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Capsule Summary

This study discovered a novel neuro-epidermal BNRV3-Serpin E1-mediated pathway in
severe atopic dermatitis (AD). Serpin E1 was idaatias a new itch-inducer. We propose

this pathway represents an important target fotréegment of AD.
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To the Editor:

Chronic pruritus (itch) is a widespread and dedtilitg condition, associated with
dermatological, systemic, neuropathic, or psychageisorders. The pathophysiological
mechanisms underpinning the transduction and patemnt of this refractory pruritus remain
unclear. Current therapeutics are largely ineffectiThus, we aim to address this gap in
knowledge, specifically focusing on clinically reént intercellular communication in human
skin cells, murine models of acute and chronic,itand samples from human atopic

dermatitis (AD) and psoriasis (PS).

In conditions of chronic dermatological itch, stah AD and PS, certain members of
the transient receptor potential (TRP) ion charsuglerfamily play an important role in the
propagation of itch signalling. TRPV3 is a calcip@meable cation channel which is
abundantly expressed in epidermal keratinocytessfKCRPV3 detects warm temperatures
(> 33°C), is gated by a wide range of chemical slimand plays an essential role in skin
homeostasis and repair. Heat-induced activatiohnRi®V3 stimulates the release of a potent
itch-inducer, thymic stromal lymphopoietin (TSLEjom cultured murine KC8.In mice,
intradermal injection of carvacrol, a TRPV3 agondicits scratching behaviours. Gain-of-
function mutations in TRPV3 have been confirmedOimsted Syndrome, a rare pruritic
genodermatosis in humahsand induce AD-like inflammation in rodents. TRP\8
upregulated in the skin of patients with AMespite this, much remains unknown about the

clinical relevance of TRPV3-linked pathways in humakermatitis and pruritus.

Herein, real-time PCR (RT-PCR) was used to quaftiRpV3 expression in the skin
of the AD-like PAR2 (protease-activated receptoo2drexpressing mouse (GrhI3PAR2
TRPV3 transcripts were significantly increasedeisidnal GrhI3PAR? skin vs. age-matched
wild-type (WT) controls [ig. 1A). Moreover, relative TRPV3 levels were signifidgnt
higher in lesional GrhI3PAR2compared to nonlesional GrhI3PARZFig. 1A), suggesting
that TRPV3 expression is associated with the sgvetidermatitis.

Human skin samples were then examined to evalbatelinical relevance of these
murine findings. Specimens were collected fromeguati with AD, both lesional (LAD) and
nonlesional (NLAD), from patients with PS, bothitesal (LPS) and nonlesional (NLPS),
and from healthy controls (HC). All were analysed RNA-seq, with data indicating the
mean change in transcript level relative to HC.LWWD samples, TRPV3 was the only

member of the TRPV family to be upregulated, witinscripts showing greater than a 2-fold
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increase over HC level&ig. 1B). Similar to our murine model, this upregulatioasnabsent
in NLAD skin (Fig. 1C). TRPVS3 transcripts were also increased in MBHC, but not in
NLPSvs.HC (Fig. 1D). No significant difference was detected in thePM3 transcription
level in LAD vs. LPS (Fig. 1E). Furthermore, immunohistochemical evaluation &DL
samples showed high levels of TRPV3 protein, rengad striking increase when compared
with HC (Fig. 1F). Importantly, this upregulation was primarily #ised to the KC layer.
Similarly, a recent report described enhanced TRPMBunosignal in LPS skihTogether,
these findings provide a clear link between TRP¥@ression and lesional atopic dermatitis

and psoriasis.

Previous reports from our group demonstrated thmormance of the neuropeptide B-
type natriuretic peptide (BNP) in IL-31-induced ARin inflammatior? ® building on earlier
evidence of its role in itch transmissidms both NPR1 and NPR2 are expressed on human
keratinocytes; ® we postulated that BNP may modify TRPV3 expressipmctivity. First,
cultured primary human KCs (phKCs) were stimulat@th BNP, Substance P (SP), or
Calcitonin Gene-Related Peptide (CGRP) (all at J).uNRPV3 transcripts were measured by
RT-PCR. Only BNP resulted in a significant increaselRPV3 mRNA levels Kig. 1G),
suggesting that this AD-linked neuropeptide mayresgponsible for the upregulation of
TRPV3 evident in our murine and human dermatitiadas.

