Our understanding of sensation is mostly derived from neurons that communicate
information about the external environment to the brain (e.g. somatosensory nerves that
innervate the skin). Indeed, the Nobel Prize in Medicine was awarded to David Julius and
Ardem Patapoutian for their discoveries of how we sense temperature and touch. However,
how we sense our internal organs like the lung and gut is less well understood and is largely
mediated by the visceral sensory nervous system (Mazzone and Undem, 2016). There is
increasing evidence that studying itch biology may provide insight into the key molecular
mechanisms of visceral sensation and its dysfunction. The vagus nerve conveys a wide array
of internal information from the host and the cell bodies of vagal afferents reside within the
jugular and nodose ganglia. Although these nerves have been classically considered distinct
from the afferent nerves located in the DRG, new scRNA-seq studies suggest that subsets
of jugular/nodose neurons closely resemble itch-sensory neurons (Kupari et al., 2019).
Indeed, Mrgprs, originally associated with pruriceptors, appear to have important functions
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on afferent nerves that innervate the lung and gut as well (Inclan-Rico et al., 2021). Thus,
discoveries that are central to itch in the skin may inform diseases beyond itch and even lead
to novel therapeutic treatments of pulmonary or gastrointestinal diseases.

One such example is the purinergic P2X3 receptor which, although associated with

pain responses, which has been shown to be expressed across multiple pruriceptor

subsets (Usoskin et al., 2015). Notably, P2X3 is also widely expressed within jugular

and nodose ganglia neurons that innervate the lung (Kollarik et al., 2019). Indeed, in
addition to P2X3 antagonists being developed for itch, they are among the first agents to
demonstrate improvement of chronic cough symptoms in clinical trials and are currently
advancing towards FDA approval (Muccino et al., 2020). Another example of how
anti-itch therapeutics can lend insight into other sensory disorders is the expansion of
dupilumab from itch in AD to smell in chronic rhinosinusitis with nasal polyps (CRSWNP).
Remarkably, in addition to meeting all primary endpoints, the improvement in smell was
one of the most robust results in phase 3 clinical trials, with virtually no effect seen in the
placebo group (Bachert et al., 2019). Taken together, these studies highlight how itch serves
as a model sensation by which we may begin to probe other neuroimmune-based therapies
across multiple organs.

This work was funded by the National Institutes of Health, National Institutes of Arthritis Musculoskeletal and Skin
Disease (NIAMS) R01AR070116 and RO1AR077007, National Institute of Allergy and Infectious Disease (NIAID)
R21AI1167047.
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Figure 1. A schematic of basic neuroimmune itch circuitry.
Tissue-resident immune cells in the skin can be activated by a variety of signals including

cytokines and/or antigen. Mast cells can be activated by endogenous or exogenous factors
via MRGPRX2 and/or IgE and release various pruritogens. These include molecules such
as neurotransmitters, neuropeptides, leukotrienes, and cytokines that can activate receptors
on pruriceptors encoded by Mrgprs, Cysltr2, Il4ra, 1/31ra, or Hrh1 in the skin. These signals
stimulate peripheral neuronal transmission to the spinal cord and onto the brain. Other
receptors function to suppress itch such as the kappa opioid receptor (KOR) encoded by
Oprk1 which is expressed on C fibers, mechanoreceptors, and interneurons. MrgprB2 -
Mas-related G protein-coupled receptor (MRGPR) B2; IgE — immunoglobulin E; * Cys/tr2
— cysteinyl leukotriene receptor 2; *//4ra— interleukin 4 receptor; *//31ra— interleukin 31
receptor A; Hrh1 - histamine Hq receptor; ILC2 — group 2 innate lymphoid cell. *Receptors
more specifically expressed on pruriceptors. Created with Biorender.com.
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Table 1.
Anti-ltch Therapeutics.
Target Medication Disease Stage
IL4R Dupilumab AD Approved
PN, CSU Phase 3
CBP-201 Phase 2
IL13 Lebrikizumab ~ AD Phase 3
Tralokinumab ~ AD Approved
ILI3RA1 ASLANO004 AD Phase 2
IL31IRA Nemolizumab  AD, PN Phase 3
OSMR Vixarelimab PN Phase 2
JAK Abrocitinib AD Approved
Baricitinib AD Pending approval
Delgocitinib Hand dermatitis Phase 3
Ruxolitinib AD Approved
Upadacitinib ~ AD Approved
OPRK1 Difelikefalin AD Phase 2
Uremic pruritus on dialysis Approved
Notalgia paresthetica Phase 2
Nalbuphine PN Phase 2/3
Uremic pruritus Phase 2
Chronic liver disease pruritus  Phase 1

Page 12

A list of therapeutics targeting pathways discussed in this article for itch relief. AD — atopic dermatitis, CSU — chronic spontaneous urticaria, PN —

prurigo nodularis.
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