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Abstract

Specialized pro-resolving mediators (SPMs) have demonstrated potent analgesic actions in animal models
of pathological pain. The actions of SPMs in acute and chronic itch are currently unknown. Recently, n-3
docosapentaenoic acid (DPA) was found to be a substrate for the biosynthesis of several novel families of
SPMs and 3-oxa-PD1n-3 ppa (3-0xa-PD1) is an oxidation-resistant metabolic stable analogue of the n-3
DPA-derived protectin D1 (PD1). Herein, we demonstrate that 3-oxa-PD1 effectively reduces both acute
and chronic itch in mouse models. Intrathecal injection of 3-oxa-PD1 (100 ng) reduced acute itch induced
by either histamine, chloroquine, or morphine. Furthermore, intrathecal 3-oxa-PD1 effectively reduced
chronic itch, induced by cutaneous T cell lymphoma (CTCL), allergic contact dermatitis with
dinitrofluorobenzene, and psoriasis by imiquimod. Intratumoral injection of 3-oxa-PD1 also suppressed
CTCL-induced chronic itch. Strikingly, the anti-pruritic effect lasted for several weeks after 1-week
intrathecal 3-oxa-PD1 treatment. Whole-cell recordings revealed significant increase in excitatory
postsynaptic currents in spinal dorsal horn (SDH) neurons of CTCL mice, but this increase was blocked
by 3-oxa-PD1. 3-oxa-PD1 further increased inhibitory postsynaptic currents in SDH neurons of CTCL
mice. CTCL increased the spinal levels of lipocalin-2 (LCNZ2), an itch mediator produced by astrocytes.
3-o0xa-PD1 suppressed LCN2 production in CTCL mice and LCN2 secretion in astrocytes. Finally, CTCL-
induced anxiety was alleviated by intrathecal 3-oxa-PD1. Our findings suggest that 3-oxa-PD1 potently
inhibits acute and chronic itch via regulation of excitatory/inhibitory synaptic transmission and astroglial
LCN2 production. Therefore, stable SPM analogs such as 3-oxa-PD1 could be useful to treat pruritus

associated with different skin injuries.
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1. Introduction

Many human skin diseases are associate with itch, and itch and pain are two distinct somatic sensations
sharing similarities [1; 25; 40; 49]. Acute itch serves to protect the human body against harmful irritants
[32], but chronic itch is operated by different mechanisms and share similar mechanisms with chronic
pain [49; 94; 96]. As a result, chronic itch can significantly reduce quality of life, and scratching
paradoxically exacerbates the itch sensation leading to a vicious cycle of ‘itch-scratch-itch’ [28; 30; 50].
Although antihistamines are commonly used to treat chronic pruritus, chronic pruritus can be histamine-
independent refractory to conventional therapies [30; 95]. Despite current progress in treating
inflammatory itch, chronic itch remains to be an area of considerable unmet need [22].

Recent studies have demonstrated that resolution of acute inflammation is an active process and
requires the production of specialized pro-resolving mediators (SPMs), which are generated from omega-
3 polyunsaturated fatty acids during the resolution phase of inflammation and play a critical role in the
resolution physiology [18; 70]. SPMs are a rapidly expanding family of molecules that are derived from
®-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), that include the resolvins,
protectins/neuroprotectins (e.g., PD1/NPD1) and maresins [18] (Fig. 1). Thanks to the elucidation of
biosynthetic pathways of SPMs including protectins and their complete structures [5; 72], synthetic SPMs
are now commercially available and have been tested in a wide range of animal models of human diseases.
The synthetic SPMs exert strong protection against diseases in animal models of arthritis, infection, sepsis,
and cancer, kidney injury, and Alzheimer’s diseases/cognitive decline [18; 54; 78] and exhibit pro-
resolving and anti-inflammatory properties [83]. In particular, synthetic SPMs have also been shown to
potently reduce inflammatory pain, postoperative, and neuropathic pain [3; 35; 86; 87; 91; 92], as well as
cancer pain [36; 93]. At this point, the potential roles of SPMs in acute and chronic itch are not known
[33] and thus a goal of our present study.

Recently, n-3 docosapentaenoic acid (n-3 DPA) was found to be a substrate for the biosynthesis
of several novel families of SPMs [27] (Fig. 1). One example is protectin D1n-3 ppa (PD1s-3 pra), Which
exhibits potent anti-inflammatory and pro-resolving properties [6; 24; 27]. Recently, we reported the
synthesis of a stable analogue of NPD1, 3-oxa-PD1s-3ppa (denoted 3-oxa-PD1), which could be resistant
to B-oxidation (Fig. 1) [59]. Intriguingly, 3-0xa-PD1 not only reduced mechanical pain in a diabetic model
but also suppressed itching behavior in a chronic itch model of cutaneous T cell lymphoma (CTCL) [59].

However, it is unclear whether 3-oxa-PD1 can control itch in different models with acute and persistent



pruritus. The mechanisms by which 3-oxa-PD1 inhibits itch are also unknown. In this study, we
demonstrated that 3-oxa-PD1 can effectively inhibit acute and chronic itch and further modulate excitatory
and inhibitory neurotransmission in the spinal cord. Furthermore, 3-oxa-PD1 suppressed the production
and secretion of LCN2, a prominent itch mediator produced by astrocytes [37; 73].



2. Materials and methods

2.1. Animals

C57BL/6J (stock No: 000664) and NOD.CB17-Prkdc*“ mice (stock No: 001303) were purchased from
Jackson laboratory and maintained at Duke animal facility in a 12h light/dark cycle at 22 £ 1 °C with
access to food and water ad libitum. All the animal 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 University of Oslo [59]. We purchased chloroquine (Cat. 1118000), 2,4-
dinitrofluorobenzene (DNFB, Cat. 1118000), and histamine (Cat. H7250) from Sigma-Aldrich.
PD1/NPD1 was from Cayman (Cat # 10010390), and morphine sulfate was from WEST-WARD
pharmaceuticals. We injected the pruritic agents (histamine and chloroquine, 50 pl) intradermally with a
28-Gauge needle in the nape (back of the neck). Morphine-induced itch was produced by intrathecal
injection [88]. Intrathecal injection was performed by a lumbar puncture to deliver reagent into
cerebrospinal fluid [29]. A valid spinal puncture was confirmed by a brisk tail-flick after the needle entry
into subarachnoid space. Reagents were dissolved in PBS as vehicle if not specified. NPD1 and Oxa-PD1
were dissolved in ethanol and diluted in PBS. The final concentration was 5% ethanol for intrathecal and

intratumor injection.