Calcium imaging was then used to investigate if Bdld affect the functional
activity of the TRPV3 cation channel. Here, phKCsreav stimulated with one of two
concentrations of drofenine (250 uM or 500 uM)pacsfic and potent activator of TRPVS3,
and the resulting calcium dynamics were recordadaddition, a subset of phKCs were
preincubated with BNP (1 uM; 4 h) prior to stimudat with the lower concentration of
drofenine (250 uM)Kig. 1H). The check time point (4 h) was chosen based pre@ous
study showing that in keratinocytes the TRPV3 gaiitsi was altered by TGk treatment at
3-5 h® Both concentrations of drofenine resulted in nletatalcium fluctuationsFig. 1I;
representative traces). BNP pre-treatment sigmfigaenhanced the drofenine-induced (250
KM) calcium flux, as indicated by the area underdbrve (AUC) Fig. 1J). When expressed
as peak calcium fluctuation @FO)nay VS. the time at which this peak was reached
(Timenay, drofenine-responsive phKCs were found to clusiato two distinct
subpopulationsKig. 1K and 1L) (rapid and slow, with rapid responders foundha grey
shaded ared&ig. 1L). Importantly, preincubation with BNP resultedarstriking increase in

the percentage of rapid responders following droferi250 uM) applicationHig. 1K and
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Fig. 1L). It is postulated that this subset of phKCs espit@igh levels of TRPV3. A separate
experiment found that stimulation with BNP alonsuiéed in calcium fluctuations in just a
small population (0.8%) of phKCs, with respondeasplhying low amplitude transientBig.

1M). Together, these data demonstrate that BNP camease TRPV3-associated calcium
responses, perhaps through sensitisation or u@ggulof the TRPV3 channel on the cell

surface.

Although keratinocyte-derived mediators are knowrfdcilitate dermatitis, little is
known about TRPV3-induced intercellular communmatiTo address this, phKC-expressed
TRPV3 was activated with drofenine (500 uM) andesnptant was analysed by cytokine
array. Both Serpin E1 and T@Rvere found to be significantly increased, ~1.8 a@dold,
respectively Fig. 2A). To confirm that drofenine induced pharmacolobieffects is
mediated by TRPV3, we performed the experiment maickdown (KD) of TRPV3 using
shRNA lentivirus. The latter reduced TRPV3 exprasdy ~75% in phKCs compared to the
non-targeted control virus treated cells (5&g EL1 in this article’s Online Repository). KD
of TRPV3 reduced drofenine-elicited Serpin E1 re¢efig. 2B) and the calcium transients,
as well as the number of cells responding to dintenFig. 2C), indicating that the
drofenine-induced responses in phKCs were mediayedRPV3. In addition, Serpin E1
release was found to be facilitated by a specH®NARE protein, namely vesicle associated
membrane protein isoform 3 (VAMP3). Following tatepk ShRNA-mediated knockdown of
VAMP3 in phKCs (~90%) (se&ig. E2A in this article’s Online Repository), drofenine-
induced Serpin E1 release was reduced by ~62% KggeE2B in this article’s Online
Repository). In contrast, TGFrelease was not significantly altered ($@g. E2B in this
article’s Online Repository), suggesting that Sergl, but not TGk, is released via
exocytotic vesicles. These data reveal a previousknown intercellular pathway, mediated

in part by VAMP3-dependent exocytosis.

To investigate whether these TRPV3-linked mediatars involved in human
dermatitis, we analysed Serpin E1 and @G@Gfnscripts in AD and PS skin by RNA-seq.
Interestingly, Serpin E1 was found to be signifitaopregulated in LADvs. HC, showing a
striking 5.3-fold increase, whereas, Tésfevels were not significantly different from HC
(Fig. 2D). Conversely, TG&, but not Serpin E1, was significantly increased LIRS
compared to both HC and NLPBEig. 2E). Notably, a 4-fold higher expression of Serpin E1
was observed in LADs. LPS Fig. 2F). Immunohistochemical evaluation of HC and LAD
skin revealed high levels of Serpin E1 (red) protei LAD, but not HC skinKig. 2G, left



132
133
134
135
136
137

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159
160
161
162
163

panel). The mean fluorescence intensity of SerdinirELAD is greater than that of HC,
revealed by analysis of regions of interest enc@sipg the epidermis of the skiRi§. 2G,
right panel). Importantly, Serpin E1 expression wasarily localised to the KC layer. Thus,
TRPV3-linked mediators Serpin E1 and T&G&re differentially involved in human AD and
PS, representing important disease-specific patewbggether, these results strengthen the

notion that TRPV3 and its downstream mediatorsraq@lved in human dermatitis.

