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Abstract

Specialized pro-resolving mediators (SPMs) have afetnated potent analgesic actions in animal
models of pathological pain. The actions of SPMsadute and chronic itch are currently unknown.
Recently, n-3 docosapentaenoic acid (DPA) was fdorok a substrate for the biosynthesis of several
novel families of SPMs; 3-oxa-PR1 ppa (3-0xa-PD1) is an oxidation-resistant metaboliabkt
analogue of the n-3 DPA-derived protectin D1 (PDHerein, we demonstrate that 3-oxa-PD1
effectively reduces both acute and chronic itchmiouse models. Intrathecal injection of 3-oxa-PD1
(100 ng) reduced acute itch induced by either mista, chloroquine, or morphine. Furthermore,
intrathecal 3-oxa-PD1 effectively reduced chrotot induced by cutaneous T cell lymphoma (CTCL),
allergic contact dermatitis with dinitrofluorobemzs and psoriasis by imiquimod. Intratumoral ingct

of 3-oxa-PD1 also suppressed CTCL-induced chrdoit Strikingly, this anti-pruritic effect lastedrf
several weeks after 1-week of intrathecal 3-oxa-RE®htment. Whole-cell recordings revealed
significant increase in excitatory postsynapticrents in spinal dorsal horn (SDH) neurons of CTCL
mice, but this increase was blocked by 3-oxa-PBdx&PD1 further increased inhibitory postsynaptic
currents in SDH neurons of CTCL mice. CTCL increbfiee spinal levels of lipocalin-2 (LCNZ2), an
itch mediator produced by astrocytes. 3-oxa-PDlpsegsed LCN2 production in CTCL mice and
LCNZ2 secretion in astrocytes. Finally, CTCL-inducetkiety was alleviated by intrathecal 3-oxa-PD1.

Our findings suggest that 3-oxa-PD1 potently inilsibacute and chronic itch via regulation of



excitatory/inhibitory synaptic transmission andraglial LCN2 production. Therefore, stable SPM

analogs such as 3-oxa-PD1 could be useful to pre@itus associated with different skin injuries.
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1. Introduction

Many human skin diseases are associate with itahjtah and pain are two distinct somatic sensation
sharing similarities [1; 25; 40; 49]. Acute itchrges to protect the human body against harmfuhints
[32], but chronic itch is operated by differentchanisms and share similar mechanisms with chronic
pain [49; 94; 96]. As a result, chronic itch cagngiicantly reduce quality of life, and scratching
paradoxically exacerbates the itch sensation legidira vicious cycle of ‘itch-scratch-itch’ [28; 380].
Although antihistamines are commonly used to tcabnic pruritus, chronic pruritus can be histamine
independent refractory to conventional therapie®; [95]. Despite current progress in treating
inflammatory itch, chronic itch remains an arezafsiderable unmet need [22].

Recent studies have demonstrated that resoluti@euwde inflammation is an active process and
requires the production of specialized pro-resgvmediators (SPMs), which are generated from
omega-3 polyunsaturated fatty acids during theluéiso phase of inflammation and play a criticalero
in the resolution physiology [18; 70]. SPMs arepgidly expanding family of molecules that are dedv
from -3 eicosapentaenoic acid (EPA) and docosahexaamiic(DHA); they include the resolvins,

protectins/neuroprotectins (e.g., PD1/NPD1) andesias [18] Fig. 1). Thanks to the elucidation of



biosynthetic pathways of SPMs including protectarsl their complete structures [5; 72], synthetic
SPMs are now commercially available and have bested in a wide range of animal models of human
diseases. The synthetic SPMs exert strong protecgainst diseases in animal models of arthritis,
infection, sepsis, and cancer, kidney injury, adzh8imer’s diseases/cognitive decline [18; 54; &&d
exhibit pro-resolving and anti-inflammatory propest [83]. In particular, synthetic SPMs have also
been shown to potently reduce inflammatory, postipes, and neuropathic pain [3; 35; 86; 87; 91]; 92
as well as cancer pain [36; 93]. At this point, gmential roles of SPMs.in acute and chronic aoh
not known [33] and thus a goal of our present study

Recently, n-3 docosapentaenoic acid (n-3 DPA) wasd to be a substrate for the biosynthesis
of several novel families of SPMs [27Hif. 1). One example is protectin R4ppa (PD1y-3 ppa), Which
exhibits potent anti-inflammatory and pro-resolvipgperties [6; 24; 27]. Recently, we reported the
synthesis of a stable analogue of NPD1, 3-oxanRBBda (denoted 3-oxa-PD1), which could be resistant
to [1-oxidation (Fig. 1) [59]. Intriguingly, 3-oxa-PDlohonly reduced mechanical pain in a diabetic
model but also suppressed itching behavior in argbritch model of cutaneous T cell lymphoma
(CTCL) [59]. However, it is unclear whether 3-oxBPcan control itch in different models with acute
and persistent pruritus. The mechanisms by whiax&PD1 inhibits itch are also unknown. In this
study, we demonstrated that 3-oxa-PD1 can effdgtirghibit acute and chronic itch and further
modulate excitatory and inhibitory neurotransmissio the spinal cord. Furthermore, 3-oxa-PD1
suppressed the production and secretion of LCNR2ominent itch mediator produced by astrocytes [37;

73].



2. Materials and methods

2.1. Animals

C57BL/6J (stock No: 000664) and NOD.CB17-Pikfienice (stock No: 001303) were purchased from
the Jackson Laboratory and maintained at Duke drfexdity in a 12h light/dark cycle at 22 + 1 °C
with access to food and water ad libitum. All thenaal procedures were approved by the Institutional

Animal Care and Use Committees of Duke University.

2.2. Drugs and administration

3-oxa-PD1 was synthesized at the University of 88}. We purchased chloroquine (Cat. 1118000),
2,4-dinitrofluorobenzene (DNFB, Cat. 1118000), dmdtamine (Cat. H7250) from Sigma-Aldrich.
PD1/NPD1 was from Cayman (Cat # 10010390), and hoepsulfate was from WEST-WARD
pharmaceuticals. We injected the pruritic agentstdmine and chloroquine, 50) intradermally with a
28-Gauge needle in the nape (back of the neck)pMoe-induced itch was produced by intrathecal
injection [88]. Intrathecal injection was performéy a lumbar puncture to deliver reagent into
cerebrospinal fluid [29]. A valid spinal punctureasvconfirmed by a brisk tail-flick after the needle
entry into subarachnoid space. Reagents were dexbah PBS as vehicle if not specified. NPD1 and
Oxa-PD1 were dissolved in ethanol and diluted irSPBhe final concentration was 5% ethanol for

intrathecal and intratumor injection.