2.3. Acute and chronic itch models and behavioral analysis
Acute itch models. Mice (C57BL/6J, 8-12 weeks old, of both sexes) were habituated to testing environment
daily for two days before analysis. The back of the neck of animals were shaved on the day before testing.
The room temperature and humidity remained stable for all the experiments. Mice were put in plastic
chambers (14 x 18 x 12 cm) on an elevated metal mesh floor and allowed 30 min for habituation. We
intradermally injected 50 ul of pruritic agents in the nape and video-recorded scratching behavior for 30
min in the absence of any observer. A scratch was counted when a mouse lifted its hind paw to scratch
the shaved region and returned the paw to the floor or to the mouth for licking. Acute itch was evoked by
intradermal injection of 500 pg of histamine and 200 pg of chloroquine and intrathecal injection of 0.3
nmol of morphine [13; 88]. The spontaneous itch was video-recorded and assessed blindly.

Cutaneous T cell lymphoma (CTCL) model: Immune deficient mice (NOD.CB17-Prkdcs“d, 8



weeks old, both sexes) were used to produce xenograft model of CTCL as we previously described [26;
88]. CD4" MyLa cell line was purchased from Sigma (Cat# 95051032) for mouse inoculation. Myla cells
were grown on RPMI medium (Gibco) with 10% human plasma and inclusion of IL-2 and IL-4 for 7 days.
CTCL was generated via intradermal injection of CD4* Myla cells (1 x 107 cells in 100 pl) on the nape
under 2% isoflurane anesthesia [26]. The scratching behavior was video recorded for 60 min using Sony
HDR-CX610 camera. The video was subsequently played back offline and the number of scratches in
every 60 min was counted blindly. We also measured tumor size by a digital caliper and calculated the
volume using the equation: tumor volume = (short diameter)? x long diameter / 2.

DNFB-induced allergic contact dermatitis model. Mice (C57BL/6J, 8-12 weeks old, both sexes)
were used. We generated the allergic contact dermatitis model of chronic itch by applying the hapten
DNFB onto the back skin as we previously described [47; 88]. DNFB was dissolved in a mixture of
acetone:olive oil (4:1). The surface of the nape was shaved 1 day before sensitization. Mice were sensitized
with 50 pL 0.5% DNFB solution by topical application to a 2 cm? area of shaved neck skin. 5 days later,
mice were challenged with 30 uL 0.25% DNFB solution by painting the nape, then on day 5, 7, and 10.
Spontaneous scratching behaviors were video-recorded 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% imiquimod on the shaved back skin for 4 consecutive

days. The scratching behavior was video-recorded before (baseline) and after 3-oxa-PD1 treatment.

2.4. Spinal cord slice preparation and patch-clamp recordings in SDH neurons

As we previously reported [88], mice were anesthetized with urethane (1.5-2.0 g/kg, i.p.). After a dorsal
laminectomy, the cervico-thoracic segment of the spinal cord was removed and placed into the pre-
oxygenated, ice-cold cutting solution (in mM: sucrose 240, NaHCOs3 25, KCI 2.5, NaH2PO4 1.25, CaCl,
0.5, MgCl, 3.5). The mice were then immediately euthanized by decapitation. After removal of the
arachnoid membrane, the cervical spinal cord was placed in an agar block and mounted on a metal stage.
A transverse slice (300-400 um thick) was cut on a vibrating microslicer (VT1200s, Leica, Wetzlar,
Germany). Spinal cord slices were incubated for 30 min in artificial cerebrospinal fluid (ACSF)
equilibrated with 95% O and 5% CO> gas mixture. The ACSF contained (in mM): NaCl 126, KCI 3,
CaClz 2.5, MgCl; 1.3, NaH2PO4 1.25, NaHCOs3 26, and D-glucose 11. The spinal cord slice was placed in
a recording chamber and perfused at a flow rate 2—4 ml/min with ASCF equilibrated with 95% O, and 5%
CO2 gas mixture and maintained at room temperature. Whole-cell patch-clamp recordings were made



from outer lamina 11 (110) neurons with patch pipette electrodes having a resistance of 5-8 MQ. Lamina
Il was identified as a translucent band under a microscope (BX51WIF; Olympus) with light transmitted
from below. All experiments were performed in voltage-clamp mode. The holding potential was set to -
70 mV when recording of excitatory postsynaptic currents (EPSCs) and 0 mV when recording of
inhibitory postsynaptic currents (IPSCs), respectively. The patch pipette solution for EPSC recording
contained (in mM): Potassium gluconate 135, CaCl> 0.5, MgCl. 2, KCI 5, EGTA 5, HEPES 5, ATP-Mg
salt 5, and the patch pipette solution for IPSC recording contained (in mM): CsSQO4 110, CaCl, 0.5, MgCl,
2, TEA 5, EGTA 5, HEPES 5, ATP-Mg salt 5. Drugs were dissolved in ASCF without alteration of the
perfusion rate.

Signals were amplified using an Axopatch 700B amplifier (Molecular Devices, San Jose, CA) and
were filtered at 2 kHz and digitized at 5 kHz. Data were collected and analyzed using pClamp 10.3
software (Molecular Devices, San Jose, CA). EPSCs and IPSCs were analyzed using Minianalysis ver.
6.0.3 (Synaptosoft, Decatur, GA). For data analysis, we collected EPSCs and IPSCs traces for 9 min,
including 1-min baseline recordings, 3 min of drug perfusion (3-oxa-PD1), and 5 min washout. To
quantify the impact of 3-oxa-PD1 on EPSCs and IPSCs, we analyzed the traces at 1 min (right before the
drug perfusion) and at 5 min (1 min after the drug perfusion), as indicated in Fig. 6E, F and Fig. 7E, F. In
all cases, n refers to the number of the neurons recorded, collected from 3—6 animals for each experimental

condition. All drugs were bath applied to spinal cord slices by gravity perfusion via a three-way stopcock.