Serpin E1 is primarily classified as an inhibitdrfibrinolysis. The findings presented
herein describe a correlation between Serpin Eiesspn and dermatitis. However, whether
Serpin E1 could act as a pruritogen (itch-inducemained unknown. Firstly, the effect of
Serpin E1 on mouse dorsal root ganglionic neuro@3RGs) was analysed by using calcium
imaging. A total of ~5.3% mDRGs were activated leyd E1, showing that Serpin E1 can
directly activate a subpopulation of sensory nesirfing. 2H). In a mouse cheek model of
itch, intradermal injection of Serpin E1 eliciteidrsficant site-directed scratching behaviour
(Fig. 21), with average scratching bouts peaking at 15 tes§ig. 2J). As a support to
Serpin E1 effect on cheek sensory transmission, vEb&ptor (U-PAR), known to bind
Serpin E2® is present in cultured mouse trigeminal gangliorécrons (TGNs) (sefeig. E3
in this article’s Online Repository). In contraSerpin E1 did not induce wipingrig. 2K), a
behaviour that reflects pain associated respossggesting that it may represent a novel and
specific itch-inducer. Of note, a selective, oradlgtive inhibitor of Serpin E1 (TM5275)
attenuated Serpin El-elicited cheek scratchifig. (2L). Moreover, in a prolonged AD-like
MC903-induced chronic pruritus mouse model whidjumees 7 days and longer for pruritus
to be established, TM5275 also inhibited MC903-eebkch behaviours at day Big. 2M).
Thus, Serpin E1 represents a novel pruritogen cerand may promote dermatitis-associated

pruritus in humans.

Overall, this study provides a clear link betwed®PV3 and dermatitisHg. 2N). In
AD conditions, IL-31 induces BNP synthesis and as& from sensory neuronsBNP
subsequently binds to NPR1 on KCs to upregulateViRiPanscripts. This could increase the
surface expression of TRPV3, resulting in heighteMBPV3 activity and increased Serpin
E1l release. Serpin E1 activates sensory fibersarskin and promotes itch transduction. Our
work reveals a disease-relevant neuro-epidermdiwaat for TRPV3 upregulation and
sensitisation. It also highlights the role of TRPMked mediators in human dermatitis and

pruritus, with Serpin E1 representing a novel itatiacer Fig. 2N). Based on these results,
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we believe that targeting TRPV3 signalling will peobeneficial for the treatment of chronic

itch conditions.

Ciara Larkin, BSt
Weiwei Chen MSt
Imre Lérinc Szabé MD, Phb
Chunxu Shan, PHD
Zsolt Dajnoki PhD
Andrea Szegedi MD, PKD
Timo Buhl MDY
Yuanyuan Fan PhD
Sandra O'Neill PhD
Dermot Walls PhD
Wenke Cheng B%c
Song Xiao BSc
Jiafu Wang PhB"t
Jianghui Meng PhBPt
From ®School of Biotechnology, Faculty of Science and IHeaDublin City University,
Glasnevin, Dublin 9, Ireland’School of Life Sciences, Henan University, China,
‘Department of Dermatology, Faculty of Medicine, ity of Debrecen, Hungary,
YDepartment of Dermatology, Venereology and Alleogy, University Medical Centre
Gottingen, Germany. E-mail: jianghui.meng@dcu.ié gafu.wang@dcu.ie.

* Shared first authors.

t Corresponding authors.

References

1. Weidinger S, Beck LA, Bieber T, Kabashima K, and Irvine AD. Atopic dermatitis. Nat Rev Dis
Primers. 2018;4:1.

2. Yamamoto-Kasai E, Yasui K, Shichijo M, Sakata T, and Yoshioka T. Impact of TRPV3 on the
development of allergic dermatitis as a dendritic cell modulator. Exp Dermatol. 2013;22:820-
4,



195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

212

213

214
215
216
217
218
219
220
221
222
223
224
225
226
227

228
229
230
231
232

3. Lin Z, Chen Q, Lee M, Cao X, Zhang J, Ma D, et al. Exome sequencing reveals mutations in
TRPV3 as a cause of Olmsted syndrome. American journal of human genetics. 2012;90:558-
64.

