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SUMMARY

Itch is an evolutionarily conserved sensation that facilitates expulsion of pathogens and noxious stimuli from
the skin. However, in organ failure, cancer, and chronic inflammatory disorders such as atopic dermatitis
(AD), itch becomes chronic, intractable, and debilitating. In addition to chronic itch, patients often experience
intense acute itch exacerbations. Recent discoveries have unearthed the neuroimmune circuitry of itch, lead-
ing to the development of anti-itch treatments. However, mechanisms underlying acute itch exacerbations
remain overlooked. Herein, we identify that a large proportion of patients with AD harbor allergen-specific
immunoglobulin E (IgE) and exhibit a propensity for acute itch flares. In mice, while allergen-provoked acute
itch is mediated by the mast cell-histamine axis in steady state, AD-associated inflammation renders this
pathway dispensable. Instead, a previously unrecognized basophil-leukotriene (LT) axis emerges as critical
for acute itch flares. By probing fundamental itch mechanisms, our study highlights a basophil-neuronal cir-
cuit that may underlie a variety of neuroimmune processes.

INTRODUCTION

Itch (i.e., pruritus) is defined as an uncomfortable sensation on
the skin that causes a desire to scratch. When acute, itch is a
protective mechanism to rapidly expel noxious environmental
stimuli. However, itch can become chronic and pathologic in na-
ture, underlying a variety of medical conditions that range from
inflammatory skin disorders to chronic kidney disease and can-
cer (Larson et al., 2019; Sommer et al., 2007). Chronic itch is clin-
ically defined in humans as itch that lasts for greater than 6 weeks
(Kimetal., 2019; Stander et al., 2017). Notably, chronic itch often
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persists for years due to the lack of effective therapeutics and
can profoundly affect quality of life of patients (Altinok Ersoy
and Akyar, 2019; Kini et al., 2011). In recent years, the morbidity
of chronic itch has been increasingly recognized and clinical tri-
als now routinely measure itch as a key endpoint (Fishbane et al.,
2020; Kim et al., 2020a, 2020b; Silverberg et al., 2020; Stander
et al.,, 2020). However, current assessments quantify itch
severity as an aggregate score over time (Erickson and Kim,
2019), despite the fact that patients with chronic itch often expe-
rience acute itch flares, i.e., rapid and intense exacerbations of
itch (Fourzali et al., 2020; Langan et al., 2006). This results in
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studies failing to assess the dynamic nature of itch in chronic
conditions. Although substantial progress has been made in
the identification of itch-specific neural pathways (Cevikbas
etal., 2014; Liu et al., 2009, 2016; Mishra and Hoon, 2013; Oetjen
etal., 2017; Sun and Chen, 2007; Wilson et al., 2013), the neuro-
immune mechanisms that modulate itch acuity remain
poorly defined.

Atopic dermatitis (AD) is a pruritic inflammatory skin disease
with a chronic but relapsing course. Although chronic itch is a
well-defined feature of AD, patients also report experiencing
sudden itch flares, which remain poorly characterized (Chang
et al., 2016; Fourzali et al., 2020; Wassmann-Otto et al., 2018).
Recent advances in neuroimmunology have demonstrated that
effector cytokines associated with AD such as interleukin-4 (IL-
4), IL-13, and IL-31 can directly stimulate sensory neurons to
promote chronic itch (Cevikbas et al., 2014; Oetjen et al.,
2017). Whether acute itch flares simply represent enhanced
signaling of these known pathways or use other molecular cir-
cuits remains unknown.

Characterized by scaly, leaky, and oozing skin, patients with
AD become epicutaneously sensitized to environmental aller-
gens and thus harbor allergen-specific immunoglobulin E (IgE)
(Spergel and Paller, 2003; Weidinger et al., 2018). Although
the acquisition of allergen-specific IgE predisposes patients
with AD to develop other atopic disorders such as asthma
and food allergy (Brough et al., 2015; Celakovska et al., 2015;
Flohr et al., 2014; Gustafsson et al., 2000), the role of IgE in
AD pathogenesis has remained surprisingly elusive (Ogawa
et al., 2016). Even in murine models of AD that are induced
by model allergens, cutaneous inflammation occurs indepen-
dently of IgE (Spergel et al., 1999). Furthermore, anti-IgE ther-
apy has produced mixed results and has not advanced beyond
phase 2 clinical trials in human AD, for which trial endpoints are
primarily focused on skin inflammation and not itch (Deleanu
and Nedelea, 2019; Heil et al., 2010). Nonetheless, several
studies have demonstrated that patients with AD have seasonal
variation of itch symptoms (Kim et al., 2017; Vocks et al., 2001)
and exhibit enhanced itch following allergen exposure (Jaworek
et al., 2020; Kramer et al., 2005; Werfel et al., 2015). Therefore,
we hypothesized that IgE may represent a key mechanism that
drives acute itch flares in response to allergens in the context
of AD.

Residing in close proximity to sensory nerve fibers at barrier
surfaces (Egan et al., 1998; Letourneau et al., 1996; Stead
etal., 1987; Undem et al., 1995), mast cells are poised to rapidly
respond to a variety of stimuli to orchestrate a multitude of phys-
iologic processes (Benoist and Mathis, 2002; Galli and Tsal,
2012; Gupta and Harvima, 2018; Marshall, 2004; Voehringer,
2013). The most well-studied mechanism of mast cell activation
is IgE-mediated degranulation. Allergen recognition by IgE
bound to the high-affinity receptor FceRl results in IgE crosslink-
ing and triggers the release of a variety of effector molecules
such as histamine and serotonin (Benditt et al., 1955; Ishizaka
et al., 1970). These mediators in turn can activate sensory neu-
rons to provoke neuroinflammation and itch sensation (Wang
et al., 2020). Indeed, histamine was one of the first factors iden-
tified to elicit itch through its direct stimulation of sensory neu-
rons (i.e., to act as a pruritogen), and it is now recognized as a
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canonical mediator of acute itch (Dale and Laidlaw, 1910; Weis-
shaar et al., 1997). However, antihistamines have demonstrated
poor efficacy in most chronic itch disorders, including AD (He
et al., 2018; Rajagopalan et al., 2017).

In the current study, we examined clinical itch datasets from
phase 3 clinical trials for moderate-to-severe AD and found
that a large proportion of patients exhibit acute itch flares that
would not be captured in traditional analyses. Furthermore, we
identified that patients with allergen-specific IgE have a higher
likelihood of exhibiting acute itch flares than those without
allergen-specific IgE, provoking the hypothesis that allergen
exposure is a factor that drives acute itch flares. To investigate
this, we generated a murine model of AD-like disease in which
challenge with a model allergen elicits acute itch flares. Although
dependent on IgE, acute itch flares surprisingly occurred inde-
pendently of tissue-resident mast cells, but they were critically
dependent on basophils. Strikingly, chemogenetic activation of
basophils alone was sufficient to provoke itch-induced scratch-
ing behavior in mice. Intravital imaging further demonstrated
basophil-sensory neuron interactions following cutaneous
allergen exposure. Moreover, allergen-stimulated basophils
exhibited enhanced production of leukotriene (LT) C4. The pres-
ence of cysteinyl LT receptor 2 (CysLTR2) on neurons, a receptor
for LTC4, was critically required for acute itch flares in AD-asso-
ciated inflammation. Collectively, our study unveils a form of
acute itch flare that emerges in the context of chronic skin inflam-
mation to activate a non-canonical basophil-neuronal circuit.
Importantly, we highlight how itch manifests heterogeneously
even within one disease.

RESULTS

Patients with AD exhibit acute itch flare patterns that
are associated with allergen-specific IgE

Although patients suffering from chronic itch can experience
acute periods of intense itch exacerbation (Fourzali et al.,
2020; Langan et al., 2006), this phenomenon remains poorly
characterized. To study AD-associated acute itch flares, we per-
formed a post hoc analysis on two phase 3 clinical trials for mod-
erate-to-severe AD (Simpson et al., 2016). We assessed the daily
numerical rating scale (NRS) itch scores from placebo-treated
patients (N = 159) over a 2-month period (Figure 1A). The NRS
itch score is a single-item self-assessment wherein patients
rate their severity of itch from 0 (“no itch”) to 10 (“worst imagin-
able itch”) over the prior 24 h (Phan et al., 2012). While some pa-
tients exhibited consistent itch severity over the assessment
period, others exhibited a fluctuating itch pattern with rapid
and frequent spikes of itch (Figure 1B). We classified patients
as having an acute itch flare if there was an elevation in their daily
NRS itch score of >2 points relative to their baseline (day 0)
within a 3-day period (Langan et al., 2006). During the first month,
26.4% of the patients (42/159) exhibited acute itch flares (Fig-
ure 1C). In the second month, interestingly, N = 5 patients (5/
159, 3.1%) lost their acute itch phenotype, while N = 32 patients
(82/159, 20.1%), who previously exhibited a non-flare pattern,
developed acute itch flares (Figure 1D). Overall, 46.5% of pa-
tients with AD (74/159) presented with acute itch flares during
the course of the 2-month period (Figures 1C and 1D).
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Collectively, our data demonstrate that acute itch flares are ex-
hibited by a large proportion of patients with AD. However,
what factors drive these periodic itch exacerbations remain
unclear.

Prior studies have found that allergens provoke itch in AD (Ja-
worek et al., 2020; Kramer et al., 2005; Werfel et al., 2015).
Furthermore, the majority of patients with AD harbor allergen-
specific IgE (Flohr et al., 2004). To investigate whether reactivity
to allergens is linked to acute itch flares, we retrospectively pro-
filed the serum allergen-specific IgE repertoire from our cohort of
N = 159 patients (Figure 1A). We separated patients into those
who harbor allergen-specific IgE (N = 133 patients, 83.6%) and
those who do not (N = 26 patients, 16.4%). Strikingly, a higher
frequency of patients with allergen-specific IgE (68/133,
51.1%) experienced acute itch flares than those without
allergen-specific IgE (6/26, 23.1%) (Figure 1E). Taken together,
these findings indicate that the presence of allergen-specific
IgE is likely associated with acute itch flares in AD, provoking
the hypothesis that allergen exposure might be a factor that
drives acute itch flares.

Acute itch flares are mast cell-independent in a murine
model of AD-like disease

To test whether allergen recognition by IgE promotes acute itch
flares in the setting of AD-associated inflammation, we gener-
ated a murine model of acute itch flares. We induced AD-like
disease by topically treating mice on both ears with the irritant
calcipotriol (MC903) daily for 10 days. Concurrently with
MC9083, the model allergen ovalbumin (OVA) was also topically
applied onto the ear skin in order to mirror epicutaneous allergen
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sensitization (Figures 1F and S1A) that occurs in patients (Han
et al.,, 2017; Noti et al., 2013). After 10 days, MC903 + OVA-
treated wild-type (WT) mice developed robust AD-like skin
inflammation (Figures S1B and S1C), allergen (OVA)-specific
IgE (Figure 1G), and chronic spontaneous itch (~60 bouts/
10 min) (Figure 1H, blue line, open and closed squares). This
was in contrast to WT mice that received the control treatment
of ethanol vehicle and OVA (EtOH + OVA), which lacked skin
inflammation (Figures S1B and S1C), OVA-specific IgE (Fig-
ure 1G), and chronic spontaneous itch behavior (~5 bouts/
10 min) over the same interval (Figure 1H, blue line, open circle).
Upon intradermal (i.d.) injection of OVA into the adjacent non-le-
sional cheek skin of mice with AD-associated inflammation (Fig-
ure 1F), an acute itch flare was immediately observed (~200
bouts/10 min) and resolved over the subsequent 30 min (Fig-
ure 1H, red line, closed square). However, this acute itch flare
phenomenon was absent in EtOH + OVA-treated control mice
i.d. challenged with OVA (Figure 1H, red line, open circle) and
in mice with AD-associated inflammation that were i.d. chal-
lenged with an irrelevant allergen, bovine serum albumin (BSA)
(Figure 1H, red line, open square). As expected, IgE was required
for acute itch flares as IgE-deficient (lge™~) mice failed to
generate a response to i.d. OVA challenge, while IgE was
dispensable for chronic spontaneous itch (Figure 1l). These
studies demonstrate that acute itch flares triggered by allergen
exposure are dependent on IgE in the context of AD.

Mast cell degranulation induced by IgE crosslinking is well
known to trigger acute itch sensation (Gould and Sutton,
2008; Meixiong et al., 2019). Indeed, when naive WT were
passively sensitized by intravenous (i.v.) transfer of exogenous

Figure 1. Acute itch flares are associated with allergen-specific IgE in human AD and mast cell-independent in murine atopic dermatitis (AD)-
like disease

(A) Schematic of post hoc analysis of phase 3 clinical trial data from a cohort of placebo-treated patients with AD (N = 159). For each patient, the daily numerical
rating scale (NRS) itch scores over a 2-month period and the serum allergen-specific IgE repertoire were assessed.

(B) Itch patterns from two representative individuals. Patient 1 (red line) has an acute itch flare pattern due to the presence of at least one acute itch flare (indicated by
arrows). Patient 2 (blue line) has a non-flare itch pattern due to a lack of apparent itch flares. Gray shading highlights 2-point threshold above baseline for patient 1.
(C) Pie chart depicting the percentage (%) of patients with an acute itch flare or non-flare pattern in the first month.

(D) Pie chart depicting the percentage (%) of patients with various itch patterns in month 2. Wedges outlined by dotted lines represent patients whose itch pattern
changed from month 1 to month 2.

(E) Frequency of patients who exhibited acute itch flares over the 2-month observation period out of all patients that tested positive for allergen-specific IgE (black
bar, N = 68/133) and out of all patients that tested negative (white bar, N = 6/26). “*p < 0.01 by chi-square test.