2.5. Primary culture of astrocytes

Cerebral cortex was isolated from neonatal CD1 mice (postnatal day 0, PO) of both sexes on ice. After
digestion with trypsin for 6 min at 37°C, the brain tissues were filtered to collect brain cells. The brain
cells were then seeded in culture flakes with DMEM medium (containing 10% fetal bovine serum) for 9
days. After vibration for 6-8 hours, astrocytes on the bottom of the flake were digested and seeded in six-
well plates at the density of 8x10°%/well with DMEM/F12 medium containing N2 supplement for 3 days

before use.

2.6. Anxiety behavior
Anxiety behavior in chronic itch mice was assessed by open filed test and elevated plus maze tests. Open
field test was performed in a 45 x 45 x 45 cm?3 square arena (TAP plastics) over 15 min. The center of the

arena was defined as a center area that covered 50% of the total area. The total distance travelled, and time



spent in the center area were automatically recorded and analyzed by ANY-maze (Stoelting Co.). The
elevated plus maze apparatus (Stoelting Co.) is comprised of two open arms (35 x 5 ¢cm?) and two closed
arms (35 x 5 x 15 cm®) elevated 50 cm above the ground. Mice were placed in the center facing one of
the two open arms and allowed to explore for 6 min. Anxiety-like behavior was assessed by time travelled
within the open arms. The video and data were automatically recorded and analyzed by ANY-maze
(Stoelting Co.).

2.7. ELISA

Three hours after intrathecal administration of Oxa-PD1 (100 ng/10 pL) or systemic injection (300 ng in
100 pL) in CTCL mice, mice were sacrificed by decapitation under isoflurane anesthesia. Then we
collected cervical and lumbar spinal cord tissues. ELISA kits for mouse lipocalin-2 were obtained from
ThermoFisher (Cat # EMLCN2433707). The spinal cord tissues were homogenized in a lysis buffer
containing protease and phosphatase inhibitors (RIPA buffer, sigma). For each ELISA assay, 50 ug of
lysed spinal cord proteins or 50 ul of astrocyte culture medium were used. ELISA tests were conducted

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

2.8. Statistical analysis

GraphPad Prism 7.0 (GraphPad, San Diego, CA) was used for statistical analysis, and all data were
expressed as mean * s.e.m, as indicated in the figure legends. Electrophysiological data were analyzed
using paired or unpaired two-tailed Student’s t-test and 2-sample Kolmogorov-Smirnov test. Behavioral
data were analyzed using Student’s t-test (two groups) or two-way ANOVA followed by post-hoc Tukey’s

test or Bonferroni test. The criterion for statistical significance was P < 0.05.



3. Results

3.1. Intrathecal injection of 3-oxa-PD1 reduces acute itch

Acute itch can be characterized as histaminergic or nonhistaminergic itch. Histamine elicits acute itch via
activation of histamine receptors and TRPV1 [31], whereas chloroquine (CQ), an anti-malaria drug can
elicit histamine-independent itch via activation of MrgprA3 receptors and TRPA1 [45; 89]. Intradermal
administration of histamine and CQ evoked robust acute itch, as indicated by increased scratching bouts
in 30 min (Fig. 2A-D). Notably, intrathecal administration of 3-oxa-PD1 (100 ng) prevented acute itch,
induced by histamine (P<0.0001, Fig. 2B) and CQ (P<0.0001, Fig. 2D). Intrathecal administration of
morphine is also known to produce pruritus in mice by acting on inhibitory neurons and gastrin-releasing
peptide receptor (GRPR) [52; 60; 88]. We found i.t. administration of 0.3 nmol of morphine induced
robust scratching for 20 min (Fig. 2E). The morphine-induced pruritus was completely blocked by the i.t.
treatment of 3-oxa-PD1 (P<0.001, Fig. 2F). Together, these results indicate that 3-oxa-PD1 is highly

effective in suppressing acute itch in different animal models.

3.2. Intrathecal 3-oxa-PD1 produces greater inhibition of chronic itch than PD1 in CTCL mice

In our earlier report, we demonstrated that i.t. PD1 or 3-oxa-PD1 reduced chronic itch in a cancer model
of CTCL [59]. We further compared the efficacy of PD1 and 3-oxa-PD1 in this model. Following i.t.
administration, both PD1 (100 ng) and 3-oxa-PD1 (100 ng) produced significant reductions of scratches
at 1 hour (P <0.0001 vs. vehicle), 3 hours (P <0.0001 vs. vehicle), and 5 hours (P <0.0001 vs. vehicle),
but the anti-pruritic effects of both agents recovered 24 hours after the administration (Fig. 3A). However,
3-oxa-PD1 produced greater itch reduction at 3 hours (P<0.01) and 5 hours (P<0.01) than PD1 (Fig. 3A).
Rotarod testing in both naive and CTCL animals showed no sign of motor impairment following i.t. 3-
oxa-PD1 treatment; and 3-oxa-PD1 slightly increased the fall latency (Fig. 3B). These results suggest that
the 3-oxa-PD1 is more effective than PD1 for the control of chronic itch, most likely due to increased
metabolic stability of 3-oxa-PD1 [59].

3.3. Sustained 3-oxa-PD1 treatment results in long-lasting inhibition of chronic itch in CTCL mice
Next, we examined whether repeated injections of 3-oxa-PD1 would cause antipruritic tolerance or
accumulating benefits. To this end, we treated CTCL animals with daily i.t. injections of Oxa-PD1 for 7

days and assessed itch behavior at 1 day and 25 days after the treatment/last injection (Fig. 4A).