4, Seo SH, Kim S, Kim SE, Chung S, and Lee SE. Enhanced Thermal Sensitivity of TRPV3 in
Keratinocytes Underlies Heat-Induced Pruritogen Release and Pruritus in Atopic Dermatitis. J
Invest Dermatol. 2020:doi: 10.1016/].jid.2020.02.028.

5. Meng J, Moriyama M, Feld M, Buddenkotte J, Buhl T, Szollosi A, et al. New mechanism
underlying IL-31-induced atopic dermatitis. J Allergy Clin Immunol. 2018;141:1677-89.
6. Meng J, Wang J, Buddenkotte J, Buhl T, and Steinhoff M. Role of SNAREs in the Atopic

Dermatitis-related Cytokine Secretion and Skin-Nerve Communication. J Invest Dermatol.
2019;139:2324-33.

7. Mishra SK, and Hoon MA. The cells and circuitry for itch responses in mice. Science.
2013;340:968-71.

8. Cheng X, Jin J, Hu L, Shen D, Dong XP, Samie MA, et al. TRP channel regulates EGFR signaling
in hair morphogenesis and skin barrier formation. Cell. 2010;141:331-43.

9. Siconolfi LB, and Seeds NW. Induction of the plasminogen activator system accompanies

peripheral nerve regeneration after sciatic nerve crush. J Neurosci. 2001;21:4336-47.

Figurelegends

Figure 1. TRPV3 expression in skin is correlated with disease severity and BNP
enhances TRPV3 activity. A, Fold change (FCH) of TRPV3 mRNA expression indasi
and nonlesional GrhI3PAR?256kin vs. WT. B, FCH of TRPV family expression in human
skin of LAD vs.HC. C-D, FCH of TRPV3 expression in human LAD and NLAQ), LPS
and NLPS D). All relative to HC.E, Comparison of TRPV3 transcript level in LRS LAD.

F, Representative immuno-staining of TRPV3 (greethuman LAD and HC skin. Scale =
20 um. G, FCH of TRPV3 mRNA expressiowns. control in phKCs.H-L, Effect of BNP
pretreatment on TRPV3 channel activity in phKCspé&rkmental designH); Representative
traces (Timevs. FA/FO) following Drofenine (Drof.) stimulation (+ BNPretreatment)I{;
Area under the curve (AUC) analysiy;(Temporal subpopulation analysis)( Timenax VS.
(FA/FO)nax, each dot representing the response profile ofimgles phKC (). M,
Representative traces following BNP stimulation aegponder analysis. DataAn G, J are
mean + SEM (= 3); ns, not significanf,P < 0.05,"P < 0.01, and” P < .001; student t-test
(A, G) or ANOVA (J).

Figure 2. Serpin E1 is released from keratinocytes following TRPV3 activation, is
upregulated in LAD, promotes acute itch-like behaviour in mice and is involved in
chronic scratching in the MC903-induced AD model. A, FCH of mediator release
following Drof. (500 puM; 1h) applicatioms. vehicle-treated phKC®8, C, Effect of TRPV3
knockdown on Drof.-evoked Serpin E1 releaBE @nd calcium transient€}. D-F, FCH of
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Serpin E1 and TGkexpression in human LARs. HC or NLAD (D); LPSvs.HC or NLPS
(E); and LADvs.LPS (F). G, Immuno-staining of Serpin E1 (red) in LAD and I8kin, and
analysis of epidermal fluorescence intensigale = 10Qum. H, Traces following Serpin E1
stimulation of mMDRGs and responder analysiK., Effect of intradermal injection of vehicle
or Serpin E1 in mice; Scratching bout$; (Time-course of itch-like responsé);( Wiping
behaviour K). L-M, Effect of vehicle or TM5275 on Serpin El-elicitectatching L) and
MC903-induced chronic itchM). N, A model for TRPV3-mediated itch and sensitisaiion
AD. Data inA, B, I-M are means + SEMSs (g 3); ns, not significan{,P < 0.05, P < 0.01,
and” P < .001; student t-test.
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