2.3. Acuteand chronic itch models and behavioral analysis
Acute itch models. Mice (C57BL/6J, 8-12 weeks old, of both sexes)ewbkabituated to the testing

environment daily for two days before analysis. Dhaek of the neck of animals were shaved on the day



before testing. The room temperature and humiditgained stable for all the experiments. Mice were
put in plastic chambers (14 x 18 x 12 cm) on anatédl metal mesh floor and allowed 30 min for
habituation. We intradermally injected 50l of pruritic agents in the nape and video-recorded
scratching behavior for 30 min in the absence of @lbserver. A scratch was counted when a mouse
lifted its hind paw to scratch the shaved regiod esturned the paw to the floor or to the mouth for
licking. Acute itch was evoked by intradermal irfjen of 500 ug of histamine and 20@g of
chloroquine and intrathecal injection of 0.3 nmélnworphine [13; 88]. Spontaneous itch was video-
recorded and assessed blindly.

Cutaneous T cell lymphoma (CTCL) model: Immune deficient mice (NOD.CB17-Prkag 8
weeks old, both sexes) were used to produce xenogealel of CTCL as we previously described [26;
88]. CD4 MyLa cell line was purchased from Sigma (Cat# 98E) for mouse inoculation. Myla
cells were grown on RPMI medium (Gibco) with 10%tan plasma and inclusion of IL-2 and IL-4 for
7 days. CTCL was generated via intradermal injecibCD4 Myla cells (1 x 10 cells in 100ul) on
the nape under 2% isoflurane anesthesia [26]. Theching behavior was video recorded for 60 min
using Sony HDR-CX610 camera. The video was subselyuplayed back offline and the number of
scratches in every 60 min was counted blindly. l¢e aneasured tumor size by a digital caliper and
calculated the volume using the equation: tumoumal = (short diametér long diameter / 2.

DNFEB-induced allergic contact dermatitis model. Mice (C57BL/6J, 8-12 weeks old, both sexes)
were used. We generated the allergic contact deisnatodel of chronic itch by applying the hapten
DNFB onto the back skin as we previously descripeti 88]. DNFB was dissolved in a mixture of
acetone:olive oil (4:1). The surface of the napes whaved 1 day before sensitization. Mice were

sensitized with 5L 0.5% DNFB solution by topical application to @@ area of shaved neck skin. 5



days later, mice were challenged with 800.25% DNFB solution by painting the nape, thendasy 5,
7, and 10. Spontaneous scratching behaviors wdemyrecorded on day 10 for 1 hour.

Imiquimod (IMQ)-induced psoriasis model. C57BL/6J mice (8-12 weeks old, both sexes) were
given daily topical application of 62.5 mg of 5%iguimod on the shaved back skin for 4 consecutive

days. The scratching behavior was video-recordéard¢baseline) and after 3-oxa-PD1 treatment.

2.4. Spinal cord dice preparation and patch-clamp recordingsin SDH neurons

As we previously reported [88fnice were anesthetized with urethane (1.5-2.0,d/kg. After a dorsal
laminectomy, the cervico-thoracic segment of thimapcord was removed and placed into the pre-
oxygenated, ice-cold cutting solution (in mM: sisg®@40, NaHC®25, KCI 2.5, NaHPO, 1.25, CaGl
0.5, MgChk 3.5). The mice were then immediately euthanizeddbegapitation. After removal of the
arachnoid membrane, the cervical spinal cord wasepl in an agar block and mounted on a metal stage.
A transverse slice (300—-400 um thick) was cut onbaating microslicer (VT1200s, Leica, Wetzlar,
Germany). Spinal cord slices were incubated fornd@ in artificial cerebrospinal fluid (ACSF)
equilibrated with 95% @and 5% CQ gas mixture. The ACSF contained (in mM): NaCl 1R&| 3,
CaCl 2.5, MgC} 1.3, NaHPO, 1.25, NaHCQ 26, and D-glucose 11. The spinal cord slice wasqul

in a recording chamber and perfused at a flow2ateml/min with ASCF equilibrated with 95%,@nd

5% CQ gas mixture and maintained at room temperatureol®tell patch-clamp recordings were
made from outer lamina Il (llo) neurons with pafupette electrodes having a resistance of 58 M
Lamina Il was identified as a translucent band wradenicroscope (BX51WIF; Olympus) with light
transmitted from below. All experiments were pemfied in voltage-clamp mode. The holding potential
was set to -70 mV when recording of excitatory pgsaptic currents (EPSCs) and 0 mV when

recording of inhibitory postsynaptic currents (IB$Cespectively. The patch pipette solution foSEP



recording contained (in mM): Potassium gluconate, £3aC} 0.5, MgC} 2, KCI 5, EGTA 5, HEPES 5,
ATP-Mg salt 5, and the patch pipette solution 8C recording contained (in mM): Css00, Cadl
0.5, MgCh 2, TEA 5, EGTA 5, HEPES 5, ATP-Mg salt 5. Drugsr&velissolved in ASCF without
alteration of the perfusion rate.

Signals were amplified using an Axopatch 700B afigpliMolecular Devices, San Jose, CA)
and were filtered at 2 kHz and digitized at 5 kBata were collected and analyzed using pClamp 10.3
software (Molecular Devices, San Jose, CA). EPSGsIRSCs were analyzed using Minianalysis ver.
6.0.3 (Synaptosoft, Decatur, GA). For data analysis collected EPSCs and IPSCs traces for 9 min,
including 1-min baseline recordings, 3 min of dnogrfusion (3-oxa-PD1), and 5 min washout. To
qguantify the impact of 3-oxa-PD1 on EPSCs and IRS@sanalyzed the traces at 1 min (right before
the drug perfusion) and at 5 min (1 min after thegdberfusion), as indicated in Fig. 6E, F and Fig,
F. In all cases, n refers to the number of therar@irecorded, collected from 3-6 animals for each
experimental condition. All drugs were bath appliedspinal cord slices by gravity perfusion via a

three-way stopcock.