Surprisingly, we observed profound inhibition of itch not only at 1 day after the treatment (P <0.0001 vs.
vehicle, Fig. 4B) but also at 25 days after the treatment (CTCL Day 55, P <0.0001 vs. vehicle, Fig. 4C).
Thus, repeated i.t. injections of 3-oxa-PD1 do not cause antipruritic tolerance. Instead, we observed
accumulating and sustained anti-itch effect of the treatment, even 3 weeks after the last injection.
Furthermore, we found this treatment did not affect the tumor growth on CTCL Day 30 (P > 0.05 vs.
vehicle, Fig. 3D) and CTCL Day 55 (P > 0.05, Fig. 4E). Therefore, the antipruritic action of i.t. 3-oxa-
PD1 is not a result of tumor suppression.

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

Our data suggest that 3-oxa-PD1 can effectively control acute and chronic itch via spinal action. Next, we
investigated whether 3-oxa-PD1 could control itch via local and peripheral actions. To this end, we
conducted intra-tumor administration of 3-oxa-PD1 (100 ng) via a single injection (20 pL) into the skin
lymphoma on CTCL Day 35 (Fig. 5A,B). Intra-tumor 3-oxa-PD1 significantly reduced the CTCL-induced
pruritus at 1 hour (P < 0.0001, vs. vehicle, Fig. 5B) and 3 hours (P < 0.0001, vs. vehicle, Fig. 4B). Intra-
tumor administration of 3-oxa-PD1 (100 ng) via a single injection (20 pL) into the skin lymphoma on
CTCL Day 35 (Fig. 5A,B). Intra-tumor 3-oxa-PD1 (100 ng) on CTCL Day 55 also significantly reduced
pruritus at 1 hour (P < 0.05, vs. vehicle, Fig. 5C). These results suggest that 3-oxa-PD1 may also reduce

chronic itch via peripheral modulation.

3.5. 3-0xa-PD1 modulates excitatory and inhibitory spinal transmission in cervical spinal cord
neurons in CTCL mice
Spinal cord synaptic plasticity manifests as central sensitization and plays an important role in chronic
itch sensitization [1; 34]. To determine the synaptic mechanisms by which CTCL modulates chronic itch,
we conducted patch-clamp recordings in spinal cord slices to measure spontaneous excitatory postsynaptic
currents (SEPSCs, Fig. 6) and spontaneous inhibitory postsynaptic currents (sIPSCs, Fig. 7) in lamina llo
interneurons. These interneurons are known to form a microcircuit with input from C-fiber afferents and
output to lamina I projection neurons, contributing to itch processing [10; 80].

We first tested the effects of 3-oxa-PD1 on sEPSCs in spinal cord slices prepared from naive mice
(CB17 background) and CTCL mice (Fig. 6A-J). Compared with naive animals, the baseline frequencies
of SEPSCs were significantly higher in CTCL mice (P =0.0002, Fig. 6C), whereas the baseline amplitudes
of SEPSCs did not change (P = 0.91, Fig. 6D). In spinal cord slices from naive mice, bath application of

10



3-0xa-PD1 (10 ng/ml) did not affect the SEPSC frequencies (2.7 £ 0.5 Hz vs. 3.7 £ 0.9 Hz, before and
after application, n = 13, P = 0.21, paired t-test) and SEPSC amplitudes (10.6 £ 1.1 pA vs. 9.6 £ 0.6 pA, n
=13 neurons, P = 0.19, paired t-test). Time course analysis of SEPSCs revealed that superfusion of spinal
cord slices from CTCL mice with 3-oxa-PD1 (10 ng/ml, 3 min) produced a rapid but transient inhibition
of sEPsC frequency (Fig. 6E). Only a mild inhibition in SEPSC amplitude was observed by this treatment
(Fig. 6F). The inhibitory effect of 3-oxa-PD1 was washed out in 5 min (Fig. 6E). 3-Oxa-PD1 (10 ng/ml)
significantly reduced SsEPSC frequency 4 min after the perfusion (P = 0.008, Fig. 6G), which was also
revealed by cumulative probability of SEPSCs (P < 0.001, Fig. 6H). At the same time point, 3-oxa-PD1
(10 ng/ml) produced a mild but significant inhibition of SEPSCs amplitude (9.7 £ 0.5 vs. 8.9 £ 0.5 pA,
before and after the treatment, n = 14, P = 0.037, paired t-test, Fig. 61, J).

Next, we investigated the effects of 3-oxa-PD1 on sIPSCs in cervical spinal cord slices from naive
and CTCL mice (Figure 7A-J). The baseline frequencies and amplitudes of sSIPSCs were not significantly
different between CTCL and naive groups (Figure 7A-D). In spinal cord slides of naive mice, bath
application of 3-oxa-PD1 (10 ng/ml) slightly increased sIPSCs but had no significant impact on the sIPSC
frequencies (1.6 £ 0.5 Hz vs. 2.6 = 0.5 Hz, before and after application, respectively, n=10, P = 0.14,
paired t-test) and sIPSC amplitudes (12.2 + 0.7 pA vs. 16.3 + 2.8 pA, respectively, n=10, P=0.16, paired
t-test). Time course analysis of SIPSCs demonstrate that superfusion of spinal cord slices from CTCL mice
with 3-oxa-PD1 (10 ng/ml, 3 min) produced a rapid but transient increase of sIPSC frequency (Fig. 7E).
Only a very brief increase in sIPSC amplitude was observed by this treatment (Fig. 7F). The facilitatory
effect of 3-oxa-PD1 was washed out in 5 min (Fig. 7E). Of interest, in spinal cord slices from CTCL mice,
3-oxa-PD1 (10 ng/mL) significantly increased the sIPSC frequency (Fig. 7G), at 4 min after the perfusion
(Fig. 7E), which was also revealed by cumulative probability of SIPSCs (P < 0.05, Fig. 7H). This treatment
had no significant impact on sIPSC amplitudes (12.0 + 1.4 pA vs. 18.1 + 5.0 pA, respectively,n = 13, P
=0.17, paired t-test, Fig. 71, J).

Collectively, these findings from sEPSC and sIPSC recordings indicate that 3-oxa-PD1 can
regulate both excitatory and inhibitory synaptic transmission by decreasing SEPSCs and increasing sIPSCs.
Notably, the percentage change in sIPSCs appeared to be greater than that of SEPSCs (Fig. 6E and 7E).
The opposite modulation of both EPSC and IPSC will lead to a strong suppression of central sensitization

underlying the genesis of persistent itch.

