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1. INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest class of transmembrane signaling proteins. They control
most physiological and pathological processes, including pain, and are the target of over one third of FDA-
approved drugs. GPCRs are traditionally considered to function at the plasma membrane, allowing cells to detect
extracellular ligands. However, plasma membrane signaling is transient, and activated GPCRs usually undergo
clathrin- and dynamin-mediated endocytosis. Endosomes were once considered merely conduits for GPCR
trafficking to recycling or degradatory pathways. This grant investigates the novel concept that endosomes are
a vital site for continued GPCR signaling in pain-sensing neurons that mediates sustained neuronal activity and
pain. Thus, selective antagonists of endosomal GPCRs might provide superior relief from chronic pain than
conventional drugs that are designed to target GPCRs at the plasma membrane. The inability of such drugs to
effectively engage GPCRs in acidic endosomes might explain their lack of efficacy in clinical trials of chronic
pain. The application focuses on receptors for neuropeptides (substance P [SP] neurokinin 1 receptor [NK1R];
calcitonin gene-related peptide [CGRP] calcitonin like receptor [CLR]) and proteases (protease-activated
receptor-2 [PAR:]). These receptors have been implicated in nerve injury pain, migraine pain, and colonic pain
of irritable bowel syndrome (IBS).

2. KEYWORDS
Chronic pain; neuropathic pain; head injury pain; migraine pain; irritable bowel syndrome pain; G protein-coupled
receptors; endosomes; analgesics

3. ACCOMPLISHMENTS:

Goals of Project. The table indicates approved Statement of Work tasks, date of completed tasks, and
percentage of tasks accomplished by those dates.

Abbreviations: GPCR, G Protein-Coupled Receptor; DRG, Dorsal Root Ganglia; PAR;, Protease-Activated
Receptor-2; NKi1R, Neurokinin 1 Receptor; CLR, Calcitonin Receptor-like Receptor; TRP, Transient Receptor
Potential (ion channel); muGFP, monomeric ultrastable Green Fluorescent Protein; IBS-D, Irritable Bowel
Syndrome, Diarrhea-Predominant; HC, Healthy Control; ABP, Activity-Based Probe; PTH, Post Traumatic
Headache; FRET, Forster Resonance Energy Transfer; BRET, Bioluminescence Resonance Energy Transfer;
RNA-Seq, RNA Sequencing

Aim 1: To determine whether GPCRs in endosomes of pain-sensing neurons control the
activity of ion channels and the transcription of genes that induce sustained neuronal Date %
excitation.

Major Task 1: Determine whether endosomal PAR: in DRG neurons generates
compartmentalized signals that regulate channel activity and sensitization

Subtask 1: Establish breeding colonies of PAR,-muGFP mice. 9/29/21 100

Subtask 2: Analyze endocytosis-dependent compartmentalized signaling in DRG neurons 9/29/21 100

Subtask 3: Assess PAR,-mediated sensitization and TRP channel activation in DRG 9/29/21 75
neurons

Major Task 2: Determine whether proteases in human colon biopsy specimens activate
endosomal PAR: in DRG neurons to generate signals that regulate channel activity and
sensitization

Subtask 1: Collect and process human colon biopsies from IBS-D (N=50) and HC (N=50)

> 9/29/21 100
patients

Subtask 2: Determine whether proteases in human IBS-D biopsies sensitize DRG neurons

and activate TRP channel through endosomal PAR:. 9/29/21 100

Subtask 3: Profile activated serine and cysteine proteases in supernatants of IBS-D and

HC biopsies using ABPs 9/29/21 50
Major Task 3: Determine whether endosomal PAR2, NK:R and CLR signals regulate

transcription in pain-sensing neurons

Subtask 1: Determine whether endosomal PAR2, NK;iR and CLR signaling regulates 9/29/21 10

transcription in DRG and spinal neurons




Aim 2: To determine whether endosomally-targeted antagonists inhibit endosomal GPCR
signaling, channel activation, gene transcription and sustained hyperexcitability of pain-
sensing neurons.