2.5. Primary culture of astrocytes

Cerebral cortex was isolated from neonatal CD1 rfpostnatal day 0, P0O) of both sexes on ice. After
digestion with trypsin for 6 min at 3¢, the brain tissues were filtered to collect bre@tis. The brain
cells were then seeded in culture flakes with DMBERium (containing 10% fetal bovine serum) for 9
days. After vibration for 6-8 hours, astrocytestba bottom of the flake were digested and seeded in
six-well plates at the density of 8xI@ell with DMEM/F12 medium containing N2 suppleméat 3

days before use.



2.6. Anxiety behavior

Anxiety behavior in chronic itch mice was asseskBgdpen filed test and elevated plus maze tests.
Open field testing was performed in a 45 x 45 >xciB square arena (TAP plastics) over 15 min. The
center of the arena was defined as a center aatadliered 50% of the total area. The total diganc
travelled, and time spent in the center area watenaatically recorded and analyzed by ANY-maze
(Stoelting Co.). The elevated plus maze appar&teelting Co.) is comprised of two open arms (I x
cnt) and two closed arms (35 x 5 x 15%mlevated 50 cm abové the ground. Mice were platéde
center facing one of the two open arms and alloteedxplore for 6 min. Anxiety-like behavior was
assessed by time travelled within the open arms. vitleo and data were automatically recorded and

analyzed by ANY-maze (Stoelting Co.).

2.7.ELISA

Three hours after intrathecal administration of ®{l (100 ng/10 pL) or systemic injection (300 ng i
100 pL) in CTCL mice, mice were sacrificed by detstpn under isoflurane anesthesia. Then we
collected cervical and lumbar spinal cord tisslddSA kits for mousdipocalin-2 were obtained from
ThermoFisher (Cat # EMLCN2433707The spinal cord tissues were homogenized inse lpuffer
containing protease and phosphatase inhibitorsARifer, sigma). For each ELISA assay, |of of
lysed spinal cord proteins or pof astrocyte culture medium were used. ELISAdegtre conducted

according to the manufacturer’s instructions. Tfamdard curve was included in each experiment.

2.8. Statistical analysis
GraphPad Prism 7.0 (GraphPad, San Diego, CA) wed for statistical analysis, and all data were

expressed as means.e.m, as indicated in the figure legends. Elgttysiological data were analyzed



using paired or unpaired two-tailed Student’s t-tawl 2-sample Kolmogorov-Smirnov test. Behavioral
data were analyzed using Student’s t-test (two gspwor two-way ANOVA followed by post-hoc

Tukey'’s test or Bonferroni tesThe criterion for statistical significance ws: 0.05.
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3. Results

3.1. Intrathecal injection of 3-oxa-PD1 reduces acuteitch

3-oxa-PD1 is a novel SPM mimetic, derived from BDBA (Fig. 1). First, we tested the anti-pruritic
actions of 3-oxa-PD1 in acute itch models. Acutehitan be characterized as histaminergic or
nonhistaminergic itch. Histamine elicits acute it¢h activation of histamine receptors and TRPVI][3
whereas chloroquine (CQ), an anti-malaria drug @&t histamine-independent itch via activation of
MrgprA3 receptors and TRPAL [45; 89]. Intradermdingnistration of histamine and CQ evoked robust
acute itch, as indicated by increased scratchingsbim 30 min (Fig. 2A-D). Notably, intrathecalt ().
administration of 3-oxa-PD1 (100 ng) prevented agtdh, induced by histamin®<€0.0001, Fig. 2B)
and CQ P<0.0001, Fig. 2D). Intrathecal administration ofrptune is also known to produce pruritus
in mice by acting on inhibitory neurons and gastéaleasing peptide receptor (GRPR) [52; 60; 88]. We
found i.t. administration of 0.3 nmol of morphineduced robust scratching for 20 min (Fig. 2E). The
morphine-induced pruritus was completely blockedtloy i.t. treatment of 3-oxa-PDP<0.001, Fig.
2F). Together, these results indicate that 3-oxa-FDhighly effective in suppressing acute itch in

different animal models.

3.2. Intrathecal 3-oxa-PD1 produces greater inhibition of chronicitch than PD1in CTCL mice

In our earlier report, we demonstrated that i.tnemistration of PD1 or 3-oxa-PD1 reduced chronit it

in a cancer model of CTCL [59]. We further compaitegl efficacy of PD1 and 3-oxa-PD1 in this model.
Following i.t. administration, both PD1 (100 ng)dar3-oxa-PD1 (100 ng) produced significant

reductions of scratches at 1 hoBr<0.0001 vs. vehicle), 3 hourB €0.0001 vs. vehicle), and 5 hours

(P <0.0001 vs. vehicle), but the anti-pruritic efleadf both agents recovered 24 hours after the
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administration (Fig. 3A). However, 3-oxa-PD1 proddagreater itch reduction at 3 houPs(.01) and
5 hours P<0.01) than PD1 (Fig. 3A). Rotarod testing in bo#ive and CTCL animals showed no sign
of motor impairment following i.t. 3-oxa-PD1 treagnt; and 3-oxa-PD1 slightly increased the fall
latency (Fig. 3B). These results suggest that thgeBPD1 is more effective than PD1 for the contrfol

chronic itch, most likely due to increased metabstability of 3-oxa-PD1 [59].

3.3. Sustained 3-oxa-PD1 treatment resultsin long-lasting inhibition of chronicitch in CTCL mice
Next, we examined whether repeated injections ok&PD1 would cause antipruritic tolerance or
accumulating benefits. To this end, we treated Ca&@imals with daily i.t. injections of Oxa-PD1 for
days and assessed itch behavior at 1 day and 25 aftsr the treatment/last injection (Fig. 4A).
Surprisingly, we observed profound inhibition afhitnot only at 1 day after the treatmdn(0.0001 vs.
vehicle, Fig. 4B) but also at 25 days after thatireent (CTCL Day 53 <0.0001 vs. vehicle, Fig. 4C).
Thus, repeated i.t. injections of 3-oxa-PD1 do catise antipruritic tolerance. Instead, we observed
accumulating and sustained anti-itch effect of tteatment, even 3 weeks after the last injection.
Furthermore, we found this treatment did not afteéet tumor growth on CTCL Day 3® (> 0.05 vs.
vehicle, Fig. 4D) and CTCL Day 5% (> 0.05, Fig. 4E). Therefore, the antipruritic antiof i.t. 3-oxa-

PD1 is not a result of tumor suppression.