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

11



Allergic contact dermatitis (ACD) is a common disease condition to elicit chronic itch [41; 75]. We
induced ACD by DNFB treatment and tested the anti-itch effect of Oxa-PD1 on Day 10 (Fig. 8A). DNFB
elicited marked and persistent itch on day 10 (Fig. 8B). Intrathecal injection of 3-oxa-PD1 (100 ng)
significantly reduced the DNFB-evoked itching behaviors at 1 hour (P<0.05 vs. vehicle) and 3 hours (P
<0.05 vs. vehicle) but not at 5 and 24 hours (Fig. 8B). Imiquimod (IMQ) is an agonist of Toll-like receptor
7 and an approved anti-cancer treatment. Topic application of IMQ elicited strong pruritus [51]. Repeated
IMQ treatment (Fig. 8C) has been shown to induce psoriasis and persistent itch [84]. Intrathecal injection
of 3-oxa-PD1 (100 ng) significantly reduced the IMQ-evoked pruritus at 1, 3, and 5 hours (P<0.05 vs.
vehicle, Fig. 8D). These results further suggest that 3-oxa-PD1 can exert antipruritic action in clinically

relevant persistent itch conditions.

3.7. 3-0xa-PD1 inhibits the spinal production of LCN-2 in CTCL mice and astrocyte release of LCN2
LCN2 is an innate immune factor and can be secreted by activated immune cells and astrocytes. STAT3-
dependent upregulation of LCN2 was shown to be crucial for inducing chronic itch [73]. To elucidate the
mechanism by which 3-oxa-PD1 exerts antipruritic actions, we collected cervical and lumbar spinal cord
segments from CTCL mice and measured LCN2 levels in vivo (Fig. 9A-D) and in vitro (Fig. 9E, F) by
ELISA. For in vivo analysis, we collected spinal cord segments at 3 hours after intrathecal injection (100
ng, Fig. 9A) or intraperitoneal injection (i.p., 300 ng, Fig. 9C) of 3-oxa-PD1 or vehicle. We found that i.t.
treatment of 3-oxa-PD1 significantly reduced the LCN2 levels in both cervical spinal segments (P =
0.0015) and lumbar spinal cord segments (P = 0.0025) of CTCL mice (Fig. 9B). We also observed that
LCN2 levels were very low in naive animals but dramatically increased in CTCL animals (P<0.0001, Fig.
9D). Furthermore, i.p. treatment of 3-oxa-PD1 significantly reduced the LCN2 levels in both cervical
spinal segments (P<0.0001) and lumbar spinal cord segments (P<0.0001) of CTCL mice (Fig. 9D). To
determine the involvement of astrocytes in secreting LCN2, we prepared primary cultures of astrocytes
from mouse cortices (Fig. 9E). We detected high basal levels of LCN2 in culture medium of astrocyte
cultures (Fig. 9F). 3-oxa-PD1 treatment (100 ng/ml, 24 h) significantly decreased LCN2 secretion
(P=0.0022, Fig. 9F). Lipopolysaccharide (LPS, 100 ng/ml, 24 h) failed to increase LCN2 secretion in
astrocyte cultures, but 3-oxa-PD1 still significantly decreased LCN2 secretion (P < 0.01, Fig. 9F).
Collectively, these results suggest that 1) 3-oxa-PD1 can suppress both in vivo production and in vitro
secretion of LCN2 and 2) 3-oxa-PD1 may inhibit chronic itch by inhibiting LCN2 signaling in the spinal

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

Chronic itch conditions are associated with higher rates of stress, anxiety, depression, leading to an
impairment of quality of life [68]. In patients with plaque psoriasis and atopic dermatitis, severe pruritus
is associated with higher anxiety and depression scores [21; 58]. Therefore, we examined anxiety-related
behavior on naive and CTCL mice using open-field and elevated plus maze tests (Fig. 10A-D). In open-
field testing, we observed that the inner zone stay duration (P < 0.0001, Fig. 10B) and travel distance (P
= 0.027, Fig. 10B) were significantly shorter in CTCL mice compared to naive mice, although the total
travel distance did not differ between these two groups (Fig. 10A-B). Furthermore, elevated plus maze
testing revealed that CTCL mice showed significantly shorter open arm stay duration (P = 0.0091, Fig.
10D) and open arm travel distance (P = 0.020, Fig. 9D), although the total travel distance did not differ
between these two groups (Fig. 10D). Next, we tested the effects of 3-oxa-PD1 on these anxiety-related
behaviors in CTCL mice (Fig. 10E). Notably, intrathecal administration of 3-oxa-PD1 (100 ng)
significantly improved the anxiety-related behaviors in open-field testing (Fig. 10F,G) and elevated plus
maze testing (Fig. 10H,1). Together, these results suggest that 1) CTCL-induced chronic itch is associated
with anxiety and 2) 3-oxa-PD1 can further alleviate chronic itch-induced anxiety.
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4. Discussion

In the present report, we demonstrate the antipruritic efficacy of a new SPM mimetic 3-oxa-PD1 in several
itch models; Namely 1) histamine-induced acute itch, 2) chloroquine-induced histamine-independent itch,
3) intrathecal morphine-induced central itch, 4) allergic contact dermatitis-induced persistent itch by
DNFB, 5) psoriasis-induced persistent itch IMQ, and 6) the CTCL-induced chronic cancer itch. Moreover,
we found that both central and peripheral routes of 3-oxa-PD1 delivery are effective in itch suppression.
Especially, the anti-itch effect can last for several weeks after one-week intrathecal treatment of 3-oxa-
PD1 in the cancer itch model. Mechanistically, we demonstrated that spinal perfusion of 3-oxa-PD1 (10
ng/ml, ~1 nM) drastically enhanced inhibitory synaptic transmissions in SDH neurons from mice with
chronic itch. Furthermore, we showed that anxiety is a comorbidity of lymphoma-induced chronic itch
and 3-oxa-PD1 significantly improved the anxiety-related behaviors in CTCL mice. These results indicate

that 3-oxa-PD1 is a novel and potent antipruritic treatment.