(F) Schematic of the AD-associated acute itch flare model. Calcipotriol (MC903) + ovalbumin (OVA)-treated (sensitized; from day 0 to day 9) or ethanol (EtOH) +
OVA-treated (unsensitized control; from day 0 to day 9) wild-type (WT) mice received an intradermal (i.d.) injection of OVA into adjacent non-lesional cheek skin on
day 10. Prior to and following i.d. OVA challenge, chronic spontaneous itch and acute itch flares were recorded, respectively.

(G) ELISA quantification of OVA-specific IgE in the sera of MC903 + OVA-treated and EtOH + OVA-treated WT mice on day 10 of the AD-associated acute itch
flare model. n = 9-11 mice per group. ***p < 0.001 by unpaired Student’s t test.

(H) Number of scratching bouts in 10-min intervals prior to and following i.d. allergen (OVA or bovine serum albumin [BSA]) challenge on day 10 of the AD-
associated acute itch flare model. Unsensitized (EtOH + OVA) mice were challenged with i.d. OVA (open circle), and sensitized (MC903 + OVA) mice were
challenged withi.d. OVA (closed square) or i.d. BSA (open square). Blue line indicates chronic spontaneous itch, and red line indicates acute itch flares. n = 7 mice
per group. “***p < 0.0001 by two-way ANOVA test.

(I) Number of scratching bouts in littermate control and Ige '~ mice prior to i.d. OVA challenge (chronic spontaneous itch; left) and following i.d. OVA challenge
(acute itch flares; right) on day 10 of the AD-associated acute itch flare model. n = 6-7 mice per group. *p < 0.05 by unpaired Student’s t test. N.S., not significant.
(J) Number of scratching bouts in littermate control and mast cell-deficient Sash™~ mice prior to i.d. OVA challenge (chronic spontaneous itch; left) and following
i.d. OVA challenge (acute itch flares; right) on day 10 of the AD-associated acute itch flare model. n = 5-8 mice per group. N.S. by unpaired Student’s t test.
(K) Representative images of i.d. OVA-challenged skin sections stained with avidin-Texas red (tetramethylrhodamine-isothiocyanate [TRITC]) in unsensitized
(EtOH + OVA) or sensitized (MC903 + OVA) mast cell-deficient Sash '~ mice and the number of avidin-positive cells quantified per square millimeter from each
treatment group. White arrows indicate positively stained cells. White square indicates zoomed view of an avidin-positive cell. n = 3-5 mice per group. ***p <
0.0001 by unpaired Student’s t test. Scale bar, 50 pm.

Data are represented as mean + SD.

See also Figure S1.
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anti-OVA IgE and then challenged with i.d. OVA (Figure S1D),
they experienced robust acute itch (Figure S1E) that was
dependent on both mast cells (Figure S1F) and histamine (Fig-
ure S1G). Surprisingly, however, in our AD-associated acute
itch flare model, both chronic spontaneous itch and acute
itch flares were not significantly different between mast cell-
deficient Sash™~ and littermate control mice (Figure 1J). To
corroborate these observations using an alternative method
of sensitization, we transferred anti-OVA IgE into MC903-
treated WT mice or mast cell-deficient Sash™~ mice and sub-
sequently challenged them with i.d. OVA to elicit acute itch
flares (Figures S1H and S1l). Again, Sash~~ mice had compa-
rable acute itch flares to their littermate controls in this setting
(Figure S1J). Taken together, these findings demonstrate that
allergen-provoked acute itch, while mast cell-dependent and
histaminergic in the steady state, occurs independently of
mast cells in the setting of AD-like disease. Thus, it appears
that AD-associated inflammation activates an alternative IgE-
dependent cellular circuit to evoke acute itch flares. In support
of this, cells with a distinctly degranulated morphology as iden-
tified by avidin staining (Bergstresser et al., 1984; Mukai et al.,
2017) were evident in MC903 + OVA-treated mast cell-deficient
Sash™~ mice at the site of i.d. OVA challenge (Figure 1K), indi-
cating the presence of an alternative cell type.

Circulating basophils exhibit a distinct phenotype in AD-
associated inflammation in mice and humans

Basophils, like tissue-resident mast cells, also express the high-
affinity IgE receptor FceRI and release similar effector molecules
such as histamine, serotonin, tryptase, and LTs following IgE
crosslinking (Voehringer, 2013). Despite their importance in
driving cutaneous inflammation and their functional similarities
to mast cells (Borriello et al., 2014; Ito et al., 2011; Kim et al.,
2014a; Mashiko et al., 2017; Mukai et al., 2005), the role of baso-
phils in itch remains unknown. Given that basophils are not skin
resident, but rather circulate in the blood and enter the skin upon
stimulation, we sought to investigate whether AD-associated
inflammation systemically alters basophils.

To test this, we performed flow cytometry on the blood of pa-
tients with AD (N = 12) and healthy control subjects (N = 12)
(Figure 2A; Table S1). Strikingly, AD-associated blood baso-
phils, although unchanged in frequency (Figure 2B), exhibited
elevated expression of the human basophil marker CD203c
(Figure 2C). Cytokines such as IL-3 upregulate CD203c expres-
sion on human basophils and enhance IgE-mediated re-
sponses (Brunner et al., 1993). In support of the possibility
that AD-associated basophils may be more reactive to IgE
stimulation, blood basophils from patients with AD demon-
strated significantly enhanced expression of FceRla. compared
with basophils from control subjects (Figure 2D). Similarly, mice
with AD-like disease (Figures 2E and S2A) did not display differ-
ences in the frequency of circulating basophils (Figure 2F).
Instead, they exhibited rapid and sustained upregulation of
the murine basophil activation marker CD200R (Figures 2G
and S2B) and FceRla. compared with control mice (Figures
2H and S2C). These findings provoke the hypothesis that baso-
phils are more responsive to IgE-mediated stimulation, which
may enable their ability to promote itch.
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Chemogenetic activation of basophils is sufficient to
elicit itch

We next asked whether direct activation of basophils alone
is sufficient to induce acute itch. To test this, we used a
chemogenetic approach by crossing the basophil-specific
Mcpt8-Cre-YFP (yellow fluorescent protein) mouse with the
Rosa26-LSL-Gg-DREADD (designer receptors exclusively acti-
vated by designer drugs) line. The resulting Mcpt8-Gq mice
have a targeted insertion of the artificial G protein-coupled
receptor (GPCR) hM3Dq into basophils, allowing for selective
activation upon administration of an otherwise inert compound,
clozapine-N-oxide (CNO) (Figure 3A). To confirm this, we ob-
tained sort-purified blood basophils from Mctp8-Gg mice and
littermate controls and stimulated them ex vivo with CNO. As ex-
pected, basophils from Mctp8-Gg mice displayed enhanced
degranulation compared with littermate controls (Figures 3B-
3D). We then assessed itch behavior following systemic intraper-
itoneal (i.p.) administration of CNO to Mcpt8-Gq mice. Strikingly,
Mcpt8-Gg mice exhibited markedly enhanced scratching
following CNO injection compared with littermate control mice
(Figure 3E). These findings demonstrate that basophil activation
alone is sufficient to evoke itch behavior.

Basophils are required for acute itch flares in AD-
associated inflammation

Next, we tested whether basophils are required to mediate acute
itch flares in the context of AD-associated inflammation. We
depleted basophils with systemic anti-CD200R3 monoclonal anti-
body (mAb) administration on day 7 and day 9 of the AD-associ-
ated acute itch flare model (Figure 4A). Basophil depletion (Fig-
ure 4B) significantly decreased the acute itch flare response to
i.d. OVA challenge (Figure 4C). We next used an alternative
approach by utilizing Bas-TRECK mice, which exclusively ex-
press the diphtheria toxin (DT) receptor on basophils (Figure 4D)
(Noti et al., 2013). Genetic depletion of basophils with i.p. DT
administration on day 8 and day 9 of the AD-associated acute
itch flare model (Figure 4E) resulted in reduced scratching in
response to i.d. OVA challenge (Figure 4F). Moreover, neither
endogenous OVA-specific IgE production nor the underlying
chronic spontaneous itch behavior was affected by basophil
depletion with either anti-CD200R3 mAb treatment (Figure S3A)
or in Bas-TRECK mice (Figure S3B). Therefore, our data demon-
strate that basophils are critically required in promoting acute itch
flares in the setting of AD-associated inflammation. Furthermore,
to test the specificity of the contribution of basophils to acute itch
flares, we used an alternative method of OVA sensitization
whereby mice were systemically sensitized by i.p. injection of
OVA along with the adjuvant alum (Figure S3C) (Huang et al.,
2016; Meixiong et al., 2019). In the context of systemic sensitiza-
tion, acute itch was indeed observed in WT mice following i.d.
OVA challenge (Figure S3D). However, in this context, acute
itch was attenuated in mast cell-deficient Sash™~ mice (Fig-
ure S3E), but not in basophil-depleted Bas-TRECK mice (Fig-
ure S3F). Strikingly, upon induction of AD-like disease by
MC903 along with systemic sensitization with i.p. OVA + alum
(Figure S3G), allergen-provoked acute itch flares were unaffected
in mast cell-deficient Sash™~ mice (Figure S3H) but significantly
attenuated in basophil-depleted Bas-TRECK mice (Figure S3l).
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Figure 2. Circulating basophils exhibit a distinct phenotype in AD-associated inflammation in mice and humans
(A) Schematic of human blood basophil analysis by flow cytometry from healthy controls (HCs) and patients with AD.

(B) Representative flow cytometry plots and frequency of lineage negative (Lin~) (CD3, CD4, CD19, CD14, CD34, CD56, c-Kit) CD123"* FceRla* blood basophils
from HCs and patients with AD. N = 12 subjects per group. N.S. by Wilcoxon-Mann-Whitney nonparametric test.
(C and D) CD203c (C) and FceRla. (D) expression measured by mean fluorescence intensity (MFI) on blood basophils from HCs and patients with AD. N = 12
subjects per group. *p < 0.05, **p < 0.01 by Wilcoxon-Mann-Whitney nonparametric test.
(E) Schematic of murine blood basophil analysis by flow cytometry. Vehicle EtOH or MC903 was topically applied on the ear skin of WT mice from day 0 to day 9 to

induce AD-like disease.

(F) Representative flow cytometry plots and frequency of Lin~ (CD3e, CD5, CD11c, CD19, NK1.1) CD49b* FceRla/IgE* blood basophils in EtOH- or MC903-
treated WT mice on day 10 of the AD-like disease model. n = 6 mice per group. N.S. by unpaired Student’s t test.
(G and H) CD200R (G) and FceRla/IgE (H) expression measured by MFI on blood basophils in EtOH- or MC903-treated WT mice on day 10 of the AD-like disease

model. n = 4-5 mice per group. *p < 0.05, **p < 0.01 by unpaired Student’s t test.

Data are represented as median (interquartile range) in (B)-(D) and mean + SD in (F)-(H).

See also Figure S2 and Table S1.
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Figure 3. Chemogenetic activation of baso-

phils is sufficient to elicit itch
(A) Schematic of the Mcpt8-Gqg mouse line. Gener-

d’ y A 9_ Q KA\?/ . /\ﬁ‘ ated by crossing the Cre-dependent Gg-DREADD

c —'*’ Q 9) kV\’fj line with the Mcpt8-Cre-YFP line, Mcpt8-Gq mice

specifically express hM3Dq in basophils allowing for

Mcpt8-Cre  Gg-DREADD  Mcpt8-Gq Basophil Basophil Cellular selective chemogenetic activation of basophils upon
Contents Release  ¢|5zapine-N-oxide (CNO) administration.

(B and C) Representative images of basophils iso-

B Control D Avidin* Basophils lated from the blood of (B) control (Mcpt8-Cre) or (C)

C Mcpt8-Gq

Taken together, these results indicate that the contribution of ba-
sophils to acute itch flares arises in the context of AD-like inflam-
mation rather than other forms of sensitization (i.e., OVA + alum).

Mast cells release a number of mediators that directly stimu-
late sensory neurons to modify sensory behavior (Voehringer,
2013). We thus hypothesized that factors derived from
allergen-stimulated basophils are sufficient to provoke acute
itch behavior. To test this, we first purified blood basophils
from sensitized (MC903 + OVA) and unsensitized (EtOH + OVA)
WT mice and stimulated them ex vivo with OVA (Figure 4G).
We then i.d. injected supernatants into naive WT recipient mice
to determine their ability to induce acute itch (Figure 4H). Strik-
ingly, basophil-derived factors from sensitized mice induced
robust scratching not observed with supernatants from unsensi-
tized mice (Figure 4l). We next sought to test whether basophil-
derived factors can directly stimulate primary sensory neurons.
We isolated dorsal root ganglia (DRG) from Pirt¢a"F%/* calcium
reporter mice (Kim et al., 2014b) and tested whether different
factors could activate primary sensory neurons by calcium imag-
ing. We first validated that sensory neurons were not responsive
to OVA stimulation alone (Figures S3J and S3K). We then added
basophil-derived supernatants from both unsensitized (EtOH +
OVA) and sensitized (MC903 + OVA) WT mice to DRG neurons
(Figure 4J). Notably, enhanced calcium responses were de-
tected in sensory neurons stimulated with supernatants from
allergen-sensitized basophils compared with supernatants

428 Cell 184, 422-440, January 21, 2021

Mcpt8-Gg mice that were stimulated ex vivo with
CNO. Identified based on their expression of the YFP
reporter (fluorescein isothiocyanate [FITC], green),
basophils were additionally stained with avidin-
Texas red (TRITC, red). Scale bar, 50 um.

(D) Frequency of blood basophils isolated from
control (Mcpt8-Cre) and Mcpt8-Gq mice that were
avidin positive following ex vivo stimulation with
CNO. n = 4 mice per group. ***p < 0.0001 by un-
paired Student’s t test.