3.4. Intratumoral injection of 3-oxa-PD1 reduces chronicitch in CTCL mice

Our data suggest that 3-oxa-PD1 can effectiveltrobacute and chronic itch via spinal action. Next
we investigated whether 3-oxa-PD1 could contrdi i@ local and peripheral actions. To this end, we
conducted intra-tumor administration of 3-oxa-PRQQ ng) via a single injection (20 pL) into therski

lymphoma on CTCL Day 35 (Fig. 5A,B). Intratumoralo8a-PD1 significantly reduced the CTCL-
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induced pruritus at 1 houP(< 0.0001, vs. vehicle, Fig. 5B) and 3 hou?s<{0.0001, vs. vehicle, Fig.
5B). Intra-tumor 3-oxa-PD1 (100 ng) on CTCL Daydiso significantly reduced pruritus at 1 hoBr<
0.05, vs. vehicle, Fig. 5C). These results suggfest 3-oxa-PD1 may also reduce chronic itch via

peripheral modulation.

3.5. 3-oxa-PD1 modulates excitatory and inhibitory spinal transmission in cervical spinal cord
neuronsin CTCL mice

Spinal cord synaptic plasticity manifests as cérgeasitization and plays an important role in cico
itch sensitization [1; 34]. To determine the symaptechanisms by which CTCL modulates chronic itch,
we conducted patch-clamp recordings in spinal cslides t0 measure spontaneous excitatory
postsynaptic currents (SEPSCs, Fig. 6) and spooisriahibitory postsynaptic currents (sIPSCs, F)g.

in lamina llo interneurons. These interneuronskai@yvn to form a microcircuit with input from C-fibe
afferents and output to lamina | projection neura@asitributing to itch processing [10; 80].

We first tested the effects of 3-oxa-PD1 on sEPBCspinal cord slices prepared from naive
mice (CB17 background) and CTCL mice (Fig. 6A-Jompared with naive animals, the baseline
frequencies of SEPSCs were significantly highelCinCL mice @ = 0.0002, Fig. 6C), whereas the
baseline amplitudes of SEPSCs did not chaRge @.91, Fig. 6D). In spinal cord slices from nainiee,
bath application of 3-oxa-PD1 (10 ng/ml) did ndieaf the sEPSC frequencies (20.5Hz vs. 3.7
0.9 Hz, befare and after application, n = B3z 0.21, paired t-test) and sSEPSC amplitudes (2QLEL
PA vs. 9.6x 0.6 pA, n = 13 neuron® = 0.19, paired t-test). Time course analysis d?SEs revealed
that superfusion of spinal cord slices from CTClcenwith 3-oxa-PD1 (10 ng/ml, 3 min) produced a
rapid but transient inhibition of SEPSC frequenkEig( 6E). Only a mild inhibition in SEPSC amplitude

was observed by this treatment (Fig. 6F). Thehitbiy effect of 3-oxa-PD1 was washed out in 5 min
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(Fig. 6E). 3-oxa-PD1 (10 ng/ml) significantly rexdal SEPSC frequency 4 min after the perfusior (
0.008, Fig. 6G), which was also revealed by cunuggtrobability of SEPSCH(< 0.001, Fig. 6H). At
the same time point, 3-oxa-PD1 (10 ng/ml) produeedhild but significant inhibition of SEPSCs
amplitude (9.7 £ 0.5 vs. 8.9 £ 0.5 pA, before aftdrahe treatment, n = 1®,= 0.037, paired t-test, Fig.
61, J).

Next, we investigated the effects of 3-oxa-PD1 BPSEs in cervical spinal cord slices from
naive and CTCL mice (Figure 7A-J). The baselingdencies and amplitudes of sIPSCs were not
significantly different between CTCL and naive greyFigure 7A-D). In spinal cord slides of naive
mice, bath application of 3-oxa-PD1 (10 ng/ml) Istigincreased sIPSCs but had no significant impact
on the sIPSC frequencies (E®.5Hz vs. 2.6 = 0.94z, before and after application, respectively, =1
P = 0.14, paired t-test) and sIPSC amplitudes (¥2@27 pA vs. 16.3 = 2.8 pA, respectively, n=10,
P=0.16, paired t-test). Time course analysis of 8i®8emonstrate that superfusion of spinal cor@slic
from CTCL mice with 3-oxa-PD1 (10 ng/ml, 3 min) dueed a rapid but transient increase of sIPSC
frequency (Fig. 7E). Only a very brief increasesiRSC amplitude was observed by this treatment (Fig
7F). The facilitatory effect of 3-oxa-PD1 was weglout in 5 min (Fig. 7E). Of interest, in spicard
slices from CTCL mice, 3-oxa-PD1 (10 ng/mL) sigedfintly increased the sIPSC frequency (Fig. 7G),
at 4 min after the perfusion (Fig. 7E), which wasbaevealed by cumulative probability of sSIPS@s<(
0.05, Fig. 7H). This treatment had no significempact on sIPSC amplitudes (12.0 £ 1.4 pA vs. #8.1
5.0 pA, respectively, n = 18,= 0.17, paired t-test, Fig. 71, J).