Increasing evidence suggests that SPMs possess potent analgesic actions in animal models of
inflammatory, postoperative, neuropathic, and cancer pain via immune, glial, and neuronal modulation
(reviewed in [33; 35]). Pain and itch are different sensory modalities: pain suppresses itch, whereas
analgesics such as morphine can elicit itch [15; 19; 41]. On the other hand, inflammation induces both
pain and itch [50]. TRP channels, such as TRPA1, TRPV1, TRPV4, and TRPC3 are required for the
induction of both pain and itch [8; 14; 20; 53; 55; 57; 63; 90]. Limited studies have shown that SPMs
alleviate itch by peripheral mechanisms, such as reducing skin inflammation and modulation of TRP
channels. Resolvin E1 attenuates murine psoriatic dermatitis, a chronic itch disease, by inhibiting
migration of cutaneous dendritic cells and yd T cells [69]. Systemic resolvin D3 treatment was shown to
prevent the development of psoriasiform itch and skin inflammation and further inhibit the TRPV1
function in cultured sensory neurons [43]. Our previous study demonstrated that a single intrathecal
injection of PD1 and/or 3-oxa-PD1n-3 ppa reduced CTCL-induced chronic itch for several hours [59]. In
the present study, we further revealed that 3-oxa-PD1 elicited more potent anti-itch actions than PD1, due

to possible increase in lipid stability mediated by -oxidation (Fig. 1) [59].

Our findings highlight a central modulation of chronic itch by intrathecal 3-oxa-PD1. Central
sensitization underlies acute and chronic itch [2; 50]. It can manifest as increased excitatory synaptic
transmission in the spinal cord itch circuity [11; 34], which could be mediated by GRPR+ excitatory
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neurons. Both GRP and GRPR-expressing neurons are critically involved in chronic itch [76; 77]. In
chronic itch, GRP-GRPR signaling is enhanced [37; 74]. Consistently, we obtained significant increases
in excitatory synaptic transmission (SEPSC) in SDH neurons following CTCL-induced chronic itch, as
result of presynaptic modulation. Central sensitization is also characterized by loss of inhibition
(disinhibition) in both chronic pain and itch conditions [42; 50]. Spinal cord disinhibition is sufficient to
drive chronic pruritus [9; 66]. Recent studies revealed that intrathecal opioid-induced itch is also mediated
disinhibition in the spinal cord [60; 88]. Indeed, activation of GABAergic and glycinergic transmission
effectively inhibited pruritus [11; 23; 44; 65]. Although we only saw a tendency of IPSC reduction in SDH
neurons after chronic itch, we found that 3-oxa-PD1 perfusion caused rapid and profound increases in
sIPSCs. Therefore, it is conceivable that intrathecal 3-oxa-PD1can suppress chronic itch and opioid-

induced itch by increasing IPSCs, therefore counteracting disinhibition in the spinal circuit of itch.

Emerging evidence suggests that spinal glial cells play an important role in driving chronic itch
[34; 82]. Intrathecal injection of astrocyte inhibitor alpha aminoadipate did not alter acute itch but reduced
dry skin-induced chronic itch [47]. Chronic itch is associated with persistent astrogliosis, as well as
upregulations of toll-like receptor 4 (TLR4) and the transcription factor STAT3 in spinal cord astrocytes
[48; 73; 81]. Genetic deletion of Tlr4 or Stat3 or pharmacological inhibition of TLR4 in SDH reduced
astrogliosis and pruritus in mouse dry skin and DNFB models [47; 73]. Interestingly, lipocalin-2 (LCN2),
also known as neutrophil gelatinase-associated lipocalin, is enriched in reactive astrocytes and contributes
to neurodegeneration [46; 85]. STAT3-induced upregulation of LCN2 plays a crucial role in chronic itch.
LCN2 was upregulated in reactive astrocytes in chronic itch and sufficient to enhance GPR-evoked
pruritus [74]. Furthermore, GRP-induced excitability of GRPR*™ SDH neurons is enhanced by LCN2
released from reactive astrocytes [37]. Our ELISA analysis revealed that 3-oxa-PD1 reduced LCN2 levels
in the spinal cord of CTCL mice and suppressed LCN2 secretion in astrocyte cultures. It is likely that 3-
oxa-PD1 may inhibit itching via astroglial signaling.

There are also limitations of this study. The receptor of 3-oxa-PD1 remains to be identified. It is
generally believed that the biological actions of SPMs are mediated by specific G-protein coupled
receptors (GPCRs), such as GPR32 for RvD1, GPR18 for RvD2, ChemR23 for RvVE1l, GPR37 for
PD1/NPD1, and LGR6 for MaR1 [4; 7; 16; 17; 39]. SPMs modulate the activities of TRP channels (e.g.,
TRPA1 and TRPV1) via GPCR signaling [43; 61; 62; 71]. It is also possible that SPMs at high
concentrations, may directly interact with ion channels. Mas-related GPCRs such as MrgprA3 was
identified as an itch receptor in mice [45] and MRGPRX4 was proposed as a human itch receptor [12; 56;
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97]. It will be of considerable interest to study interactions of 3-oxa-PD1 with different types of itch
receptors. Another limitation of this study is the cellular targets of 3-oxa-PD1 are still elusive. Oxa-PD1
may act on multiple cell types, including neurons and glial cells. Further studies are needed to explore
these cellular mechanisms of 3-oxa-PD1 using in vitro systems.