Subtask 1: Generate small molecule tripartite PAR2, NKiR and CLR antagonists; generate
small molecule quadripartite NK;R and CLR antagonists; generate fluorescent probes

9/29/21

100

Major Task 1: Determine whether tripartite and quadripartite antagonists disrupt
endosomal PAR2, NK1R and CLR signaling in HEK293 cells

Subtask 1: Determine whether lipidated antagonists disrupt ligand/receptor interactions in
endosomes

9/29/21

75

Subtask 2: Determine whether lipidated antagonists inhibit endosomal signaling of PAR>,
NK:R and CLR in HEK293 cells

9/29/21

100

Major Task 2: Determine whether tripartite and quadripartite antagonists target PAR: in
endosomes of DRG neurons and NK;R and CLR in endosomes of spinal neurons, and
inhibit endosomal signaling

Subtask 1: Determine whether tripartite and quadripartite antagonists colocalize with PARy,
NK1iR and CLR on endosomes of pain-sensing neurons

9/29/21

100

Subtask 2: Determine whether tripartite and quadripartite antagonists inhibit endosomal
signaling of PAR2, NK1R and CLR in pain-sensing neurons

9/29/21

100

Major Task 3: Determine whether tripartite and quadripartite antagonists disrupt PAR2-
induced sensitization and transcription in DRG neurons and NK;R- and CLR-induced
sensitization and transcription in spinal neurons

Subtask 1: Determine whether tripartite and quadripartite antagonists inhibit sensitization
and TRP activation in neurons

9/29/21

75

Subtask 2: Examine whether antagonists suppress gene expression

9/29/21

25

Aim 3: To investigate the therapeutic potential of endosomally-targeted GPCR antagonists
in trauma- and stress-induced pain that is relevant to disorders of military personnel and
veterans.

Major Task 1: Conduct studies in preclinical model of migraine headache to determine
feasibility of using tripartite CLR antagonists for migraine pain.

Subtask 1: Generate tripartite antagonists of PAR2, NKiR and CLR; generate quadripartite
probes for NK;R and CLR antagonists, similar to Aim 2 above

9/29/21

100

Subtask 2: Develop a GTN-evoked model of migraine headache pain in C57BL/6 mice

9/29/21

100

Subtask 3: Determine efficacy of tripartite or non-lipidated CLR antagonists

9/29/21

100

Major Task 2: Conduct studies in preclinical model of nerve injury pain to determine
feasibility of using quadripartite NK:R/CLR antagonists for nerve injury pain.

Subtask 1: Develop a spared nerve injury model of neuropathic pain in C57BL/6 mice

9/29/21

100

Subtask 2: Determine efficacy of quadripartite NK;R/CLR antagonists and non-lipidated
antagonists

9/29/21

100

Major Task 3: Conduct studies in preclinical model of IBS pain to determine feasibility of
using tripartite PAR, antagonists for post-inflammatory IBS pain.

Subtask 1: Generate an IBS mouse model in C57BL/6 mice

9/29/21

100

Subtask 2: Training of electrophysiologist in Dr. Schmidt’'s laboratory by Dr. Bunnett’'s team
on visceromotor responses following graded colorectal distention

9/29/21

75

Subtask 3: Determine efficacy of tripartite PAR2 antagonists and non-lipidated antagonists

9/29/21

75




Research Progress

We have investigated the mechanisms by which G protein-coupled receptors (GPCRSs) signal pain that is
prevalent in military personnel and veterans including post-traumatic headache, nerve injury pain and irritable
bowel syndrome pain. Previous drug discovery efforts, which have been largely unsuccessful, focus on targeting
plasma membrane GPCRs. However, once activated GPCRs undergo endocytosis and intracellular trafficking.
We investigated the hypothesis that GPCRs in endosomes (eGPCRs) generate sustained signals that mediate
neuronal hypersensitivity and chronic pain. Thus, chronic pain results from sustained agonist release and
eGPCR signaling. Antagonists designed to target plasma membrane GPCRs may not engage eGPCRs due to
the acidic endosomal pH and eGPCR association with multi-protein signaling complexes. We showed
antagonists designed to target eGPCRs provide more efficacious and sustained relief from chronic pain. Our
major accomplishments for 2020-21 are summarized below.