Collectively, these findings from sEPSC and sIP®&Cordings indicate that 3-oxa-PD1 can
regulate both excitatory and inhibitory synaptiansmission by decreasing SsEPSCs and increasing

sIPSCs. Notably, the percentage change in sIPS@saegd to be greater than that of SEPSCs (Fig.
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6E,7E). The opposite modulation of both EPSC ar®CIRvill lead to a strong suppression of central

sensitization underlying the genesis of persisteht

3.6. 3-oxa-PD1 reduces persistent itch in contact der matitis and psoriasis models

Allergic contact dermatitis (ACD) is a common causechronic itch [41; 75]. We induced ACD by
DNFB treatment and tested the anti-itch effect ga®D1 on Day 10 (Fig. 8A). DNFB elicited marked
and persistent itch on day 10 (Fig. 8B). Intratthé@gaction of 3-oxa-PD1 (100 ng) significantly nezkd
the DNFB-evoked itching behaviors at 1 hoe«.05 vs. vehicle) and 3 hou® €0.05 vs. vehicle) but
not at 5 and 24 hours (Fig. 8B). Imiquimod (IMQ)ais agonist of Toll-like receptor 7 and an approved
anti-cancer treatment. Topic application of IMQceéd strong pruritus [51]. Repeated IMQ treatment
(Fig. 8C) has been shown to induce psoriasis arglgtent itch [84]. Intrathecal injection of 3-oRd1
(100 ng) significantly reduced the IMQ-evoked plusiat 1, 3, and 5 hour®<0.05 vs. vehicle, Fig.
8D). These results further suggest that 3-oxa-P&ri exert antipruritic action in clinically relevant

persistent itch conditions.

3.7. 3-oxa-PD1 inhibits the spinal production of LCN-2 in CTCL mice and astrocyte release of
LCN2

LCNZ2 is an innate immune factor and can be secilgyeattivated immune cells and astrocytes. STAT3-
dependent upregulation of LCN2 was shown to beiardior inducing chronic itch [73]. To elucidate
the mechanism by which 3-oxa-PD1 exerts antiprdttions, we collected cervical and lumbar spinal
cord segments from CTCL mice and supernatant afied astrocytes to measure LCN2 levels in vivo
(Fig. 9A-D) and in vitro (Fig. 9E,F) by ELISA. Fam vivo analysis, we collected spinal cord segments

at 3 hours after intrathecal injection (100 ng,.B4) or intraperitoneal injection (i.p., 300 nggF9C)
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of 3-oxa-PD1 or vehicle. We found that i.t. treattnef 3-oxa-PD1 significantly reduced the LCN2
levels in both cervical spinal segmen®s=< 0.0015) and lumbar spinal cord segmefs(0.0025) of
CTCL mice (Fig. 9B). We also observed that LCN2elsvwere very low in naive animals but
dramatically increased in CTCL animaR<(.0001, Fig. 9D). Furthermore, i.p. treatment -@aX&-PD1
significantly reduced the LCN2 levels in both cealispinal cord segment®<0.0001) and lumbar
spinal cord segment®<0.0001) of CTCL mice (Fig. 9D). To determine thedlvement of astrocytes
in secreting LCN2, we prepared primary culturesasfrocytes from mouse cortices (Fig. 9E). We
detected high basal levels of LCN2 in culture mediaf astrocyte cultures (Fig. 9F). 3-oxa-PD1
treatment (100 ng/ml, 24 h) significantly decrease@N2 secretion F=0.0022, Fig. 9F).
Lipopolysaccharide (LPS, 100 ng/ml, 24 h) failedricrease LCNZ2 secretion in astrocyte cultures, but
3-oxa-PD1 still significantly decreased LCN2 sdoret(P < 0.01, Fig. 9F). Collectively, these results
suggest that 1) 3-oxa-PD1 can suppress both inpreduction and in vitro secretion of LCN2 and 2) 3

oxa-PD1 may inhibit chronic itch by inhibiting LCNstgnaling in the spinal cord.

3.8. 3-oxa-PD1 alleviates chronic itch-induced anxiety

Chronic itch conditions are associated with higreges of stress, anxiety, depression, leading to an
impairment of quality of life [68]. In patients wifplague psoriasis and atopic dermatitis, sevarstps

is associated with higher anxiety and depressioresd21; 58]. Therefore, we examined anxiety-szlat
behavior on naive and CTCL mice using open-field elevated plus maze tests (Fig. 10A-D). In open-
field testing, we observed that the inner zone diaation P < 0.0001, Fig. 10B) and travel distanée (

= 0.027, Fig. 10B) were significantly shorter in €I mice compared to naive mice, although the total
travel distance did not differ between these twaugs (Fig. 10A-B). Furthermore, elevated plus maze

testing revealed that CTCL mice showed signifigastiorter open arm stay duratidh £ 0.0091, Fig.
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10D) and open arm travel distanée=< 0.020, Fig. 10D), although the total travel aiste did not differ
between these two groups (Fig. 10D). Next, we tk8te effects of 3-oxa-PD1 on these anxiety-related
behaviors in CTCL mice (Fig. 10E). Notably, i.t.nadistration of 3-oxa-PD1 (100 ng) significantly
improved the anxiety-related behaviors in operdftelsting (Fig. 10F,G) and elevated plus mazengsti
(Fig. 10H,l). Together, these results suggest )aCTCL-induced chronic itch is associated with

anxiety and 2) 3-oxa-PD1 can further alleviate ofwach-induced anxiety.
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4. Discussion

In the present report, we demonstrate the antiprueificacy of a new SPM mimetic 3-oxa-PD1 in
several itch models; Namely 1) histamine-inducedteadtch, 2) chloroquine-induced histamine-
independent itch, 3) intrathecal morphine-inducedt@l itch, 4) allergic contact dermatitis-induced
persistent itch by DNFB, 5) psoriasis-induced gesit itch IMQ, and 6) the CTCL-induced chronic
cancer itch. Moreover, we found that both centradl peripheral routes of 3-oxa-PD1 delivery are
effective in itch suppression. Especially, the et effect can last for several weeks after oree=ky
intrathecal treatment of 3-oxa-PD1 in the canceh inodel. Mechanistically, we demonstrated that
spinal perfusion of 3-oxa-PD1 (10 ng/ml, ~1 nM)dieally enhanced inhibitory synaptic transmissions
in SDH neurons from mice with chronic itch. Furtiere, we showed that anxiety is a comorbidity of
lymphoma-induced chronic itch and 3-oxa-PD1 sigaifitly improved the anxiety-related behaviors in

CTCL mice. These results indicate that 3-oxa-PCd nevel and potent antipruritic treatment.