(E) Number of scratching bouts following intraperi-
toneal (i.p.) injection of CNO in control (Mcpt8-Cre)
and Mcpt8-Gq mice. n = 6-9 mice per group. **p <
0.01 by unpaired Student’s t test.

k% Data are represented as mean + SD.
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from unsensitized basophils (Figures 4K
and 4L). Additionally, the subpopulation of
sensory neurons responsive to basophil-
derived factors was also activated by
capsaicin (Figure 4K), a common feature
of many itch-sensory or pruriceptive neu-
rons (Dong and Dong, 2018). Overall, these
findings demonstrate that factors derived from basophils can
induce acute itch and activate sensory neurons.

Acute itch flares require basophil-intrinsic LT pathways

Next, we investigated the specific effector mechanisms by which
basophils promote acute itch flares in AD-like disease. The most
well-defined pruritogens associated with mast cells include his-
tamine, serotonin, tryptase, and LTs (Akiyama et al., 2010; An-
doh and Kuraishi, 1998; Meixiong et al., 2019; Solinski et al.,
2019). To determine whether any of these pathways are enriched
in basophils, we analyzed publicly available microarray datasets
to specifically compare murine blood basophils to skin-resident
mast cells (Benoist et al., 2012; Dwyer et al., 2016). Skin mast
cells expressed higher levels of Hdc (histidine decarboxylase,
the primary enzyme catalyzing histamine synthesis), Tph1 (tryp-
tophan hydroxylase [TPH] 1, which controls peripheral serotonin
synthesis), and Tpsab1 (tryptase) compared with blood baso-
phils (Figures 5A-5C). By contrast, blood basophils expressed
higher levels of Alox5ap (Figure 5D), which encodes arachido-
nate 5-lipoxygenase-activating protein, also known as 5-lipoxy-
genase-activating protein (FLAP) (Mancini et al., 1993). LT
biosynthesis is critically controlled by the key enzyme 5-lipoxy-
genase (5-LOX), which requires FLAP for activation (Hedi and
Norbert, 2004). Therefore, we hypothesized that LT biosynthesis
is a key pathway underlying acute itch flares. In support of this,
antihistamines (Figure 5E), an inhibitor of serotonin production
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Figure 4. Basophils are required for acute itch flares in AD-associated inflammation

(A) Schematic of pharmacologic basophil depletion. WT mice received intravenous (i.v.) injection of isotype control or anti-CD200R3 monoclonal antibody (mAb)
on day 7 and day 9 of the AD-associated acute itch flare model (MC903 + OVA).

(B) Representative flow cytometry plots and frequency of Lin~ (CD3e, CD5, CD11c, CD19, NK1.1) FceRlo/IgE* CD49b™ basophils from the blood of isotype-
treated and anti-CD200R3 mAb-treated WT mice prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model. n = 5 mice per group. **p <
0.001 by unpaired Student’s t test.

(legend continued on next page)

Cell 184, 422-440, January 21, 2021 429




¢ CellPress

(Figure 5F), and an antagonist of the tryptase receptor protease-
activated receptor 2 (PAR2) (Figure 5G) were all ineffective in
attenuating allergen-provoked acute itch flares during AD-asso-
ciated inflammation. By contrast, pharmacologic inhibition of
5-LOX by zileuton or genetic deficiency of 5-LOX (Alox5~/~
mice) markedly and significantly reduced acute itch flares (Fig-
ure 5H). Additionally, disruption of the 5-LOX pathway did not
affect the quantity of allergen-specific IgE (Figure S4A) or the
levels of chronic spontaneous itch (Figure S4B). Collectively,
these results indicate that LTs may mediate acute itch flares.

We then tested whether LTs released from basophils mediate
allergen-provoked acute itch flares. We obtained sort-purified ba-
sophils from sensitized (MC903 + OVA) Alox5~~ or littermate con-
trolmice (Figure 5I), stimulated them ex vivo with OVA, and theni.d.
injected the respective basophil-derived supernatants into naive
WT recipient mice. Indeed, supernatants derived from Alox5~/~
basophils did not evoke acute itch behavior like supernatants
from littermate control basophils (Figure 5J). To exclude the role
of LTs released from mast cells, we topically treated mast cell-
deficient Sash™~ mice with MC903 + OVA and then gave them
an oral gavage of the 5-LOX inhibitor zileuton or vehicle control
prior to i.d. OVA challenge (Figure 5K). Pharmacologic inhibition
of 5-LOX attenuated acute itch flares (Figure 5L), indicating that
the effect of LT inhibition is independent of mast cells. By contrast,
zileuton treatment of basophil-deficient Bas-TRECK mice was not
able to additionally suppress acute itch flares (Figures 5M and 5N),
demonstrating that basophils selectively mediate the induction of
acute itch flares via LTs. Taken together, our data implicate baso-
phil-derived LTs as key inducers of allergen-provoked acute itch
flares in AD-associated inflammation.

Basophils interact with sensory neurons in the skin upon
allergen challenge

Because of the close proximity of mast cells to nerves in the skin
and their capacity to evoke histaminergic itch, the mast cell-
nerve unit has classically represented a central neuroimmune

Cell

axis in itch (Gupta and Harvima, 2018; Wang et al., 2020). Having
found that factors derived from allergen-activated basophils can
directly activate sensory neurons in vitro, we next sought to visu-
alize whether basophils interact with cutaneous sensory neurons
in vivo. Although rare in circulation, basophils can rapidly migrate
in response to various stimuli such as cytokines and IgE stimula-
tion (Hirsch and Kalbfleisch, 1980; Lett-Brown et al., 1981; Suzu-
kawa et al., 2005) and thereby infiltrate tissues (Egawa et al.,
2013; Hellman et al., 2017; lto et al., 2011; Min et al., 2004; Voeh-
ringer, 2017; Wardlaw et al., 1994). Therefore, we hypothesized
that stimulation of basophils with allergen in the skin may result
in unique basophil-neuronal interactions that could support their
role in itch.

To test this, we used Mcpt8-Cre-YFP mice in which YFP is
specifically expressed on basophils, but not on mast cells (Sulli-
van et al., 2011; Voehringer, 2013). We subjected Mcpt8-Cre-
YFP reporter mice to our AD-associated acute itch flare model
and performed real-time intravital two-photon imaging to visu-
alize allergen-challenged skin (Figure 6A). In unsensitized
(EtOH + OVA) control mice, no basophils were observed in the
skin before or after i.d. OVA challenge (Figure 6B). However, in
the skin of sensitized (MC903 + OVA) mice, basophils were de-
tected in the dermis but were primarily non-motile with a round
morphology (Figure 6B; Video S1). Strikingly, after i.d. OVA chal-
lenge, the majority of basophils developed an enlarged, elon-
gated morphology and began to crawl through the dermis (Fig-
ure 6B; Video S2). Collectively, these findings demonstrate that
in the setting of AD-associated inflammation, basophils alter
their shape and increase their patrolling behavior in response
to allergen challenge.

To examine whether basophils can acquire the ability to
interact with sensory neurons in vivo, we generated bone marrow
chimeric mice by transferring bone marrow cells from Mcpt8-
Cre-YFP donors into irradiated sensory neuron reporter
(Nay1.8-TdTomato) mice (Figure 6C). Intravital two-photon im-
aging confirmed the presence of round and immotile basophils

(C) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in isotype-treated WT mice and basophil-
depleted (anti-CD200R3 mAb-treated) WT mice. n = 11 mice per group. *p < 0.05 by unpaired Student’s t test.

(D) Schematic of conditional basophil depletion by i.p. injection of diphtheria toxin (DT) into Bas-TRECK mice on day 8 and day 9 of the AD-associated acute itch
flare model.

(E) Representative flow cytometry plots and frequency of Lin~ (CD3e, CD5, CD11c, CD19, NK1.1) FceRla/IgE* CD49b* basophils from the blood of littermate
control and Bas-TRECK mice prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model. n = 6-7 mice per group. **p < 0.001 by unpaired
Student’s t test.

(F) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in littermate control and basophil-depleted
Bas-TRECK mice. n = 9-13 mice per group. “p < 0.05 by unpaired Student’s t test.

(G) Schematic of sort purification and culture of circulating basophils from unsensitized (EtOH + OVA) or sensitized (MC903 + OVA) WT mice. Supernatants were
collected 1 h following ex vivo stimulation with OVA.

(H) Schematic of i.d. injection of supernatants from OVA-stimulated basophils (from Figure 4G) into naive WT mice to test acute itch responses.

(I) Number of scratching bouts in naive WT recipient mice following i.d. injection of basophil-derived supernatants from unsensitized (EtOH + OVA) or sensitized
(MC903 + OVA) WT mice. n = 9-10 recipient mice per group. **p < 0.01 by unpaired Student’s t test.

(J) Schematic of dorsal root ganglia (DRG) neurons isolated from Pirt®“3"P3/* caicium reporter mice being stimulated with supernatants from OVA-stimulated
basophils (from Figure 4G) to test calcium responses using calcium imaging.

(K) Representative calcium traces of mouse DRG responses to supernatant stimulation. Calcium responses were measured by fluorescence (Fluor.) intensity
(488 nm). Neurons isolated from Pirt®c@P3/+ mice were sequentially stimulated with supernatants from unsensitized (EtOH + OVA) mice, supernatants from
sensitized (MC903 + OVA) mice, capsaicin (CAP; 500 nM), and KCI (50 mM). Each color trace represents one neuron.

(L) Percentage (%) of supernatant-responsive neurons out of all KCI-responsive neurons. Each data point represents the percent of supernatant-responsive
neurons from one individual Pirt“3"P3/* mouse. n = 5 mice (>200 neurons each). *p < 0.05 by paired Student’s t test.

Data are represented as mean + SD.

See also Figure S3.
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Figure 5. Acute itch flares require basophil-intrinsic leukotriene (LT) pathways

(A-D) RNA expression of (A) Hdc, (B) Tph1, (C) Tpsab1, and (D) Alox5ap in murine skin mast cells and blood basophils. Raw data from www.immgen.org.

(E) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or antihistamines olopatadine (OLP; 3 mg/kg i.p.) and JNJ7777120 (JNJ; 20 mg/kg subcutaneous injection into the nape) 30 min prior to i.d. OVA challenge. n=7-
8 mice per group. N.S. by unpaired Student’s t test.

(F) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or tryptophan hydroxylase inhibitor p-chlorophenylalanine (pCPA; 150 mg/kg i.p.) on day 7, day 8, and day 9. n = 3-4 mice per group. N.S. by unpaired Student’s
t test.

(G) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or protease-activated receptor 2 (PAR2, the tryptase receptor) antagonist FSLLRY-NH, (FSLLRY, 7.5 mg/kg i.p.) 30 min prior to i.d. OVA challenge. n = 5 mice per
group. N.S. by unpaired Student’s t test.

(legend continued on next page)
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in the skin of sensitized (MC903 + OVA) chimeric mice prior to
allergen challenge (Figure 6D; Video S3). As observed previ-
ously, allergen (OVA) challenge rapidly induced basophil motility
with track speeds ranging from 2 to 6 um/min (Figure 6E; Video
S4) and polarized morphology (Figure 6F) consistent with a
migratory phenotype (Rappel and Edelstein-Keshet, 2017).
Strikingly, the motile basophils were seen migrating through
the dermis and making frequent and extended apparent con-
tacts with sensory nerve fibers (Figures 6D, 6G, and 6H; Video
S5). Taken together, these data demonstrate that basophils
are capable of directly interacting with sensory nerve fibers in
the skin.

The LTC4-CysLTR2 neuroimmune axis underlies acute
itch flares
Given that basophils interact with sensory neurons and are a sig-
nificant source of LTs, we sought to investigate the neuronal
mechanisms by which LTs promote acute itch flares. Generated
from arachidonic acid via the 5-LOX pathway, LTs are a diverse
family comprised of LTA4, LTB4, LTC4, LTD4, and LTE4 (Luster
and Tager, 2004; Schauberger et al., 2016). LTB4 and LTC4 have
previously been shown to function as pruritogens in mice (Andoh
and Kuraishi, 1998; Fernandes et al., 2013; Solinski et al., 2019).
To determine which LT likely mediates allergen-provoked acute
itch flares, we measured serum LTB4 and LTC4 levels in sensi-
tized (MC903 + OVA) WT mice challenged with i.d. OVA or
BSA. Strikingly, in contrast to LTB4 (Figure 7A), higher levels of
LTC4 were detected in mice challenged with i.d. OVA than in
mice challenged with i.d. BSA (Figure 7B). In addition, when
we obtained sort-purified basophils from sensitized (MC903 +
OVA) and unsensitized (EtOH + OVA) WT mice and stimulated
them ex vivo with OVA, we found elevated LTC4 production
from sensitized basophils compared with unsensitized basophils
(Figure 7C). More importantly, basophil-depleted Bas-TRECK
mice exhibited lower serum LTC4 levels than littermate controls
following i.d. OVA challenge in the AD-associated acute itch flare
model (Figure 7D). Collectively, these data suggest that LTC4
upregulation is dependent on basophils and could be a key pru-
ritogen in allergen-evoked acute itch flares.