a) Endosomal signaling of protease-activated receptor-2 in colonic inflammation and pain. GPCRs
regulate many pathophysiological processes and are major therapeutic targets. The impact of disease on the
subcellular distribution and function of GPCRs is poorly understood. We investigated trafficking and signaling of
C Par2-mugfp | DSS Colitis protease-activated receptor-2 (PARy) in colitis. To localize PAR>

@l | and assess redistribution during disease, we generated knockin
mice expressing PAR; fused to monomeric ultra-stable green
fluorescent protein (MuGFP). PAR>-muGFP signaled and
trafficked normally. PAR, mRNA was detected at similar levels in
Par-mugfp and wild-type mice, which demonstrated comparable
nociceptive responses to PAR; agonists. Immunostaining with a
GFP antibody and RNAScope® in situ hybridization using F2rl1
(PAR2) and Gfp probes revealed that PAR>-muGFP was
expressed in epithelial cells of the small and large intestine and
in subsets of enteric and dorsal root ganglia neurons. In healthy
mice, PAR>-muGFP was prominently localized to the basolateral
membrane of colonocytes (Fig. 1). In mice with colitis induced by
dextran sodium sulphate (DSS), PAR,-muGFP was depleted
from the plasma membrane of colonocytes and redistributed to
early endosomes, consistent with generation of proinflammatory
proteases that activate PAR,. PAR: agonists stimulated
Fig. 1. Localization of PAR.-muGFP (green) in | endocytosis of PAR; and recruitment of Gog, Gai and B-arrestin2
colonocytes of control mice and mice with DSS | to early endosomes of T84 colon carcinoma cells, assessed
colitis. Note marked endocytosis of PARz- using bioluminescence resonance energy transfer. PAR;
MUGFP in the inflamed colon. agonists increased paracellular permeability of colonic epithelial
cells and evoked interleukin-8 release from segments of human colon. Knockdown of dynamin-2 (Dnmz2), the
major colonocyte isoform, and Dnm inhibition attenuated PAR, endocytosis, signaling complex assembly and
inflammation. Thus, PAR; endosomal signaling sustains protease-evoked inflammation and PAR; in endosomes
is a potential therapeutic target for colitis. This work is under revision by the Proceedings of the National Academy
of Science.

Water Control

DSS

b) Nanoparticle-encapsulated antagonists of protease-activated receptor-2 for the treatment of colonic
pain. The observation that PAR is massively internalized during intestinal inflammation and that endosomal
PAR; signaling mediates inflammation and pain, suggests that PAR; in endosomes is a therapeutic target. We
have previously reported the development of a nanoparticle-based strategy to selectively target eGPCRs.
Nanoparticle encapsulation improves drug efficacy by enhancing the stability, tolerability, delivery and retention
in diseased tissues. Nanoparticle-mediated drug delivery is especially useful for targets within endosomes
because of the endosomal transport mechanisms of many nanomedicines within cells. Stimulus-responsive
nanoparticles have been extensively studied for delivery of chemotherapeutic drugs to solid tumors, where
extracellular acidity and protease activity can be exploited to trigger nanoparticle disassembly and cargo release.
Although nanoparticles usually enter cells by endocytosis, disruption of the endosomal membrane is necessary
to allow chemotherapeutic drugs to access their targets in the cytoplasm and nucleus. Less is known about the
efficacy of nanoparticle delivery systems for the treatment of conditions other than cancer, such as chronic pain.