Increasing evidence suggests that SPMs possesst potalgesic actions in animal models of
inflammatory, postoperative, neuropathic, and capeén via immune, glial, and neuronal modulation
(reviewed in [33; 35]). Pain and itch are differes@nsory modalities: pain suppresses itch, whereas
analgesics such as morphine can elicit itch [15;419. On the other hand, inflammation induces both
pain and itch [50]. TRP channels, such as TRPAIPVYR TRPV4, and TRPC3 are required for the
induction of both pain and itch [8; 14; 20; 53; 55, 63; 90]. Limited studies have shown that SPMs
alleviate itch by peripheral mechanisms, such dsiaiag skin inflammation and modulation of TRP
channels. Resolvin E1 attenuates murine psoriagiendtitis, a chronic itch disease, by inhibiting
migration of cutaneous dendritic cells ayadT cells [69]. Systemic resolvin D3 treatment whswn to

prevent the development of psoriasiform itch anoh skflammation and further inhibit the TRPV1
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function in cultured sensory neurons [43]. Our pas study demonstrated that a single intrathecal
injection of PD1 and/or 3-oxa-PR4ppareduced CTCL-induced chronic itch for several 8sd®9]. In
the present study, we further revealed that 3-d&-Blicited more potent anti-itch actions than PD1,

due to a possible increase in lipid stability mesticby-oxidation (Fig. 1) [59].

Our findings highlight a central modulation of chio itch by intrathecal 3-oxa-PD1. Central
sensitization underlies acute and chronic itchg@}. It can manifest as increased excitatory syoapt
transmission in the spinal cord itch circuity [134], which could be mediated by GRPR+ excitatory
neurons. Both GRP and GRPR-expressing neuronsrisicalty involved in_chronic itch [76; 77]. In
chronic itch, GRP-GRPR signaling is enhanced [3{; Consistently, we obtained significant increases
in excitatory synaptic transmission (SEPSC).in Sitirons following CTCL-induced chronic itch, as
result of presynaptic modulation. Central sendiiira is also characterized by loss of inhibition
(disinhibition) in both chronic pain and itch condns [42; 50]. Spinal cord disinhibition is sufat to
drive chronic pruritus [9; 66]. Recent studies @ded that intrathecal opioid-induced itch is also
mediated disinhibition in the spinal cord [60; 88jdeed, activation of GABAergic and glycinergic
transmission effectively inhibited pruritus [11;;284; 65]. Although we only saw a tendency of IPSC
reduction in SDH neurons after chronic itch, wenduhat 3-oxa-PD1 perfusion caused rapid and
profound increases in sIPSCs. Therefore, it is ewable that intrathecal 3-oxa-PDlcan suppress
chronic itch and opioid-induced itch by increasiR$Cs, therefore counteracting disinhibition in the

spinal circuit of itch.

Emerging evidence suggests that spinal glial gglg an important role in driving chronic itch
[34; 82]. Intrathecal injection of astrocyte inlidyi alpha aminoadipate did not alter acute itch but
reduced dry skin-induced chronic itch [47]. Chroitch is associated with persistent astrogliosss, a

well as upregulations of toll-like receptor 4 (TLUR&Nd the transcription factor STAT3 in spinal cord
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astrocytes [48; 73; 81]. Genetic deletionTaf4 or Stat3 or pharmacological inhibition of TLR4 in SDH
reduced astrogliosis and pruritus in mouse dry akich DNFB models [47; 73]. Interestingly, lipocafin
(LCN2), also known as neutrophil gelatinase-assediéipocalin, is enriched in reactive astrocyted a
contributes to neurodegeneration [46; 85]. STAT®4ced upregulation of LCN2 plays a crucial role in
chronic itch. LCN2 was upregulated in reactive @sttes in chronic itch and sufficient to enhance
GPR-evoked pruritus [74]. Furthermore, GRP-indueeditability of GRPR SDH. neurons is enhanced
by LCN2 released from reactive astrocytes [37]. BUISA analysis revealed that 3-oxa-PD1 reduced
LCN2 levels in the spinal cord of CTCL mice and prgssed LCN2 secretion in astrocyte cultures. It is
likely that 3-oxa-PD1 may inhibit itching via asgi@l signaling.

There are also limitations of this study. The réocepf 3-oxa-PD1 remains to be identified. Itis
generally believed that the biological actions &fM& are mediated by specific G-protein coupled
receptors (GPCRs), such as GPR32 for RvD1, GPRARWD2, ChemR23 for RVE1l, GPR37 for
PD1/NPD1, and LGR6 for MaR1 [4; 7; 16; 17; 39]. MdPmodulate the activities of TRP channels (e.g.,
TRPA1 and TRPV1) via GPCR signaling [43; 61; 62].7L is also possible that SPMs at high
concentrations, may directly interact with ion chels. Mas-related GPCRs such as MrgprA3 was
identified as an itch receptor in mice [45] and MRRX4 was proposed as a human itch receptor [12;
56; 97]. It will be of considerable interest todgunteractions of 3-oxa-PD1 with different typdstoh
receptors. Another limitation of this study is telular targets of 3-oxa-PD1 are still elusive.adRD1
may act on multiple cell types, including neuronsl glial cells. Further studies are needed to erplo

these cellular mechanisms of 3-oxa-PD1 usmgtro systems.

In conclusion, our results indicate that the newx3-PD1, a metabolically stable analog of
PD1/NPD1 [59], can potently inhibit acute and checatch in various mouse models. Mechanistically,

3-oxa-PD1 may inhibit itch via modulation of botkcgatory and inhibitory synaptic transmission and

20



regulation of astrocyte signaling (Fig. 11). Chmoitch remains a major health concern in skin dissa
such as atopic dermatitis, contact dermatitisygibecontact dermatitis and xerosis [94]. It alsowrs in
systemic diseases such as cholestatic liver disekisimey diseases.§., uremia), and diabetes [14; 38].
Notably, antihistamines do not work for most choontch conditions [79]. Advances in our
understanding of the neuroimmunology of chronit itave led to the clinical applications of type 2
cytokine blockers (e.g., IL-4, IL-13, IL-31, and-B3 blockers) for the treatment of atopic dermsititi
[22]. Even if these agents are effective, the apge of side effects such as drowsiness, nausea,
constipation, and infection, can be a problem @ tleatment of pruritus. In particular, CTCLs dme t
most frequent primary skin lymphomas and causeadtdble pruritus in advanced stages [64; 67]. SPMs
promote the resolution of inflammation and diseasasmmune, glial, and neuronal modulations and
also have shown no obvious side effects in aniralias and/or human trials [33]. However, as lipid
mediators, SPMs are limited by their local pharnkéwetics. Thus, metabolically stable analogs of
SPMs, such as the 3-oxa-PD1, may be promisinggidyheffective anti-pruritic agents. Especiallyet

antipruritic action could be achieved by intra-tualonjection in cancer patients with severe itch.