Because LTC4 can be converted to LTD4 and metabolized, we
used a non-metabolizable form of LTC4, N-methyl LTC4 (N-met
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LTC4) and confirmed that i.d. injection induces robust scratching
behavior in naive WT mice (Figure 7E). Indeed, dose-response
analysis comparing N-met LTC4 to histamine indicates that
N-met LTC4 is a more potent pruritogen (Figure 7F). LTC4 has
two receptors, CysLTR1 and CysLTR2, both of which are broadly
expressed in multiple tissues. However, CysLTR2 is also ex-
pressed on sensory neurons (Sasaki and Yokomizo, 2019). To
explore which sensory neurons may be responsive to LTC4, we
mined a single-cell RNA sequencing (scRNA-seq) database of
mouse DRG (Usoskin et al., 2015). Three putative clusters of
itch-sensory neurons have been codified by transcriptional
profiling: non-peptidergic (NP) 1, NP2, and NP3. CysLTR2 is pre-
dominantly and selectively expressed by NP3 neurons (Fig-
ure S5A) (Solinski et al., 2019; Usoskin et al., 2015). By performing
calcium imaging, we found that ~12% of DRG neurons re-
sponded to N-met LTC4, which almost exclusively overlapped
with serotonin-responsive NP3 neurons, but not B-alanine-
responsive NP1 or chloroquine-responsive NP2 neurons (Figures
S5B and S5C). Therefore, we sought to investigate whether
blockade of CysLTR2 signaling could ameliorate acute itch flares
in AD-like disease. Indeed, systemic CysLTR2 blockade with the
antagonist HAMI3379 (Figure 7G) significantly and specifically
reduced allergen-provoked itch flares in sensitized (MC903 +
OVA) WT mice (Figures 7H and S6A), while systemic disruption
of the LTB4 pathway or CysLTR1 pathway had no effect (Figures
S6B and S6C). Furthermore, we sought to test whether disruption
of CysLTR2 on neurons would be sufficient to reduce acute itch
flares. We performed small interfering RNA (siRNA) in vivo delivery
via intracisternal injection to knockdown the expression of
CysLTR2 at the neuronal level (Figure 71) (Li et al., 2019; Liu
et al., 2011). Compared with control siRNA, delivery of CysLTR2
siRNA resulted in notable knockdown of CysLTR2 protein as
determined by immunofluorescence of sensory trigeminal ganglia
(Figure 7J). Importantly, siRNA knockdown of CysLTR2 also
significantly and selectively inhibited acute itch flares (Figures
7K and S6D). These results indicate that the LTC4-CysLTR2
axis is critical for the pathogenesis of acute itch flares.

The downstream signaling events of CysLTR2 on sensory neu-
rons remain poorly understood. The majority of newly identified
itch receptors are GPCRs that depend on various downstream
transient receptor potential (TRP) cation channels for their

(H) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or zileuton (a 5-lipoxygenase [5-LOX] inhibitor, 50 mg/kg by gavage) 60 min prior to i.d. OVA challenge (left). Number of scratching bouts following i.d. OVA
challenge on day 10 of the AD-associated acute itch flare model in littermate control and Alox5~/~ mice (right). n = 5-8 mice per group. *p < 0.05 by unpaired
Student’s t test.

(1) Schematic for testing the pruritogenic properties of circulating basophils from sensitized (MC903 + OVA) littermate control or Alox5~/~ mice stimulated ex vivo
with OVA. Supernatants suspended from stimulated basophils were i.d. injected into naive WT mice to provoke acute itch responses.

(J) Number of scratching bouts in naive WT recipient mice i.d. injected with basophil-derived supernatants from sensitized littermate control or sensitized Alox5 ™~/
~ mice. n = 10 recipient mice per group. *p < 0.05 by unpaired Student’s t test.

(K) Schematic for testing the 5-LOX pathway in mast cell-deficient Sash™~ mice pre-administered vehicle or zileuton prior to i.d. OVA challenge on day 10 of the
AD-associated acute itch flare model.

(L) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in mast cell-deficient Sash™~ mice that were
pre-administered vehicle or zileuton (50 mg/kg by gavage). n = 4 mice per group. **p < 0.01 by unpaired Student’s t test.

(M) Schematic for testing 5-LOX pathway in basophil-depleted Bas-TRECK mice pre-administered vehicle or zileuton prior to i.d. OVA challenge on day 10 of the
AD-associated acute itch flare model.

(N) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in basophil-depleted Bas-TRECK mice that
were pre-administered vehicle or zileuton (50 mg/kg by gavage). n = 5 mice per group. N.S. by unpaired Student’s t test.

Data are represented as mean + SD.

See also Figure S4.
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Figure 6. Basophils interact with sensory neurons in the skin upon allergen challenge

(A) Schematic of intravital two-photon imaging of cheek skin (injection site) pre- and post-challenge with i.d. OVA in Mcpt8-Cre-YFP mice on day 10 of the AD-
associated acute itch flare model.

(B) Time-lapse intravital two-photon imaging of basophil behavior. Representative images were taken of the cheek skin from unsensitized (EtOH + OVA) control
and sensitized (MC903 + OVA) Mcpt8-Cre-YFP mice, pre- and post-challenge with i.d. OVA. Tracked basophils (green) are indicated by white dots (center of
mass). Autofluorescent hairs are identified by white ellipses. Basophil motility is indicated by time-encoded colored tracks. Zoomed views are taken from the
regions outlined by orange rectangles. Blood vessels (red) were labeled by i.v. injection of Qtracker 655 vascular label 15-30 min prior to imaging. Collagen (blue)
is imaged by collecting the second harmonic generation signal (SGH).

(C) Schematic of basophil-neuron dual reporter chimera generation and intravital two-photon imaging of the cheek skin (injection site) in sensitized (MC903 +
OVA) dual reporter mice pre- and post-challenge with i.d. OVA on day 10 of the AD-associated acute itch flare model. Bone marrow cells harvested from Mcpt8-
Cre-YFP donors were i.v. injected into Nay1.8-TdTomato recipients after X-ray irradiation to generate dual reporter mice. Mice were rested 8 weeks before
initiation of AD-associated acute itch flare model.

(legend continued on next page)
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function (Sun and Dong, 2016; Veldhuis et al., 2015). Thus, we
hypothesized that CysLTR2, also a GPCR (Evans, 2002), would
require TRP signaling for its function in sensory neurons. Using
calcium imaging, we found that the N-met LTC4-responsive neu-
rons almost entirely overlap with neurons that respond to both
the TRPV1 agonist capsaicin and the TRPA1 agonist allyl isothio-
cyanate (AITC) (Figures 7L and 7M). However, genetic deletion of
Trpv1 or Trpal alone was not sufficient to block N-met LTC4-
mediated calcium responses (Figure 7N). We then used com-
pound Trpv1 and Trpal double-deficient mice (Feng et al.,
2017) and found that dual deletion abolished calcium responses
in sensory neurons (Figure 7N). These findings mirror our in vivo
results that N-met LTC4-induced scratching behavior was unaf-
fected in either Trov1 ™'~ or Trpa?~’~ mice compared with their
respective littermate controls (Figures S7A and S7B). By
contrast, Trov1~'~ Trpa1~'~ mice exhibited significant reduction
in itch behavior in response to N-met LTC4 (Figure 70). Similar to
N-met LTC4 injection, Trov1 ™'~ Trpal™~ mice exhibited a
reduction in OVA-mediated acute itch flares (Figure 7P), while
having no effect on the underlying chronic spontaneous itch (Fig-
ure S7C). Collectively, we demonstrate that acute itch flares in
the inflammatory state use the LTC4-CysLTR2 pathway, which
can utilize either TRPV1 or TRPA1 to promote itch signaling in
Sensory neurons.

DISCUSSION

Atopy is defined as a predisposition to allergen hypersensitivity
and enhanced IgE production (Coca and Cooke, 1923; Justiz
Vaillant and Jan, 2020). The family of atopic diseases includes
AD, allergic rhinitis, asthma, and food allergy. Despite being a ca-
nonical atopic disorder, the role of IgE in AD remains surprisingly
unclear. Indeed, clinical trials with anti-IgE mAb (omalizumab)
have been met with mixed results in AD (Deleanu and Nedelea,
2019). Our study suggests, however, that IgE is critical not for
chronic itch development but for promoting acute itch flares.
Thus, the failures of these clinical trials may have been due to
an inability to capture the rapid and dynamic changes in itch
by routine clinical assessments. Our high-resolution analysis of
phase 3 clinical trial data uncovered that a larger proportion of
patients with AD exhibit acute itch flares than previously recog-
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nized. Furthermore, we found that the presence of allergen-spe-
cific IgE in patients with AD may predispose them to the develop-
ment of acute itch flares. Thus, our findings demonstrate that
heterogeneous forms of itch with unique underlying mechanisms
can co-exist within one chronic condition.

Basophils have been suggested to induce pruritus due to their
expression of a multitude of pruritogens such as histamine and
type 2 cytokines (Steinhoff et al., 2018). However, this has re-
mained unstudied. Thus, we undertook a chemogenetic gain-
of-function approach to demonstrate that selective activation
of basophils alone is sufficient to induce itch in mice. Although
basophils critically promote AD-like skin inflammation (Imai
et al., 2019; Kim et al., 2014a; Walsh et al., 2019), surprisingly,
we found that they do not mediate chronic spontaneous itch.
Furthermore, our study reveals that while mast cells and hista-
mine are critical for acute itch in the steady state, basophils
and LTC4 mediate acute itch flares in AD-like disease. Thus,
our findings provide insight into the long-standing controversy
about the role of mast cells and histamine in atopy and unveil a
role for basophils in mediating itch.

Although our study shows that both mast cells and basophils
caninduce itch in response to the same allergen, in the setting of
AD-associated inflammation, basophils emerge as the key
effector cell. It is well known that cytokines such as IL-3 can
prime basophils to become more reactive to IgE stimulation
(Brunner et al., 1993). Indeed, we found that both murine and hu-
man basophils upregulate FceRla in the setting of AD-associated
inflammation. Taken together, these findings suggest that AD-
associated inflammation enhances the capacity of basophils to
mediate allergen-induced itch. While our current study focused
on IgE-dependent itch, we speculate that basophils may use
other mechanisms as well to promote itch in other settings.
Indeed, in mast cells, two distinct itch-promoting pathways
have recently emerged: (1) histaminergic, IgE-dependent itch
and (2) non-histaminergic, Mas-related GPCR (Mrgpr) B2-
dependent itch (Meixiong et al., 2019). Recent studies have
shown that the human ortholog of MrgprB2, MRGPRX2, is ex-
pressed on human basophils (Wedi et al., 2020). Thus, future
studies will be required to understand the precise role of
MRGPRs and other GPCRs on basophils and their potential
role in itch.

(D) Time-lapse intravital two-photon imaging of basophil-neuron interactions in the cheek skin of basophil-neuron dual reporter chimeric mice, pre- and post-
challenge withi.d. OVA on day 10 of the AD-associated acute itch flare model. Representative images show sensory nerve fibers (red) and basophils (green, white
dots). Tracked cell motility is shown as time-encoded colored tracks. Autofluorescent hairs appear yellow or green and collagen appears blue due to the SHG
signal. Zoomed views are taken from the regions outlined by orange rectangles. White arrows show examples of basophils making apparent contacts with
sensory nerves in the skin.

(E) Basophil track speed in the cheek skin of basophil-neuron dual reporter chimeric mice, pre- and post-challenge with i.d. OVA on day 10 of the AD-associated
acute itch flare model. n > 20 basophils per group. Data are represented as median (interquartile range). “***p < 0.0001 by Wilcoxon-Mann-Whitney nonparametric
test. n = 3 mice.

(F) Basophil polarization (length/width ratio) in the cheek skin of basophil-neuron dual reporter chimeric mice, pre- and post-challenge with i.d. OVA on day 10 of
the AD-associated acute itch flare model. n > 20 basophils per group. ***p < 0.0001 by unpaired Student’s t test. n = 3 mice.

(G) Percentage (%) of basophils interacting with nerve fibers in the cheek skin of basophil-neuron dual reporter chimeric mice, pre- and post-challenge with i.d.
OVA on day 10 of the AD-associated acute itch flare model. n > 20 basophils per group. **p < 0.01 by chi-square test. n = 3 mice.

(H) Basophil-nerve interaction durations normalized to cell number of basophils in the skin of basophil-neuron dual reporter chimeric mice, pre- and post-
challenge with i.d. OVA on day 10 of the AD-associated acute itch flare model. n > 20 observed basophils per group. *p < 0.05 by unpaired Student’s t test. n =
3 mice.

Data are represented as mean + SD in (F) and (H).

See also Videos S1, S2, S3, S4, and S5.
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Figure 7. The LTC4-CysLTR2 axis underlies acute itch flares
(A) ELISA quantification of serum LTB4 levels in sensitized (MC903 + OVA) WT mice challenged with i.d. BSA or OVA on day 10 of the AD-associated acute itch
flare model. n = 7 mice per group. N.S. by unpaired Student’s t test.

(legend continued on next page)
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A striking observation in our study was that LTC4 almost
exclusively activated a subpopulation of sensory neurons
referred to as NP3. Interestingly, the receptor for IL-31 (//37ra)
is exclusively expressed on the NP3 population (Usoskin et al.,
2015). The first cytokine to be identified as a pruritogen (Cevik-
bas et al., 2014), therapies targeting IL-31 pathway such as nem-
olizumab are rapidly advancing in clinical trials for AD and other
chronic itch disorders (Kabashima et al., 2018; Ruzicka et al.,
2017; Stander et al., 2020). Recent studies suggest that human
basophils may be a cellular source of IL-31 (Raap et al., 2017).
Whether basophil-derived IL-31 may synergize with LTC4 to
amplify acute itch flares in AD remains to be determined. Collec-
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mune processes. Our study provides additional evidence of
evolutionarily distinct roles between mast cells and basophils
in both health and disease.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact

tively, these findings demonstrate that basophils activate a
subpopulation of sensory neurons that is strongly associated
with inflammatory itch.

It is widely appreciated that mast cells are tissue resident in
nature and mediate a variety of homeostatic neuroimmune pro- O Research animals
cesses such as vasoregulation, neuroinflammation, and sensa- o METHOD DETAILS
tion due to their close proximity with neurons (Gupta and Har- O Mouse model

O Materials availability
O Data and code availability

o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Human subjects

vima, 2018; Voehringer, 2013). By contrast, basophils are O Skin inflammation assessment and histopathology
circulating and generally not present in tissues in the steady O Pharmacologic treatments administration in mouse
state. However, under pathologic conditions, basophils can be models

rapidly recruited into inflamed tissue (Miyake and Karasuyama, O Behavioral tests

2017). Thus, we speculate that basophils are more likely to be O ELISA

proinflammatory in nature and underlie maladaptive neuroim- O Flow cytometry

(B) ELISA quantification of serum LTC4 levels in sensitized (MC903 + OVA) WT mice challenged with i.d. BSA or OVA on day 10 of the AD-associated acute itch
flare model. n = 5-6 mice per group. *p < 0.05 by unpaired Student’s t test.