In conclusion, our results indicate that the new 3-oxa-PD1, a metabolically stable analog of
PD1/NPD1 [59], can potently inhibit acute and chronic itch in various mouse models. Mechanistically, 3-
oxa-PD1 may inhibit itch via modulation of both excitatory and inhibitory synaptic transmission and
regulation of astrocyte signaling. Chronic itch remains a major health concern in skin diseases such as
atopic dermatitis, contact dermatitis, allergic contact dermatitis and xerosis [94]. It also occurs in systemic
diseases such as cholestatic liver diseases, kidney diseases (e.g., uremia), and diabetes [14; 38]. Notably,
antihistamines do not work for most chronic itch conditions [79]. Advances in our understanding of the
neuroimmunology of chronic itch have led to the clinical applications of type 2 cytokine blockers (e.qg.,
IL-4, IL-13, IL-31, and 1L-33 blockers) for the treatment of atopic dermatitis [22]. Even if these agents
are effective, the appearance of side effects such as drowsiness, nausea, constipation, and infection, can
be a problem in the treatment of pruritus. In particular, CTCLs are the most frequent primary skin
lymphomas and cause intractable pruritus in advanced stages [64; 67]. SPMs promote the resolution of
inflammation and diseases via immune, glial, and neuronal modulations and also have shown no obvious
side effects in animal studies and/or human trials [33]. However, as lipid mediators, SPMs are limited by
their local pharmacokinetics. Thus, metabolically stable analogs of SPMs, such as the 3-oxa-PD1, may be
promising as highly effective anti-pruritic agents. Especially, the antipruritic action could be achieved by

intra-tumoral injection in cancer patients with severe itch.
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Figure legends

Omega-3 poly unsaturated fatty acids

EPA DHA DPA

TN ZIN

Protectins n-3 DPA n-3 DPA
(Neuroprotectins)  Maresins Protectins

E-series D-series D-series  (Neuroprotectins)
resolvins resolvins resolvins

Resistant to
P-oxidation

CO,H

3-oxaPD1n-3 DPA PD1 n-3 DPA

Fig. 1. Chemical structures of omega-3 polyunsaturated fatty acids EPA, DHA, and DPA, as well as
n-3 DPA-derived PD1n-3 oA and 3-0xa PD1n-3 bPA.

Note that 3-oxa PD1n-3 pra is a synthetic compound and the 3-oxa insertion renders this lipid mediator
resistant to 3-oxidation metabolism.
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Figure 2. Intrathecal 3-oxa-PD1 inhibits acute itch.

Acute itch was evoked by intradermal injection of histamine (500 pg, A-B), chloroquine (200 pg C-D),
and intrathecal administration of morphine (0.3 nmol, E-F). Intrathecal administration of 3-oxa-PD1 (100
ng), given 30 min prior to the injection of pruritogens, decreased the scratch bouts. (A, C, E) Time course
of scratch bouts. Two-way ANOVA with Bonferroni’s post hoc test. (A) F(, 14)= 78.86, P <0.0001; (C)
F, 13 = 31.69, P < 0.0001; (E) Fq, 13y = 14.32, P = 0.023. (B, D, F) Accumulating bouts in 30 min.
Unpaired t-test. Vehicle (PBS):n=7 (A),n=8(C),n=5 (F); Oxa-PD1: n=9 (A),n=8 (C),and n=10
(F). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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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.) significantly reduced the number of scratches, compared to vehicle
(n=13), at 1, 3 and 5 hours. Compared with NPD1 (n = 8), 3-oxa-PD1 (n = 7) produced greater inhibition
of scratching at 3 and 5 hours. Two-way ANOVA with Bonferroni’s post hoc test. F, 25y = 120.8, P <
0.0001. P < 0.01, P < 0.0001. (B) Rotarod testing showing the effects of 3-oxa-PD1 (100 ng, i.t.) on
motor function in naive animals and CTCL animals (Day 20). n = 15 mice per group. Note that fall latency

is slightly increased after 3-oxa-PD1 treatment. Data are shown as mean = SEM.
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Figure 4. Effects of persistent intrathecal 3-oxa-PD1 treatment on chronic itch and tumor growth.

(A) Experimental paradigm of oxa-PD1 treatment and behavioral testing. Daily i.t. injection of 3-oxa-PD1
(100 ng) was given for 7 days, starting on CTCL day 23. Itching behavior was video recorded on Day 30
and Day 55. (B-C) Repeated i.t. administration of 3-oxa-PD1 substantially reduced the number of
scratching in early-mid phase (Day 30, B) and late-phase (Day 55, C). n = 7 mice /group, Two-way
ANOVA with Bonferroni’s post hoc test. F(1, 12)= 17.54, P < 0.0013 (B); unpaired t-test (C). (D-E) The
same oxa-PD1 treatment did not affect the tumor growth in either early or late phase. n = 7 mice /group,
Two-way ANOVA with Bonferroni’s post hoc test. F(1,12)= 0.2567, P = 0.62 (D); unpaired t-test (E). Data

are shown as mean + SEM. P < 0.0001.
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Figure 5: Intratumor injection of 3-oxa-PD1 inhibits cancer itch.

(A) Schematic of intra-tumor injection. (B) Intra-tumor injection of 3-oxa-PD1 (100 ng, n = 8), given on
CTCL Day 35, reduced itching behavior at 1 and 3 hours after administration. ™*P < 0.0001, compared
with vehicle (n =6), Two-way ANOVA with Bonferroni’s post hoc test. F1,12)=10.04, P = 0.0081. (C)
Intra-tumor injection of 3-oxa-PD1 (100 ng, n = 6), given on CTCL Day 55, reduced itching behavior at
1 hour after administration. P < 0.05, compared with vehicle (n =6), Two-way ANOVA with Bonferroni’s
post hoc test. F,12)=10.04, P = 0.0081. Data are shown as mean £ SEM.
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Figure 6. 3-0xa-PD1 inhibits excitatory synaptic transmissions in spinal cord slices of CTCL mice.
(A-B) Representative traces of spontaneous EPSCs (SEPSCs) in lamina Ilo neurons of naive CB17 (A)
and CTCL (B) mice. Traces 1 and 2 are enlarged in the bottom panels. (C-D) Quantification of SEPSC
frequency (C) and amplitude (D) in naive and CTCL mice. CTCL significantly increased the frequency
but not amplitude of SEPSC. Unpaired t-test, n = 24 neurons from 7 naive mice and n = 42 neurons from
10 CTCL mice of both sexes. (E, F) Time course showing the effects of bath application of 3-oxa-PD1
(10 ng/ml, 3 min) on percentage changes of SEPSC frequency (E, n=14 neurons) and sSEPSC amplitude
(F, n=14 neurons). Arrows indicate before and after 3-oxa-PD1 perfusion. Note that 3-oxa-PD1 decreased
the frequency but not amplitude of SEPSCs in spinal cord neurons of CTCL mice. Also note the effect of
3-oxa-PD1 can be washed out in 5 min. (G) sEPSC frequency. Paired t-test, n = 14 neurons from 5 CTCL

mice. (H) Cumulative probability of inter-event interval shows longer interval after 3-oxa-PD1 application.
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Two-sample Kolmogorov-Smirnov test. (I) SEPSC amplitude. n = 14 neurons from 5 CTCL mice. (J)
Cumulative probability of amplitude. The data were analyzed at 1 min (before treatment) and 5 min (after

treatment). Data are shown as mean £ SEM.
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Figure 7. 3-oxa-PD1 increases inhibitory synaptic transmissions in spinal cord slices of CTCL mice.