21



Acknowledgments

We thank Dr. Jannicke I. Nesman for preparing 3-Okd,, ; ppa This study was supported by Duke
University Anesthesiology Research Funds, NIH ROtang DE17794, and DoD grant
W81XWH2110885 to R.-R.Ji. C.N.S is supported by NR-B5GM139430 (CNS) and T.V.H was

supported by The Norwegian Research Council (FRHHRINATEK 230470).

Conflict of interest statement

The authors have no competing financial intereshis study:

Author contributions

K.F., O.C. and R.R.J developed the projelctT.V.H and C.N.S participated in project discussi(l)n
K.F., O.C., AM and Y.W. conducted experiments aaualyzed data;|TVH provided 3-oxa-

PD1.| K.F., O.C. and R.R.J: wrote the manuscript andratbeauthors edited the manuscript.

22



Figurelegends

Fig. 1. Chemical structures of omega-3 polyunsaturated fatty acids EPA, DHA, and DPA, as well
asn-3 DPA-derived PD1,.3ppa and 3-oxa PD1,.3ppa.-
Note that 3-oxa PDXL ppa is a synthetic compound and the 3-oxa insertimglees this lipid mediator

resistant to /-oxidation metabolism.

Figure 2. Intrathecal 3-oxa-PD1 inhibitsacuteitch.

Acute itch was evoked by intradermal injection @témine (500 ug, A-B), chloroquine (200 pg C-D),
and intrathecal administration of morphine (0.3 hni&F). Intrathecal administration of 3-oxa-PD1
(100 ng), given 30 min prior to the injection otigtogens, decreased the scratch bodts(, E) Time
course of scratch bouts. Two-way ANOVA with Boméeri’'s post hoc test. (A) £ 14= 78.86, P <
0.0001; (C) k., 13= 31.69, P <0.0001; (E) k,13= 14.32,P = 0.023. B, D, F) Accumulating bouts in
30 min. Unpaired t-test. Vehicle (PBS): n=7 (A 8 (C), n=5 (F); Oxa-PD1: n=9 (A), n =8 (C)

and n = 10 (F). Data are shown as mean + SEMs 0.05,” P <0.01, "P<0.001, " P < 0.0001.

Figure 3. Effects of intrathecal 3-oxa-PD1 and NPD1 on CTCL-induced chronic itch and motor
function.

(A) NPD1 and 3-oxa-PD1 (100 ng, i.t.) significantgduced the number of scratches, compared to
vehicle (n =13), at 1, 3 and 5 hours. Comparet WiD1 (n = 8), 3-oxa-PD1 (n = 7) produced greater
inhibition of scratching at 3 and 5 hours. Two-wa)MOVA with Bonferroni’'s post hoc test.F25=

*kkk

120.8,P < 0.0001. P < 0.01,” P < 0.0001. B) Rotarod testing showing the effects of 3-oxa-PD1
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(100 ng, i.t.) on motor function in naive animalgla&CTCL animals (Day 20). n = 15 mice per group.

Note that fall latency is slightly increased afteoxa-PD1 treatment. Data are shown as mean + SEM.

Figure 4. Effects of persistent intrathecal 3-oxa-PD1 treatment on chronic itch and tumor growth.

(A) Experimental paradigm of oxa-PD1 treatment anbbioral testing. Daily i.t. injection of 3-oxa-
PD1 (100 ng) was given for 7 days, starting on CTaly 23. ltching behavior was video recorded on
Day 30 and Day 55B(C) Repeated i.t. administration of 3-oxa-PD1 sulisadiy reduced the number
of scratching in early-mid phase (Day 30, B) anéd-jghase (Day 55, C). n =7 mice /group, Two-way
ANOVA with Bonferroni’'s post hoc test..12= 17.54,P < 0.0013 (B); unpaired t-test (CP{E) The
same oxa-PD1 treatment did not affect the tumowgdraon either early or late phase. n = 7 mice /grou
Two-way ANOVA with Bonferroni’s post hoc test;F2= 0.2567,P = 0.62 (D); unpaired t-test (E).

Data are shown as mean + SEM.P < 0.0001.

Figure5: Intratumor injection of 3-oxa-PD1 inhibits cancer itch.

(A) Schematic of intra-tumor injectiorB) Intra-tumor injection of 3-oxa-PD1 (100 ng, n ¥ §iven on
CTCL Day 35, reduced itching behavior at 1 and Gre@fter administration. P < 0.0001, compared
with vehicle (n =6), Two-way ANOVA with Bonferrors’post hoc test. (f12= 10.04,P = 0.0081. C)
Intra-tumor injection of 3-oxa-PD1 (100 ng, n = given on CTCL Day 55, reduced itching behavior at
1 hour after administration.P < 0.05, compared with vehicle (n =6), Two-way AN®Wvith

Bonferroni’s post hoc test. 1Fi2= 10.04,P = 0.0081. Data are shown as mean + SEM.

Figure 6. 3-oxa-PD1 inhibits excitatory synaptic transmissionsin spinal cord slices of CTCL mice.