(C) ELISA quantification of LTC4 levels in supernatants collected from basophils stimulated ex vivo with OVA from unsensitized (EtOH + OVA) or sensitized
(MC903 + OVA) WT mice (as in Figure 4G). n = 5-10 mice per group. *p < 0.05 by unpaired Student’s t test.

(D) ELISA quantification of serum LTC4 levels in sensitized (MC903 + OVA) littermate control and basophil-depleted Bas-TRECK mice challenged with i.d. OVA on
day 10 of the AD-associated acute itch flare model. n = 8 mice per group. ***p < 0.001 by unpaired Student’s t test.

(E) Number of scratching bouts following i.d. injection of saline or N-methyl LTC4 (N-met LTC4, 0.75 pg) in WT mice. n = 6 mice per group.
Student’s t test.

(F) Dose-response curves of scratching bouts quantified in WT mice following i.d. challenge with increasing doses of histamine (0-10,000 pg) or N-met LTC4 (0—
1.5 pg). n > 3 mice per dosage in each group. ****p < 0.0001 by two-way ANOVA test.

(G) Schematic for pharmacologic inhibition of CysLTR2 in WT mice pre-administered vehicle or HAMI3379 (HAMI) prior to i.d. OVA challenge on day 10 of the AD-
associated acute itch flare model.

(H) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or CysLTR2 antagonist HAMI (0.4 mg/kg i.p.) on day 9 (two doses) and on day 10 (one dose, 60 min prior to challenge). n = 5-8 mice per group. *p < 0.05 by
unpaired Student’s t test.

(I) Schematic for neuronal CysLTR2 inhibition in WT mice pretreated with daily intracisternal (i.c.) injection of control siRNA or CysLTR2 siRNA from day 7 to day 9
followed by i.d. OVA challenge on day 10 of the AD-associated acute itch flare model.

(J) Representative images of the trigeminal ganglion stained with PGP9.5 (TRITC, red) and CysLTR2 (FITC, green) and the percentage (%) of CysLTR2-positive
cells out of all PGP9.5-positive neurons in sensitized (MC903 + OVA) WT mice that were pretreated with i.c. control siRNA or CysLTR2 siRNA. n = 3 mice per
group. **p < 0.01 by unpaired Student’s t test. Scale bar, 50 pm.

(K) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pretreated with i.c. control
siRNA or CysLTR2 siRNA. n = 5 mice per group. **p < 0.01 by unpaired Student’s t test.

(L) Representative calcium traces of mouse sensory neuron responses to N-met LTC4 stimulation. Calcium levels were measured as a ratio of 340/380 nm
fluorescence over time. DRG neurons isolated from WT mice were sequentially stimulated with N-met LTC4 (100 nM), allyl isothiocyanate (AITC, 100 pM), CAP
(500 nM), and KCI (50 mM). Each trace represents one neuron.

(M) Representative Venn diagram depicting the overlapping responses of DRG neuron subsets to N-met LTC4 (100 nM), AITC (100 uM), and CAP (500 nM). n >
200 neurons from a WT mouse.

(N) Percentage (%) of N-met LTC4-responsive neurons out of all KCI-responsive neurons. DRG neurons were isolated from WT, Trov1~/~, Trpa?~/~, or compound
Trpv1’/’ Trpa1’/’ mice. Each data point represents the percent of neurons that were responsive to N-met LTC4 in an individual mouse. n = 3 mice (>200 neurons
each) per group. N.S. and **p < 0.01 by unpaired Student’s t test.

(O) Number of scratching bouts following i.d. injection of N-met LTC4 in WT (control) and compound Trov1 ™'~ Trpal™'~ mice. n = 4-5 mice per group. *p < 0.05 by
unpaired Student’s t test.

(P) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT (control) and compound Trov1 =/~
Trpal~’~ mice. n = 5-7 mice per group. **p < 0.001 by unpaired Student’s t test.

Data are represented as mean + SD.

See also Figures S5, S6, and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-mouse CD16/CD32 Bio X Cell Cat#: BE0307; RRID: AB_1107647
anti-mouse CD49b Invitrogen Cat#: 17-5971-82; RRID: AB_469485
anti-mouse CD117 (c-kit) Biolegend Cati#: 135122; RRID: AB_2562042
anti-mouse CD5 eBioscience Cat#: 45-0051-82; RRID: AB_914334
anti-mouse CD3e eBioscience Cat#: 45-0031-82; RRID: AB_1107000
anti-mouse CD11c eBioscience Cat#: 45-0114-82; RRID: AB_925727
anti-mouse CD19 eBioscience Cat#: 45-0193-82; RRID: AB_1106999
anti-mouse NK1.1 eBioscience Cat#: 45-5941-82; RRID: AB_914361
anti-mouse IgE eBioscience Cat#: 11-5992-81; RRID: AB_465342
anti-mouse FceR1 alpha eBioscience Cat#: 11-5898-82; RRID: AB_465308
anti-mouse CD200R Biolegend Cat#: 123908; RRID: AB_2074080
anti-mouse CD45 Biolegend Cat#: 103113; RRID: AB_312978
anti-mouse CD117 (c-kit) eBioscience Cati#: 25-1171-82; RRID: AB_469644
anti-mouse CD200R3 Biolegend Cat#: 142211; RRID: AB_2814045
Biotin anti-mouse CD4 Biolegend Cat#: 100508; RRID: AB_312711
Biotin anti-mouse CD8a Biolegend Cat#: 100704; RRID: AB_312743
Biotin anti-mouse CD11c Biolegend Cat#: 117304; RRID: AB_313773
Biotin anti-mouse/human CD45R/B220 Biolegend Cat#: 103204; RRID: AB_312989
anti-human CD45 Biolegend Cat#: 368514; RRID: AB_2566374
anti-human CD3 Biolegend Cat#: 300318; RRID: AB_314054
anti-human CD4 Biolegend Cat#: 317442; RRID: AB_2563242
anti-human CD123 Biolegend Cat#: 306010; RRID: AB_493576
anti-human FceRla Biolegend Cat#: 334626; RRID: AB_2564291
anti-human CD203c (E-NPP3) Biolegend Cat#: 324620; RRID: AB_2563849
anti-human CD117 (c-kit) Biolegend Cat#: 313226; RRID: AB_2566213
anti-human CD34 Biolegend Cat#: 343604; RRID: AB_1732005
anti-human CD56 (NCAM) Biolegend Cat#: 318303; RRID: AB_604091
anti-human CD14 Biolegend Catt#: 325604; RRID: AB_830677
anti-human CD19 Biolegend Cati#: 302206; RRID: AB_314236
Mouse anti-OVA IgE Bio-Rad Cat#: MCA2259; RRID:AB_2285753
Purified anti-mouse CD200R3 Biolegend Cat#: 142204; RRID: AB_10945156
Purified Rat IgG2a, « Isotype Citrl Biolegend Cat#: 400533; RRID:AB_2861021
CysLT2 Receptor Antibody (B-7) Santa Cruz Biotechnology Cat#: sc-514181
m-IgGk BP-FITC Santa Cruz Biotechnology Cat#: sc-516140
Anti-PGP9.5 antibody Abcam Cat#: ab10410; RRID:AB_297150
Cy3 AffiniPure Donkey Anti-Guinea Pig Jackson ImmunoResearch Cat#: 706-165-148
19G (H+L) RRID: AB_2340460
Chemicals, peptides, and recombinant proteins
Calcipotriol (MC903) Tocris Bioscience Cat#: 2700
Ovalbumin Sigma-Aldrich Cat#: A5503
Bovine Serum Albumin Sigma-Aldrich Cati: A9418
Normal Goat Serum Abcam Cat#: ab7841
Avidin, Texas Red Conjugate Invitrogen Cati#: A820
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Qtracker 655 Vascular Labels Invitrogen Cat#: Q21021MP
Clozapine-N-oxide Hello Bio Cat#: HB 1807
Diphtheria Toxin Sigma-Aldrich Cat#: D0564
Olopatadine Sigma-Aldrich Cat#: 00391
JNJ7777120 Sigma-Aldrich Cat#: J3770
FSLLRY-NH2 Sigma-Aldrich Cat#: SML0714
Zileuton Sigma-Aldrich Catt#: 24277
p-Chlorophenylalanine Tocris Bioscience Cat#: 0938
HAMI3379 Cayman Cat#: 10580
Zafirlukast Sigma-Aldrich Cat#: Z4152
CP-105,696 Sigma-Aldrich Cat#: PZ0363
Dispase Il GIBCO Cat#: 17105041
Collagenase Type | GIBCO Cat#: 17100-017
Nerve Growth Factor Sigma-Aldrich Cat#: N6009
Glial-Derived Neurotrophic Factor Sigma-Aldrich Cat#: SRP3200
Fura-2 AM Invitrogen Cat#: F1201
Neurobasal-A GIBCO Cat#: 10888022
B-27 Supplement GIBCO Cat#: 17504001
Histamine Sigma-Aldrich Cat#: H7250
N-methyl Leukotriene C4 Cayman Cat#: 13390

Allyl Isothiocyanate Sigma-Aldrich Cat#: W203408
Capsaicin Sigma-Aldrich Cat#: M2028
B-alanine Sigma-Aldrich Cat#: A9920
Chloroquine Sigma-Aldrich Cati#: C6628
Serotonin Sigma-Aldrich Cat#: H9523
Fetal Bovine Serum Sigma-Aldrich Cat#: 2442
Penicillin-Streptomycin GIBCO Cat#: 15140122
L-Glutamine Corning Cat#: MT25005CI
2-Mercaptoethanol GIBCO Cat#: 21985-023
Sodium Pyruvate Corning Cat#: 25-000-Cl
MEM Nonessential Amino Acids Corning Cat#: 25-025-Cl
Hu FcR Binding Inhibitor eBioscience Cat#: 14-9161-73
RVG-9R trifluoroacetate salt BACHEM Cat#: 4058134.0500
siGENOME Non-Targeting siRNA Horizon Cat#: D-001206-14-20
Control Pools

siGENOME Mouse Cysltr2 siRNA Horizon Cat#: M-051452-01-0010

Glucose Solution
UltraCruz Blocking Reagent

Fisher Scientific
Santa Cruz Biotechnology

Cat#: A2494001
Cat#: sc-516214

Imject Alum Thermo Scientific Cat#: 77161
Zombie UV Fixable Viability Kit Biolegend Cat#: 423107
Critical commercial assays

Mouse OVA-IgE ELISA kit Biolegend Cat#: 439807
Mouse Leukotriene B4 ELISA Kit Biomatik Cat#: EKC37285
Mouse Leukotriene C4 ELISA Kit LS Bio Cat#: LS-F28464-1
Mouse Streptavidin RapidSpheres STEMCELL Cat#: 19860

Isolation Kit

Experimental models: organisms/strains

C57BL/6J
Sash™/~

Jackson Laboratory
Jackson Laboratory
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mcpt8-Cre Jackson Laboratory Stock No. 017578

R26-LSL-Gg-DREADD
Ai9

Alox5~'"~

Nay1.8-Cre
Bas-TRECK

Ige™’"~

PirtGCampS/ +

Trov1 ="~

Trpat /=
—/— —/—

Compound Trpv1 ™"~ Trpal

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Rohini Kuner (Heidelberg University)
Masato Kubo (RIKEN, Yokohama

Institute, Japan)

Masato Kubo (RIKEN, Yokohama

Institute, Japan)

Xinzhong Dong (Johns Hopkins University

School of Medicine)
Jackson Laboratory
Jackson Laboratory

Hongzhen Hu (Washington University)

Stock No. 026220
Stock No. 007909
Stock No. 004155
N/A
N/A

N/A

N/A

Stock No. 003770
Stock No. 006401
N/A

Software and algorithms

FlowdJo 10 Tree Star https://www.flowjo.com/

Prism 8 GraphPad Software https://www.graphpad.com:443/
scientific-software/prism/

NIS-Elements Nikon Instruments https://www.microscope.healthcare.nikon.
com/products/software

Imaris 9 Bitplane https://imaris.oxinst.com/

Others

NanoZoomer 2.0-HT System Hamamatsu N/A

LSRFortessa X-20 BD Biosciences N/A

Nikon Ti-S Microscope Nikon Instruments N/A

CoolSNAP HQ, CCD camera Photometrics N/A

Nikon Al Confocal Microscope System Nikon Instruments N/A

Chameleon Vision Il Ti:Sapphire Lasers Coherent N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Brian S.
Kim (briankim@wustl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate any unique datasets or code. All other data supporting the findings of this study are available in the manu-
script or the supplementary materials and available upon request to the lead contact author.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

For analysis of itch pattern and allergen-specific IgE related to atopic dermatitis (AD), numerical rating scale (NRS) itch scores and
serum allergen-specific IgE repertoire were respectively reviewed on N = 159 subjects from the placebo group of the SOLO1 and
SOLO2 phase 3 clinical trials (Simpson et al., 2016). Patient serum allergen-specific IgE repertoires were measured using the Immu-
noCAP system (Phadia AB, Uppsala, Sweden) for a panel of 12 allergens/antigens including Dermatophagoides pteronyssinus,
Dermatophagoides farinae, Canadida albicans, Pityrosporum, cat dander, mountain juniper, white oak, olive tree, Staphylococcal
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enterotoxin A, Staphylococcal enterotoxin B, Japanese cedar, and wall pellitory. Positive levels for each allergen were defined as an
allergen-specific IgE concentration > 0.35 kU/L (McGowan et al., 2015).