(A-B) Representative traces of spontaneous IPSCs (sIPSC) in lamina llo neurons of naive CB17 (A) and
CTCL (B) mice. Traces 1 and 2 are enlarged in the bottom panels. (C-D) Quantification of sIPSC

frequency in naive and CTCL mice. Unpaired t-test, n = 16 neurons from 4 naive mice and n = 20 neurons

from 3 CTCL mice of both sexes. (E, F) Time course showing the effects of bath application of 3-oxa-

PD1 (10 ng/ml, 3 min) on percentage changes of sSIPSC frequency (E, n=13 neurons) and SEPSC amplitude

(F, n=13 neurons). Arrows indicate before and after 3-oxa-PD1 perfusion. Note that 3-oxa-PD1 decreased
the frequency but not amplitude of SEPSCs in spinal cord neurons of CTCL mice. Also note the effect of
3-o0xa-PD1 can be washed out in 5 min. (G) sIPSC frequency in CTCL mice. Paired t-test, n = 13 neurons

from 3 CTCL mice. (H) Cumulative probability of inter-event interval shows shorter interval after Oxa-

PD1 application. Two-sample Kolmogorov-Smirnov test. (I) SEPSC amplitude. Paired t-test, n = 13
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neurons from 3 CTCL mice. (J) Cumulative probability of amplitude. The data were analyzed at 1 min

(before treatment) and 5 min (after treatment). Data are shown as mean + SEM.
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Figure 8. Intrathecal 3-oxa-PD1 treatment inhibits persistent itch in mice following DNFB-induced

dermatitis and imiquimod-induced psoriasis.

(A) Protocol of experimental design for the mouse DNFB model. (B) Intrathecal administration of 3-oxa-
PD1 (100 ng) reduced the number of scratching. Two-way ANOVA with Bonferroni’s post hoc test. F 1,
60) = 13.68, n=6 mice (vehicle) and n=8 mice (3-oxa-PD1). (C) Protocol of experimental design for the
mouse psoriasis model induced by imiquimod (IMQ). (D) Intrathecal administration of 3-oxa-PD1 (100
ng) reduced the number of scratching. Two-way ANOVA with Bonferroni’s post hoc test. F (1, 60) = 13.68,

n=6 mice (vehicle) and n=8 mice (3-oxa-PD1). Data are shown as mean + SEM. *P < 0.05,
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Figure 9: 3-oxa-PD1 inhibits spinal production of LCN2 production in CTCL mice and LCN2

secretion in astrocyte cultures.

(A, B) Intrathecal injection of 3-oxa-PD1 (100 ng, A) inhibited LCN2 production in cervical and lumbar
segment of spinal cord in CTCL mice. Two-way ANOVA with Bonferroni’s post hoc test. F (1, 28) = 27.17,
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P < 0.0001. n = 8 per group. (C, D) Intraperitoneal injection of 3-oxa-PD1 (300 ng, C) inhibited LCN2
production in cervical and lumbar segment of spinal cord in CTCL mice. Note that LCN2 level is very
low in naive animals and substantially increased in CTCL mice. Two-way ANOVA with Bonferroni’s
post hoc test. F (1, 28y = 27.17, P<0.0001. Spinal cord tissues were collected 3 h after 3-oxa-PD1
administration on CTCL Day 45. n = 8 per group. (E, F) 3-oxa-PD1 treatment in primary cultures of
astrocytes (E) inhibited LCN2 secretion in culture medium. One-way ANOV A with Bonferroni’s post hoc
test. F (2, 42) = 89.62, P<0.0001. n = 6 per group. LCN2 levels were measured by ELISA using

commercial kits. Data are shown as mean + SEM.
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Figure 10. Intrathecal 3-oxa-PD1 treatment alleviates CTCL-induced anxiety in mice.
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Anxiety-related behavior was assessed by open field test (A-B, E-F) and elevated plus maze test (C-D, G-
H). (A-B) CTCL mice show significantly shorter inner zone travel duration and distance than naive mice.
n =8 (naive) and n = 12 (CTCL). (C-D) CTCL mice show significantly shorter open arm duration and
distance than naive mice. n =7 (naive) and n = 11 (CTCL). (E) Schematic of experimental design for drug
administration and behavioral testing. EPMT, elevated plus maze testing; OFT, open-field testing. (F-G)
In CTCL model mice, intrathecal administration of Oxa-PD1 (100 ng) significantly increased the inner
zone travel duration and distance in open-field test compared to vehicle group. n =9 (vehicle) and n =7
(3-oxa-PD1). (H-1) Both the travel duration and distance in open arm were significantly longer in 3-oxa-
PD1 treated group than vehicle group. n =9 (vehicle) and n = 7 (3-oxa-PD1). Data are shown as mean £
SEM. Unpaired t-test (B, D, G, I).
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Figure 11. Schematic of multiple benefits of 3-oxa-PD1 and mechanism of action. Local and systemic

injection of 3-oxa-PD1 reduces acute, persistent, and chronic itch in mouse models. 3-oxa-PD1 inhibits

central sensitization in spinal cord neurons by modulation of both excitatory and inhibitory synaptic

transmission in CTCL mice. Furthermore, 3-oxa-PD1 can suppress spinal cord production and astrocyte

release of LCN2, an astrocyte-produced itch mediator.
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