(A-B) Representative traces of spontaneous EPSCs (sER8famina llo neurons of naive CB17 (A)
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and CTCL (B) mice. Traces 1 and 2 are enlargethenbbttom panelsCD) Quantification of SEPSC
frequency (C) and amplitude (D) in naive and CTGcenCTCL significantly increased the frequency
but not amplitude of SEPSC. Unpaired t-test, n :n@drons from 7 naive mice and n = 42 neurons from
10 CTCL mice of both sexe€=(F) Time course showing the effects of bath applcatf 3-oxa-PD1

(20 ng/ml, 3 min) on percentage changes of SEP&gLiéncy (E, n=14 neurons) and sEPSC amplitude
(F, n=14 neurons). Arrows indicate before and aBlevxa-PD1 perfusion. Note that 3-oxa-PD1
decreased the frequency but not amplitude of sER$€ginal cord neurons of CTCL mice. Also note
the effect of 3-oxa-PD1 can be washed out in 5 (@0h.sEPSC frequency. Paired t-test, n = 14 neurons
from 5 CTCL mice. (H) Cumulative probability of ertevent interval shows longer interval after 3-oxa
PD1 application. Two-sample Kolmogorov-Smirnov tégt SEPSC amplitude. n = 14 neurons from 5
CTCL mice. (J) Cumulative probability of amplitudéhe data were analyzed at 1 min (before treatment)

and 5 min (after treatment). Data are shown asesEM.

Figure7. 3-oxa-PD1 increasesinhibitory synaptic transmissionsin spinal cord slicesof CTCL

mice.

(A-B) Representative traces of spontaneous IPSCs (3liR$&nina Ilo neurons of naive CB17 (A) and
CTCL (B) mice. Traces 1 and 2 are enlarged in togoln panels. ¢-D) Quantification of sIPSC
frequency in naive and CTCL mice. Unpaired t-test; 16 neurons from 4 naive mice and n = 20
neurons from 3 CTCL mice of both sexds, ) Time course showing the effects of bath applocatf
3-oxa-PD1 (10 ng/ml, 3 min) on percentage chanfis$RSC frequency (E, n=13 neurons) and sEPSC
amplitude (F, n=13 neurons). Arrows indicate befanel after 3-oxa-PD1 perfusion. Note that 3-oxa-
PD1 decreased the frequency but not amplitude BSSE in spinal cord neurons of CTCL mice. Also

note the effect of 3-oxa-PD1 can be washed outrmrb (G) sIPSC frequency in CTCL mice. Paired t-
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test, n = 13 neurons from 3 CTCL micéd)(Cumulative probability of inter-event interval csias
shorter interval after Oxa-PD1 application. Two-péarKolmogorov-Smirnov test. (I) SEPSC amplitude.
Paired t-test, n = 13 neurons from 3 CTCL mice{ujnulative probability of amplitude. The data were

analyzed at 1 min (before treatment) and 5 mire(afeatment). Data are shown as mean + SEM.

Figure8. Intrathecal 3-oxa-PD1 treatment inhibits persistent itch in-mice following DNFB-

induced der matitis and imiquimod-induced psoriasis.

(A) Protocol of experimental design for the mouse BNfodel. B) Intrathecal administration of 3-
oxa-PD1 (100 ng) reduced the number of scratcAinm-way ANOVA with Bonferroni’s post hoc test.
F @, 60)= 13.68, n=6 mice (vehicle) and n=8 mice (3-oxatRD(C) Protocol of experimental design for
the mouse psoriasis model induced by imiquimod (JM@) Intrathecal administration of 3-oxa-PD1
(100 ng) reduced the number of scratching. Two-Aa{PVA with Bonferroni’s post hoc test. r s0)=

13.68, n=6 mice (vehicle) and n=8 mice (3-oxa-PHta are shown as mean + SEN.< 0.05,

Figure9: 3-oxa-PD1 inhibits spinal production of LCN2 production in CTCL miceand LCN2

secretion in astrocyte cultures.

(A, B) Intrathecal injection of 3-oxa-PD1 (100 ng, Ahibited LCN2 production in cervical and lumbar
segment of spinal cord in CTCL mice. Two-way ANOWAth Bonferroni's post hoc test. fr, 2g) =
27.17,P <0.0001. n = 8 per groupC(D) Intraperitoneal injection of 3-oxa-PD1 (300 ng,iGhibited
LCN2 production in cervical and lumbar segmentmihal cord in CTCL mice. Note that LCN2 level is
very low in naive animals and substantially inceeasn CTCL mice. Two-way ANOVA with
Bonferroni’s post hoc test. (- gy = 27.17,P<0.0001. Spinal cord tissues were collected 3 ¢r Sftoxa-

PD1 administration on CTCL Day 45. n = 8 per gro{in.F) 3-oxa-PD1 treatment in primary cultures
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of astrocytes (E) inhibited LCN2 secretion in cudtunedium. One-way ANOVA with Bonferroni’s post
hoc test. F (2, 42) = 89.6P<0.0001. n = 6 per group. LCN2 levels were measbred&LISA using

commercial kits. Data are shown as mean + SEM.

Figure 10. Intrathecal 3-oxa-PD1 treatment alleviates CT CL -induced anxiety in mice.

Anxiety-related behavior was assessed by open festl(A-B, E-F) and elevated plus maze test (C-D,
G-H). (A-B) CTCL mice show significantly shorter inner zomavel duration and distance than naive
mice. n = 8 (naive) and n = 12 (CTCLE-D) CTCL mice show significantly shorter open armatian
and distance than naive mice. n = 7 (naive) andLh €CTCL). E) Schematic of experimental design
for drug administration and behavioral testing. HRMlevated plus maze testing; OFT, open-field
testing. F-G) In CTCL model mice, intrathecal administration ©ka-PD1 (100 ng) significantly
increased the inner zone travel duration and distam open-field test compared to vehicle group.h
(vehicle) and n = 7 (3-oxa-PD1)H{l) Both the travel duration and distance in open avaere
significantly longer in 3-oxa-PD1 treated grouprthaehicle group. n = 9 (vehicle) and n = 7 (3-oxa-

PD1). Data are shown as mean = SEM. Unpaired {Bg€D, G, I).

Figure 11. Schematic of multiple benefits of 3-oxa-PD1 and mechanism of action. Local and
systemic injection of 3-oxa-PD1 reduces acute,igterst, and chronic itch in mouse models. 3-oxa-PD1
inhibits central sensitization in spinal cord nexgdoy modulation of both excitatory and inhibitory
synaptic transmission in CTCL mice. Furthermor@xa-PD1 can suppress spinal cord production and

astrocyte release of LCN2, an astrocyte-produaddmntediator.
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