In order to examine human basophil phenotypes, 12 adult patients with AD, who visited the Dermatology Clinic at the Perelman
School of Medicine at the University of Pennsylvania from October 2018 to June 2019, and 12 age- and sex-matched healthy controls
were recruited. Patients were diagnosed with AD according to the UK Working Party’s Diagnostic Criteria (Williams et al., 1994). The
disease severity was assessed according to Patient Oriented Eczema Measure (POEM) (Charman et al., 2013). After informed con-
sent was obtained, peripheral blood was collected and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density
gradient purification and frozen at —80°C until assayed. These studies were conducted in accordance with the provisions of the
Declaration of Helsinki and International Conference on Harmonisation Good Clinical Practice guidelines. All the patients provided
written informed consent before participation in the studies. The local institutional review board or ethics committee at each study
center oversaw study conduct and documentation.

Research animals

Wild-type (WT) C56BI/6J, C57BL/6-Kit"V "W (also known as Sash™'~), Mcpt8-Cre, R26-LSL-Gg-DREADD, Ai9, and Alox5~'~ mice
were purchased from Jackson Laboratories. Bas-TRECK and Ige ™~ mice were donated by Dr. Masato Kubo (RIKEN, Yokohama
Institute, Japan). Compound Trpv1 '~ Trpa1~'~ double-deficient mice were donated by Dr. Hongzhen Hu. Nay1.8-Cre mice were
provided by Dr. Rohini Kuner (Heidelberg University). Pirt®@™°3/+ mice were donated by Dr. Xinzhong Dong. Mcpt8-Cre:R26-
LSL-Gg-DREADD mice were obtained by crossing Mcpt8-Cre animals with R26-LSL-Gg-DREADD animals. Nay1.8-TdTomato
mice were generated by crossing Nay1.8-Cre mice with Ai9 mice. All experiments were conducted with the approval of the
Washington University Institutional Animal Care and Use Committee. Animals were housed on a standard 12:12 hour light-dark cycle
with free access to food and water. For dorsal root ganglia (DRG) neuron isolation, 4-6-week-old mice were used. For all other
experiments, 8-12-week-old mice were used. Experiments were performed on independent cohorts of male and female mice and
no differences between sexes were observed.

METHOD DETAILS

Mouse model

The right cheeks of mice were shaved 2 days prior to any treatments (day —2). To induce AD-associated acute itch flares, bilateral ear
skin were topically treated with 0.5 nmol of MC903 (calcipotriol, Tocris Bioscience) in 15 pL of 100% ethanol and then with 20 pL of
5 mg/mL ovalbumin (OVA, Sigma-Aldrich) in phosphate-buffered saline (PBS) daily for 10 days (day O to day 9) to sensitize mice.
Unsensitized control mice were treated with 15 puL of 100% ethanol (vehicle control) followed by 20 uL of 5 mg/mL OVA in PBS.
On day 10, mice were given an intradermal (i.d.) injection of 20 pL of 2.5 mg/mL OVA in 0.9% saline in their right cheek in order to
provoke acute itch responses. To test the specificity of the allergen response, sensitized (MC903 + OVA) mice were i.d. challenged
with 20 pL of an irrelevant allergen, bovine serum albumin (BSA, 3.7 mg/mL in 0.9% saline; Sigma-Aldrich). As an alternative to this
model, we passively sensitized mice with OVA in the setting of AD-like disease. AD-like disease was induced by topical MC903
(0.5 nmol in 15 pL of 100% ethanol) administration on bilateral ear skin of mice daily from day 0 to day 9. On day 8 and day 9,
mice received an intravenous (i.v.) injection of 100 pL of 20 pg/mL anti-OVA IgE antibody (Bio-Rad) in PBS to induce passive sensi-
tization. Control unsensitized mice received i.v injections with 100 uL PBS alone. On day 10, an acute itch flare was evoked by i.d.
injection of 20 pL of 2.5 mg/mL OVA in 0.9% saline into the right cheek. To assess allergen-mediated acute itch in the steady state,
mice were passively sensitized to OVA via i.v. injection of 100 pL of 20 ug/mL anti-OVA IgE antibody in PBS on day 0 and day 1. Con-
trol unsensitized mice received i.v. injections of 100 uL PBS alone. On day 2, mice were challenged i.d. with 20 pL of 2.5 mg/mL OVA
in 0.9% saline in their right cheek to provoke acute itch. The systemic sensitization model was induced as previously described
(Huang et al., 2016). In brief, OVA (0.2 mg/mL in PBS; Sigma-Aldrich) was prepared fresh each time and was emulsified with an equal
volume of Imject Alum (alum; Thermo Scientific). Mice received an intraperitoneal (i.p.) injection of 200 pl of OVA + alum mixture or
control PBS + alum mixture on day 0 and day 9. On day 13, mice were challenged i.d. with 20 pL of 2.5 mg/mL OVA in 0.9% saline in
their right cheek. To test acute itch flares in the setting of systemic sensitization along with AD-like disease, we sensitized mice with
i.p. injection of 200 pL of OVA + alum mixture (prepared as above) on day 0 and day 9. Concurrently, bilateral ear skin were treated
topically with MC903 (0.5 nmol in 15 pL of 100% ethanol) from day 3 to day 12. To provoke acute itch flares, mice were challenged
with i.d. injection of 20 uL of 2.5 mg/mL OVA in 0.9% saline in the right cheek on day 13. For all models, scratching behavior was
recorded for 60 minutes before i.d. allergen (OVA or BSA) challenge and for 70 minutes after challenge.

Skin inflammation assessment and histopathology

To assess mouse ear skin inflammation induced by MC903 + OVA, ear thickness was measured daily with dial calipers as previously
described (Kim et al., 2013, 2014a). Prior to i.d. OVA challenge on experimental day 10 of the AD-associated acute itch flare model,
mice were euthanized and tissues were harvested for analysis. The ear skin were fixed in 4% paraformaldehyde (PFA; Thermo
Scientific) and embedded in paraffin before sectioning and staining with Hematoxylin & Eosin (H&E). Slides were imaged using
the NanoZoomer 2.0-HT System (Hamamatsu).
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Pharmacologic treatments administration in mouse models

In our passive sensitization model, mice were treated with an i.p. injection of 100 uL the H1R antagonist olopatadine (3 mg/kg in PBS;
Sigma-Aldrich) and subcutaneous (s.c.) injection (nape) with 100 uL of the H4R antagonist JNJ7777120 (20 mg/kg in PBS; Sigma-
Aldrich) 30 minutes prior to i.d. OVA challenge.

In the AD-associated acute itch flare model, mice were treated 30 minutes prior to i.d. OVA challenge (day 10) with i.p. injection of
100 pL of the H1R antagonist olopatadine (3 mg/kg in of PBS; Sigma-Aldrich) and s.c. injection (nape) of 100 uL of the H4R antagonist
JNJ7777120 (20 mg/kg in of PBS; Sigma-Aldrich). Protease-activated receptor 2 (PAR2) was blocked by the administration of 100 pL
of FSLLRY-NH2 (7.5 mg/kg in 0.9% saline; Sigma-Aldrich) i.p. 30 minutes prior to i.d. OVA challenge (day 10). To inhibit serotonin
synthesis, 200 pL of p-Chlorophenylalanine (pCPA, 150 mg/kg in 0.9% saline; Tocris Bioscience) was i.p. injected on day 7, day
8, and day 9 of the 10-day sensitization process. Mice were gavaged with 100 pL of the leukotriene (LT) pathway inhibitor zileuton
(50 mg/kg in 0.5% cellulose; Sigma-Aldrich) 60 minutes prior to assessment of chronic spontaneous itch (day 10) or 60 minutes prior
toi.d. OVA challenge when assessing acute itch flare behavior (day 10). The LTB4 receptor antagonist CP-105,696 (100 pL of 3 mg/kg
CP-105,696 in 0.5% cellulose; Sigma-Aldrich) was administered by oral gavage 60 minutes prior to i.d. OVA challenge. Oral gavage of
100 pL of the CysLTR1 antagonist zafirlukast (10 mg/kg in PBS; Sigma-Aldrich) was given twice on day 9, and once on day 10,
60 minutes prior to i.d. OVA challenge. Mice were given two 100 pL i.p. injections of the CysLTR2 antagonist HAMI3379
(0.4 mg/kg in of PBS; Cayman) on day 9, and once on day 10, 60 minutes prior to assessment of chronic spontaneous itch
(day 10) or 60 minutes prior to i.d. OVA challenge for the assessment of acute itch flare behavior (day 10).

Behavioral tests

All applicable behavioral tests were performed and analyzed with the experimenter blinded to genotype with the exception of the
Sash™~ strain given the genotypic differences in coat color. ltch behavior experiments were performed between 8 a.m. and 12
p.m CST. Two days prior to recording, animals were habituated in the test chamber for 90 minutes and underwent a series of three
mock i.d. injections where a capped needle was pressed against the shaved cheek of the experimental mouse. On the day of behav-
ioral test, animals were allowed to acclimatize to the test chamber for 10 minutes prior to video recording. Video recordings were
manually scored to assess the number of scratching bouts during a 30-minute period. A bout of scratching was defined as an
instance of hind paw directed continuous scratching of the back, cheeks, or ears that ended when the mouse placed their hind
paw in their mouth or to the chamber floor. To test the pruritogenic capability of N-methyl (N-met) LTC4, histamine and basophil-
derived factors in supernatant, 20 pL of solution was i.d. injected into the shaved right cheeks of mice before immediate assessment
of itch behavior. Only scratching bouts directed toward the site of injection were scored. For N-met LTC4 (Cayman) and histamine
(Sigma-Aldrich), a range of doses were tested, 0-10,000 ng and 0-1.5 ug respectively. For basophil-derived factors, we collected
supernatants from OVA-stimulated basophils. Briefly, 6 x 10%- 8 x 10* basophils, sorted from mouse blood and cultured overnight,
were incubated with 2.5 mg/ml OVA in 0.9% saline (200 plL) at 37°C and 5% CO, for 60 minutes. Collected supernatants was deliv-
ered i.d. undiluted (20 pL).

ELISA

To measure mouse serum OVA-specific IgE levels, 0.5-1 mL of blood was collected into 1.5 mL microcentrifuge tubes and allowed to
clot for 60 minutes at room temperature. Tubes were then centrifuged for 10 minutes at 1,000 g at 4°C. Sera were collected and
stored at —80°C until OVA-specific IgE was quantified using the mouse OVA-IgE ELISA kit (Biolegend) according to manufacturer’s
instructions.

To measure mouse serum LTB4 and LTC4 levels, 0.5-1 mL of blood was collected into 1.5 mL microcentrifuge tubes 30 minutes
after allergen challenge and allowed to clot for 60 minutes at room temperature. Tubes were then centrifuged for 15 minutes at
1,000 g at 4°C. Serum was collected and stored at —80°C until LTB4 and LTC4 were respectively quantified using the mouse
LTB4 ELISA kit (Biomatik) and mouse LTC4 ELISA kit (LS Bio) according to manufacturer’s instructions.

To test supernatant levels of LTC4 derived from basophils, sort-purified basophils (6 x 10*- 8 x 10* cells) were stimulated with
0.25 mg/mL OVA in 200 uL of saline at 37°C and 5% CO, in a 96 plate well for 60 minutes. After centrifuge for 20 minutes at
1,000 g at 4°C, supernatants were collected and stored at —80°C until LTC4 was quantified using the mouse LTC4 ELISA kit (LS
Bio) according to manufacturer’s instructions.

Flow cytometry

For human studies, thawed PBMCs were stained with Zombie UV viability dye (1:500; Biolegend) at room temperature for 20 minutes,
washed and then stained with primary antibodies on ice for 30 minutes before being acquired on a BD Fortessa X-20 (BD Biosci-
ences). Human Basophils were defined as live CD123* FceRla" cells that lacked expression of c-Kit and lineage (Lin) markers
CD3, CD4, CD19, CD14, CD34, and CD56. Marker CD203c was included in the primary antibodies to reveal the activation state
of human basophils.

For animal studies, 50-100 pL of blood was collected into EDTA coated tubes, followed by RBC lysis using RBC lysis buffer (Sigma-
Aldrich) at room temperature for 5 minutes twice and washed by PBS once. All cells were stained with Zombie UV viability dye (1:500;
Biolegend) for viability at room temperature for 20 minutes, followed by primary antibodies on ice for 30 minutes prior to data acqui-
sition on a BD Fortessa X-20 (BD Biosciences). Basophils were defined as live CD49b* FceRla/IgE* cells that were negative for
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expression of c-Kit and Lin markers CD3e, CD5, CD11¢, CD19, and NK1.1. The mouse basophil canonical activation marker CD200R
was also stained. All flow cytometry data were analyzed with Flowjo v10 software (Tree Star).

Immunofluorescence staining

Immunofluorescence imaging was performed as previously described (Huang et al., 2018). For ex vivo immunofluorescence staining
of basophil degranulation in our AD-associated acute itch flare model, skin (OVA challenge site) from the right cheeks of Sash ™~ mice
were harvested 30 minutes following i.d. OVA challenge. Then, samples were fixed in 4% PFA (Thermo Scientific) for 4-6 hours at 4°C
and incubated in 30% sucrose overnight. Tissues were embedded in optimal cutting temperature (OCT) medium (Sakura) and
sectioned at 12 pym on a cryotome (Leica). Sections were dried and stained with 200 pL avidin-Texas Red (5 pg/mL; Invitrogen) in
room temperature for 30 minutes before imaging on a Nikon Al Confocal Laser Microscope with NIS-Elements imaging software
(Nikon Instruments).

To detect basophil degranulation ex vivo, 0.5-1 mL of blood from naive Mcpt8-Cre:R26-LSL-Gq-DREADD and littermate control
Mcpt8-Cre-YFP mice was collected into EDTA-coated tubes. Samples were then treated with RBC lysis buffer (Sigma-Aldrich) at
room temperature for 5 minutes twice and washed by PBS once. Following negative selection for CD4, CD8a, CD11c, and B220 us-
ing a Mouse Streptavidin RapidSpheres Isolation Kit (STEMCELL), purified leukocytes from each mouse were incubated with 200 pL
clozapine-N-oxide (CNO, 400 uM in PBS; Hello Bio) and 200 pL avidin-Texas Red (5 pg/mL; Invitrogen) simultaneously for 30 minutes
at room temperature before imaging on a Nikon Al Confocal Laser Microscope with NIS-Elements imaging software (Nikon
Instruments).

To examine the knockdown effect of in vivo siRNA treatment, WT mice that received intracisternal injection of siRNA were eutha-
nized on day 10 of the AD-associated acute itch flare model. Then mice trigeminal ganglia were dissected and fixed in 4% PFA
(Thermo Scientific) for 4-6 hours at 4°C followed by incubation in 30% sucrose overnight. Tissues were embedded in OCT medium
(Sakura) and sectioned at 12 um on a cryotome (Leica). For further staining, sectioned tissues were blocked with 10% goat serum
(Abcam) in UltraCruz blocking reagent (Santa Cruz Biotechnology) for 30 minutes and incubated with primary antibodies at 4 °C over-
night. After rinsing, sections were incubated with secondary antibodies for 1 hour at room temperature. Images were taken and
analyzed using a Nikon Al Confocal Laser Microscope with NIS-Elements imaging software (Nikon Instruments). Primary antibodies
used: anti-CysLTR2 receptor monoclonal antibody (B-7; Santa Cruz Biotechnology; 1:100) and guinea pig anti-PGP9.5 polyclonal
antibody (Abcam; 1:500). Secondary antibodies used: m-IgGk BP-FITC (Santa Cruz Biotechnology; 1:100) and Cy3 AffiniPure
donkey anti-guinea pig IgG (H+L) (Jackson ImmunoResearch; 1:500).

Basophil in vivo chemogenetic activation

To chemogenetically activate basophils in vivo, Mcpt8-Cre:R26-LSL-Gg-DREADD mice received a single i.p. injection of 50 pL of
1 mg/kg CNO (Hello Bio) in PBS. Mice were video recorded for 60 minutes after CNO injection and the itch behavior was quantified
by manually counting the number of scratching bouts from 10 minutes to 40 minutes after CNO injection.

Basophil in vivo depletion

Basophil depletion was performed as previously described (Noti et al., 2013). Briefly, for pharmacologic depletion of basophils, WT
mice received i.v. injections of 100 pL of purified anti-mouse CD200R3 antibody (1.0 mg/mL; Biolegend) or Rat IgG2a, k isotype con-
trol (Biolegend) on day 7 and day 9 of the AD-associated acute itch flare model. For basophil genetic depletion, Bas-TRECK and
littermate control mice were given an i.p. injection of 500 ng diphtheria toxin (DT; Sigma-Aldrich) diluted in 100 uL PBS daily on
two consecutive days prior to the last day of the disease model. Specifically, in the AD-associated acute itch flare model
(MC903 + OVA), mice were treated with DT i.p. on experimental day 8 and day 9. In the mouse model sensitized with i.p. OVA +
alum, DT was i.p. injected on day 11 and day 12. The effect of depletion was confirmed by assessing blood basophil levels using
flow cytometry prior to i.d. OVA challenge on the last day of each model.

Basophil sorting and cultures

Basophil sorting and cultures were performed as previously described (Hussain et al., 2018). Briefly, 0.5-1 mL of mouse blood was
collected into EDTA coated tubes. Red blood cells were lysed using RBC lysis buffer (Sigma-Aldrich). All live, CD45" Lin- CD49b™*
FceRla/IgE* basophils from donor mice were sort-purified using an Aria Il (BD Biosciences). Isolated basophils (6 x 10* -8 x 10*
cells /mL) were then cultured in Mast Cell Medium (RPMI 1640, 15% fetal bovine serum [FBS; Sigma-Aldrich], 100 U/mL penicillin
[GIBCO], 100 ng/mL streptomycin [GIBCQ], 2.9 mg/mL glutamine [Corning], 50 mM 2-mercaptoethanol [GIBCO], 1 mM sodium py-
ruvate [Corning], 1 X nonessential amino acids [Corning], 10 mM HEPES) overnight at 37°C and 5% CO, before further stimulation.

DRG neuronal cultures

Mouse DRG neurons were extracted, dissociated, and cultured as previously described (Kim et al., 2014b; Oetjen et al., 2017).
Briefly, 4-6 week-old mice were euthanized by CO, inhalation. The DRGs were dissected and enzymatically dissociated with
1 mL Ca®*/Mg?*-free HBSS containing collagenase type | (342 U/mL; GIBCO) and dispase Il (3.8 U/mL; GIBCO) for 30 minutes at
37°C. After digestion, neurons were gently triturated, pelleted, and then resuspended in Neurobasal-A culture medium (GIBCO) con-
taining 2% B-27 supplement (GIBCO), 100 U/mL penicillin plus 100 mg/mL streptomycin (Sigma-Aldrich), 100 ng/mL nerve growth

e6 Cell 184, 422-440.e1-e8, January 21, 2021



Cell ¢? CellPress

factor (NGF, Sigma-Aldrich), 20 ng/mL glial cell-derived neurotrophic factor (GDNF; Sigma-Aldrich), and 10% FBS (Sigma-Aldrich).
Neurons were then plated on 8 mm glass coverslips pre-coated with poly-D-lysine (PDL, 20 pg/mL) and laminin (20 pg/mL). Cells
were cultured overnight at 37°C and 5% CO, before use in calcium imaging studies.

Calcium imaging of mouse DRG neurons

All reagents were applied to DRG neurons by perfusion except for basophil-derived factors, which were manually loaded by gently
pipetting the culture supernatants into the recording chamber. Only sensory neurons that were responsive to a final challenge of KCI
(50 mM) were used in downstream analyses. For cultured DRG neurons isolated from calcium reporter PirtS°aMP%/* mice, fluores-
cence was recorded at 488 nm excitation wavelength using an inverted Nikon Ti-S microscope (Nikon Instruments) with CoolSNAP
HQ. CCD camera (Photometrics) and NIS-elements software (Nikon Instruments). Cells were considered responsive to a particular
stimulus if they exhibited at least a 15% increase in fluorescent intensity to baseline. For non-reporter mice (WT, Trov1~/~, Trpa1 ™/~
and compound Trpv1 ™~ Trpa1™~ mice), cultured DRG neurons were first loaded with the calcium indicator dye Fura-2 AM (4 uM;
Invitrogen) in DRG culture medium for 30 minutes at 37°C. Before use, cells were washed and incubated in calcium imaging buffer for
at least 15 minutes at room temperature as previously described (Oetjen et al., 2017). Images were acquired with alternating 340 nm
and 380 nm excitation wavelengths (F340, F380) using an inverted Nikon Ti-S microscope (Nikon Instruments) with CoolSNAP HQ,
CCD camera (Photometrics) and NIS-elements software (Nikon Instruments). Cells were considered responsive if they demonstrated
a change in fluorescence ratio (340/380) > 15% to baseline.

Basophil-derived factors were collected from OVA-stimulated cultures. Briefly, sort-purified and cultured basophils (6,000-8,000)
were centrifuged for 5 minutes at 400 g at 4°C. Then, supernatants were carefully removed and the remaining basophils were stim-
ulated with 0.25 mg/mL OVA in 200 pL of calcium imaging buffer at 37°C and 5% CO, for one hour. After centrifugation for 20 minutes
at 1000 g at 4°C, supernatants were collected and applied to cultured DRG neurons (100 pL per culture slide) to test for neuronal
activation as indicated by an intracellular calcium influx response. OVA solution (0.25 mg/mL in calcium imaging buffer) or N-met
LTC4 (100 nM; Cayman) was applied by perfusion onto cultured DRG neurons to test for calcium responses. For additional charac-
terization, responsiveness to the following reagents was also assessed: the TRPV1 agonist capsaicin (500 nM; Sigma-Aldrich); the
TRPA1 agonist allyl isothiocyanate (AITC; 100 uM; Sigma-Aldrich); serotonin (5-HT) (200 uM; Sigma-Aldrich); B-alanine (1 mM;
Sigma-Aldrich); and chloroquine (2 mM; Sigma-Aldrich).

Bone marrow transplant

Nay1.8-TdTomato recipients were sublethally X-ray irradiated (950 cGy) using X-RAD 320 (Precision X-Ray). 10 x 10° bone marrow
cells from Mcpt8-Cre-YFP mice were i.v. injected into the recipient mice within 24 hours after radiation. Sulfatrim (sulfamethoxazole/
trimethoprim) was added to the drinking water of the irradiated animals (5mL/200mL) from one day prior to radiation until 1 week post-
radiation and reconstitution. Irradiated mice were used for experimentation 8 weeks following bone marrow transplantation, allowing
for full immune reconstitution. Chimerism was tested 4 weeks after reconstitution by measuring the presence of YFP* cells in the
peripheral blood by flow cytometry.

Two-photon microscopy

In vivo two-photon imaging of cell trafficking was performed as previously described (Wang et al., 2012). Briefly, the right cheeks
of mice were shaved the day prior to imaging. On day 10 of the AD-associated acute itch model, mice were anesthetized with
isoflurane, placed on a warming pad and their right cheeks were secured to the imaging chamber using VetBond (cat
#1469SB, 3 M). Time-lapse imaging was performed pre- and post-challenge with i.d. OVA by using a custom-built dual-laser
video-rate two-photon microscope. To visualize blood vessels, 20 uL of non-targeted Qtracker 655 vascular labels (Invitrogen)
were diluted in 100 pL of PBS and i.v. injected 15-30 minutes before imaging. Qtracker 655-labeled blood vessels and YFP-
labeled basophils were excited by a Chameleon Vision Il Ti:Sapphire laser (Coherent) tuned to 920 nm in Mcpt8-Cre-YFP
mice. Fluorescence emission was detected as red (> 560 nm), green (495-560 nm), and blue (< 495 nm). To assess potential baso-
phil-neuron interactions, YFP-labeled basophils and TdTomato-labeled nerves in bone marrow chimeric mice (Mcpt8-Cre X
Nay1.8-TdTomato) were excited by a Chameleon Vision Il Ti:Sapphire laser (Coherent) tuned to 950 nm. Fluorescence emission
was detected as red (> 540 nm), green (495-540 nm) and blue (< 495 nm). Each plane represents an image of 300 um by 300 um at
0.585 um/pixel. Z stacks were acquired by taking 31 sequential steps at 2 pm spacing. Image reconstruction and multidimensional
rendering were performed with Imaris (Bitplane). Cell track datasets were generated in Imaris using automated spot tracking and
analyzed in MotilityLab (2Ptrack.net). In cases where motion artifacts induced z-plane tracking errors, cells were manually tracked
using an orthogonal perspective in Imaris. To identify interactions between basophils and nerves, we inferred cell-cell contacts first
by looking for evidence that the cells made apparent contacts with nerves in 3D rendered images. We then digitally zoomed into
apparent contact regions and rotated them in 3D to confirm that green pixels (basophils) and red pixels (nerves) were in direct
apposition. This was performed frame by frame in the videos to measure basophil-nerve interaction durations. The caveat to
this approach is that we can only infer cell-cell interactions due to the limits of our image resolution, which is 0.585 pum in X
and Y, and 2 um in the Z-dimension. The interaction duration was then normalized to cell number by dividing the sum of apparent
contact durations by the number of cells in each image.
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Preparation and intracisternal injection of siRNA

We performed CysLTR2 siRNA knockdown in vivo by delivering siRNA using intracisternal (i.c.) injection as previously described (Li
etal., 2019; Liu et al., 2011). The napes of the mice were shaved 2 days prior to the i.c. treatment. RVG-9R trifluoroacetate salt (BE-
CHEM) was dissolved with 10% glucose (Fisher Scientific) to reach the concentration of 1.45 pug/ulL. Meanwhile, SiGENOME non-tar-
geting siRNA control pools (Horizon) or sSiIGENOME mouse CysLTR2 siRNA (Horizon) was dissolved with nuclease free water (Thermo
Scientific) to reach the final concentration of 1 pg/pL. Before injection, 5 pL of RVG-9R (1.45 pg/ul in 10% glucose) was mixed with
5 uL of siRNA (1 pg/uL in nuclease free water) and incubated at room temperature for 15 minutes. To deliver the RVG-9R + siRNA
mixture, adult WT mice were anesthetized with 2% isoflurane and then the mixture of RVG-9R and siRNA (10 pL) was injected slowly
into the cisterna magna daily from day 7 to day 9 of the AD-associated acute itch flare model. On experimental day 10, trigeminal
ganglia were dissected and stained for CysLTR2 to validate the knockdown effect.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normally distributed group data were expressed as mean + standard deviation (SD) and statistical significance was determined using
the two-tailed Student’s t test. If data were not normally distributed, median (interquartile range) was used and statistical significance
was determined using the Wilcoxon—-Mann-Whitney nonparametric test. For tests with multiple comparisons, the Two-way ANOVA
test was used. Differences of incidence rate between two groups were compared by Chi-square test or Fisher’s exact test when total
N assessed in the contingency tables was less than 40 or when the expected frequency of one or more cells was less than 5. Data
from independent experiments were pooled when possible or represent at least two independent replicates. Sample sizes were cho-
sen based on pilot experiments to accurately detect statistical significance as well as considering technical feasibility, resource avail-
ability, and ethical animal and sample use. No samples or animals subjected to successful procedures and/or treatments were
excluded from analysis. Statistical details can be found in figure legends. All statistical tests were conducted with GraphPad Prism
8. Significance is labeled as: ***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05, N.S., Not Significant.
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Figure S1. Allergen-provoked itch is dependent on mast cells and histamine in the steady state and becomes mast cell-independent in AD-
like disease, related to Figure 1

(A) Schematic of allergen sensitization in the AD-associated acute itch flare model. Wild-type (WT) mice received daily topical treatment with calcipotriol
(MC903) + ovalbumin (OVA) to bilateral ears from day 0 to day 9.

(B) Ear thickness (percent change from baseline) of vehicle ethanol (EtOH) control + OVA-treated and MC903 + OVA-treated WT mice from day Oto day 10.n=12—
13 mice per group. ***p < 0.0001 by two-way ANOVA test.

(C) Representative clinical images (left) and H&E histopathology images (right) of lesional ear skin from EtOH control + OVA-treated and MC903 + OVA-treated WT
mice on day 10 of the AD-like disease model. Scale bar = 50 um.

(D) Schematic of naive mice that received intravenous (i.v.) injection of anti-OVA IgE antibody (passive sensitization) on day 0 and day 1 followed by intradermal
(i.d.) OVA challenge into cheek and assessment of scratching behavior on day 2.

(E) Number of scratching bouts following i.d. OVA challenge in WT mice that were pretreated with i.v. phosphate-buffered saline (PBS) control or i.v. anti-OVA IgE
antibody. n = 5-6 mice per group. **p < 0.01 by unpaired Student’s t test.

(F) Number of scratching bouts following i.d. OVA challenge in sensitized (i.v. anti-OVA IgE antibodly) littermate control and mast cell-deficient Sash~'~ mice. n =
5-6 mice per group. ****p < 0.0001 by unpaired Student’s t test.

(G) Number of scratching bouts following i.d. OVA challenge in sensitized (i.v. anti-OVA IgE antibody) WT mice that were pretreated with vehicle or antihistamines
olopatadine (OLP, 3 mg/kg; intraperitoneal) and JNJ7777120 (JNJ, 20 mg/kg; subcutaneous injection into the nape) 30 minutes prior toi.d. OVA challenge. n=4-5
mice per group. *p < 0.05 by unpaired Student’s t test.

(legend continued on next page)
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(H) Schematic of acute itch flares in the passive sensitization model in AD-like disease. Naive mice were topically treated with MC903 on the ear skin from day 0 to
day 9 and received i.v. injection of PBS control or anti-OVA IgE antibody on day 8 and day 9. On day 10, i.d. injection of OVA was administered into non-lesional
cheek skin of mice. Chronic spontaneous itch and acute itch flares were recorded prior to and following i.d. OVA challenge on day 10, respectively.

(I) Number of scratching bouts prior to i.d. OVA challenge (chronic spontaneous itch; left) and following i.d. OVA challenge (acute itch flares; right) in unsensitized
(i.v. PBS) and sensitized (i.v. anti-OVA IgE antibody) WT mice with AD-like disease. n = 4-5 mice per group. N.S., not significant, **p < 0.01 by unpaired Student’s
t test.

(J) Number of scratching bouts prior to i.d. OVA challenge (chronic spontaneous itch; left) and following i.d. OVA challenge (acute itch flares; right) in sensitized (i.v.
anti-OVA IgE antibody) littermate control and mast cell-deficient Sash™/~ mice with AD-like disease. n = 6 mice per group. N.S., not significant by unpaired
Student’s t test.

Data are represented as mean + SD.
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Figure S2. Circulating basophils acquire a distinct phenotype early and sustainably in mice with AD-like disease, related to Figure 2

(A) Schematic of the AD-like disease model. Topical vehicle EtOH control or MC903 was applied to bilateral ear skin of WT mice from day 0 to day 9. Blood
basophils from WT mice were assessed for phenotypic alterations on day 2, day 4, and day 6 of the AD-like disease model.

(B and C) CD200R (B) and FceRlo/IgE (C) expression measured by mean fluorescence intensity (MFI) on blood basophils in EtOH- or MC903-treated WT mice on
day 2, day 4, and day 6 of the AD-like disease model. n = 3-5 mice per group. Data are represented as mean + SD. N.S., not significant, *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001 by unpaired Student’s t test.



- ¢ CelPress Cell

A B
Pharmacologic Basophil Depletion Genetic Basophil Depletion
Serum OVA-Specific IgE Chronic Spontaneous ltch Serum OVA-Specific IgE Chronic Spontaneous ltch
20 N.S. 400 N.S. 3.0 N.S. 300 N.S.

Bouts per 30 min
N
o
o
Bouts per 30 min
@
o

0 0 0-—— T 0= QL
N ok 5)
x© O X O
& o & €
il &
Cc D E F
Systemic Sensitization WT Mast Cell Deficiency Basophil Deficiency
in the Absence of AD-Like Disease 250
hkkk 250 kkkk 400 N.S.
No Itch Acute ltch c c c
Day 0 & Day 9 Day 13 € IS S
ﬁ ip.Alum +OVA G id.OVA = S 8 M @
U ™ sensttized 26" Challenge N o g125 8125 g
2 2 2
Naive 3 3 3
m o [ ] m
o o
0 4 0
& o &
@ © o <P
vx\) ?3\)
G H |
Systemic Sensitization in AD-Like Disease Mast Cell Deficiency Basophil Deficiency
. Chronic Spontaneous ltch Acute ltch Flare Chronic Spontaneous ltch Acute Itch Flare
Chronic Acute
Spontaneous Itch Flare 500 N.S. 500 N.S. 500 N.S. 500 *
ADay 0&Day9 ltch c c c -
A i.p. Alum + OVA Day 13 € € € €
ﬁ Day 3-12 MC903 _i.d. OVA : =3 o = Q
S ————— _— . (2 2] © 5ed
S 48 Sensitized Challenge 2 250 31;)_250 g’_ 250 E
. k2] %] [7) %)
Naive > ’—'I:-‘ 5 5 5
o o o o
«© & ‘\x\"\ 5\\ \\0
o o S Oo(‘ (\@
&
J K
OVA Calcium Imaging Responsive Neurons
15+
= % CAP @l 60 *kkk
o
X 0 ]
> 5 ia
2 3
9] z
£ ® 307
o 14
o [a)
=} Y
[ [$]
N

0-

Time (s)

Figure S3. Basophils are dispensable for chronic spontaneous itch but are required for acute itch flares in AD-like disease, related to Figure 4
(A) ELISA quantification of serum OVA-specific IgE (left) and assessment of chronic spontaneous itch (right) in isotype- or anti-CD200R3 monoclonal antibody-
administered WT mice on day 10 of the AD-associated acute itch flare model. Scratching behavior was recorded prior to i.d. OVA challenge for chronic
spontaneous itch assessment. n = 8-10 mice per group. N.S., not significant by unpaired Student’s t test.
(B) ELISA quantification of serum OVA-specific IgE (left) and assessment of chronic spontaneous itch (right) in littermate control and basophil-depleted Bas-
TRECK mice on day 10 of the AD-associated acute itch flare model. To quantify chronic spontaneous itch bouts, scratching behavior was recorded prior to i.d.
OVA challenge. n = 9-10 mice per group. N.S., not significant by unpaired Student’s t test.

(legend continued on next page)
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(C) Schematic of Imject Alum (alum) and OVA systemic sensitization model. Naive WT mice received intraperitoneal (i.p.) injection of adjuvant alum and OVA
mixture on day 0 and day 9 followed by i.d. OVA challenge into cheek skin and assessment of scratching behavior on day 13.

(D) Number of scratching bouts following i.d. OVA challenge in unsensitized (i.p. alum + PBS) or sensitized (i.p. alum + OVA) WT mice. n = 3-4 mice per group.
****p < 0.0001 by unpaired Student’s t test.

(E) Number of scratching bouts following i.d. OVA challenge in sensitized (i.p. alum + OVA) littermate control and mast cell-deficient Sash ™~ mice. n = 4-6 mice
per group. ***p < 0.0001 by unpaired Student’s t test.

(F) Number of scratching bouts following i.d. OVA challenge in sensitized (i.p. alum + OVA) littermate control and basophil-depleted Bas-TRECK mice. n = 4-7
mice per group. N.S., not significant by unpaired Student’s t test.

(G) Schematic of acute itch flares in the i.p. alum + OVA systemic sensitization model in the context of AD-like disease. Naive mice received i.p. alum + OVA on day
0 and day 9. From day 3 to day 12, mice were topically treated with MC903 on the ear skin followed by an i.d. injection of OVA into non-lesional cheek skin on day
13. Chronic spontaneous itch and acute itch flares were recorded prior to and following i.d. OVA challenge on day 13, respectively.

(H) Number of scratching bouts prior to i.d. OVA challenge (chronic spontaneous itch; left) and following i.d. OVA challenge (acute itch flares; right) in littermate
control and mast cell-deficient Sash ™~ mice sensitized with i.p. alum + OVA in the context of AD-like disease on day 13. n = 3-4 mice per group. N.S., not
significant by unpaired Student’s t test.

(I) Number of scratching bouts prior to i.d. OVA challenge (chronic spontaneous itch; left) and following i.d. OVA challenge (acute itch flares; right) in littermate
control and basophil-depleted Bas-TRECK mice sensitized with i.p. alum + OVA in the context of AD-like disease on day 13. n = 4-10 mice per group. N.S., not
significant, *p < 0.05 by unpaired Student’s t test.

(J) Representative calcium traces of mouse dorsal root ganglia (DRG) responses to OVA. Calcium responses were measured by fluorescence (Fluor.) intensity
(488 nm). Neurons isolated from PirtéaMP3/+ mice were sequentially stimulated with OVA (0.25 mg/mL in calcium imaging buffer), capsaicin (CAP, 500 nM), and
KCI (50 mM). Each color trace represents one neuron.

(K) Percentage (%) of OVA-responsive and capsaicin-responsive neurons out of all KCI-responsive neurons. Each data point represents the percent of responsive
neurons from one individual Pirt®“2“P3* mouse. n = 4 mice (> 200 neurons each). ****p < 0.0001 by paired Student’s t test.

Data are represented as mean + SD.
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Figure S4. Leukotriene disruption does not affect OVA-specific IgE levels or chronic spontaneous itch, related to Figure 5

(A) ELISA quantification of serum OVA-specific IgE levels in littermate control and Alox5~'~ mice on day 10 of the AD-associated acute itch flare model. n = 5-7
mice per group.

(B) Assessment of chronic spontaneous itch prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-
administered vehicle or zileuton (50 mg/kg; gavage) 60 minutes prior to chronic spontaneous itch assessment (left). Assessment of chronic spontaneous itch prior
to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in littermate control and Alox5~/~ mice (right). n = 4-8 mice per group.

Data are represented as mean + SD. N.S., not significant by unpaired Student’s t test.
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Figure S5. N-met LTC4 activates a subpopulation of itch-specific NP3 neurons, related to Figure 7
(A) Expression of selected genes in mouse DRG neuron populations NP1, NP2, NP3, PEP1 and PEP2 based on single cell RNA-sequencing data. Pruriceptor

populations are considered to be NP1, NP2, and NP3, while nociceptors are considered to primarily be in PEP1 and PEP2 population. Full database is available in

Usoskin et al. (2015).

(B) Percentage (%) of mouse DRG neurons isolated from Pirt®©@F%+ calcium reporter mice that are responsive to N-methyl leukotriene C4 (N-met LTC4, 100 nM),
B-alanine (1 mM), chloroquine (CQ, 2 mM), and serotonin (5-HT, 200 uM) out of all KCI-responsive neurons. Each data point represents the percent of neurons that
were responsive to a stimulant in an individual mouse. n = 3 mice (> 200 neurons each). Data are represented as mean + SD.

(C) Representative Venn diagram depicting the overlapping responses of mouse DRG neurons to stimulation with N-met LTC4 (100 nM), p-alanine (1 mM), CQ

(2 mM), 5-HT (200 M), and capsaicin (CAP, 500nM). n > 200 neurons for each test from a Pirt®caP3/+ mouse.
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Figure S6. Chronic spontaneous itch is not affected by CysLTR2 inhibition and pharmacologic inhibition of CysLTR1 or LTB4 does not
reduce acute itch flares in AD-like disease, related to Figure 7

(A) Assessment of chronic spontaneous itch prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-
administered vehicle or the CysLTR2 antagonist HAMI3379 (HAMI, 0.4 mg/kg; i.p.) on day 9 (two doses) and day 10 (1 dose, 60 minutes prior to chronic
spontaneous itch assessment). n = 5-6 mice per group.

(B) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or the LTB4 receptor inhibitor CP-105,696 (3 mg/kg; gavage) 60 minutes prior to i.d. OVA challenge. n = 4-5 mice per group.

(C) Number of scratching bouts following i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pre-administered vehicle
or the CysLTR1 antagonist zafirlukast (10 mg/kg; gavage) on day 9 (two doses) and day 10 (1 dose, 60 minutes prior to i.d. OVA challenge). n = 4-5 mice per group.
(D) Assessment of chronic spontaneous itch prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT mice that were pretreated with
i.c. injections of control siRNA or CysLTR2 siRNA. n = 5 mice per group.

Data are represented as mean + SD. N.S., not significant by unpaired Student’s t test.
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Figure S7. Deletion of TRPV1 or TRPA1 does not reduce N-met LTC4-induced acute itch and compound deletion of TRPV1 and TRPA1 does
not affect chronic spontaneous itch associated with AD, related to Figure 7

(A) Number of scratching bouts following i.d. injection of N-met LTC4 (0.75 pg) in naive littermate control and Trov?~~ mice. n = 6 mice per group.

(B) Number of scratching bouts following i.d. injection of N-met LTC4 (0.75 pg) in naive littermate control mice and Trpal~’~ mice. n = 4-5 mice per group.
(C) Assessment of chronic spontaneous itch prior to i.d. OVA challenge on day 10 of the AD-associated acute itch flare model in WT and compound Trpv1
Trpal~~ mice. n = 5-7 mice per group.

Data are represented as mean + SD. N.S., not significant by unpaired Student’s t test.
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