We previously reported the design of a pH-responsive, soft

PAMAM Cy5 Loaded nano

1h
polymeric nanoparticle for the targeting of acidified endosomes to
precisely inhibit endosomal signaling events leading to chronic
pain. In chronic pain, the substance P (SP) neurokinin-1 receptor

4h (NK;1R) redistributes from the plasma membrane to acidified
endosomes, where it signals to maintain pain. Therefore, the
NKiR in endosomes provides an important target for pain relief.
The pH-responsive nanoparticles entered cells by clathrin- and
dynamin-dependent endocytosis and accumulated in NK;R-

8h containing endosomes. Following intrathecal injection into
rodents, the nanoparticles, containing the FDA-approved NK;R
antagonist aprepitant, inhibited SP-induced activation of spinal
neurons and thus prevent pain transmission. Treatment with the

Fig. 2. Uptake of PAMAM-Chol-Cy5 nanoparticles led to complete and persistent relief from

nanoparticles into the colonic mucosa at 1, 4 . . . . ; .
and 8 h after intracolonic delivery via enema to nociceptive, inflammatory and neuropathic nociception.

mice. We have adapted this approach to deliver antagonists of PAR; to

articles The realization that GPCRs signal from within endosomes to
mediate pain offers an opportunity to use nanoparticles to deliver
GPCR antagonists to endosomes, where the acidic
microenvironment can be harnessed to stimulate cargo release.

endosomes of colonic cells for the treatment of colonic pain.

We generated PAMAM-Cholesterol (PAMAM-Chol)
nanoparticles encapsulating either the fluorophore cyanine-5 or
the PAR; antagonist I-560. When injected into the lumen of the

30 min Vehide-;' Free 'Sﬁg’zF © mouse colon via enema, PAMAM-Chol-Cy5 nanoparticles were

L 7 oF ' detected in endosomes of colonocytes after 1-8 h (Fig. 2).
Intracolonic injection of the PAR; agonist 2-Furoyl-LIGRLO-

- VehVeh (6) -© PAMAM-Chol emply/2F (6)
@ VelV2F (6) -@ PAMAMChoHI560/2F (6)

E 125 NH2 (2F) resulted in persistent colonic pain, assessed by
£100 measuring withdrawal responses to stimulation of the abdomen
= with von Frey filaments (Fig. 3; downward deflection denotes
E 751 mechanical allodynia). Pretreatment with PAMAM-Chol-1560
S 501 nanoparticles strongly inhibited PAR2-evoked abdominal pain,
o whereas free 1-560 or empty PAMAM-Chol nanoparticles had
£ 251 no effect (Fig. 3). We are now evaluating the efficacy of
I o) S N nanoparticle-encapsulated PAR: antagonists in preclinical
> r r r r . models of inflammatory bowel disease and irritable bowel
0 1 2 3 4 5 syndrome pain.

Time (h)
Fig. 3. Nanoparticles were injected into the mouse c)

colon 30 min prior to intracolonic injection of PAR2 Nanoparticle-encapsulated antagonists  of the

agonist 2F. 2F caused colonic pain. PAMAM-Chol- neurokinin-1 receptor for the treatment of neuropathic and
1560 nanoparticles reversed 2F-evoked pain. (n) inflammatory pain. The design of nanoparticles that could
mouse numbers. release cargo in endosomes over days might provide long-term

relief of pain. To evaluate this concept, we studied star polymer
nanoparticles (nanostars) containing aprepitant, an antagonist of the SP NK;R, for the treatment of chronic
inflammatory and neuropathic pain in mice. Nanostars containing cyanine-5 slowly released cargo under acidic
conditions and trafficked to endosomes of HEK-NK:R cells, assessed by confocal imaging. The ability of
nanoparticles to inhibit endosomal NK;R signaling was examined using Bioluminescence Resonance Energy
Transfer (BRET) to examine recruitment of mini-Ga proteins and B-arrestin2 to the NK:R in endosomes.
Nanostar-aprepitant inhibited SP-evoked assembly of NKiR/Gayg/p-arrestin2 signalosomes in endosomes.
These results are consistent with antagonism of the NK;R in endosomes. Inflammatory pain was induced by
intraplantar injection of complete Freund’s adjuvant (CFA) to the hindpaw. The spared nerve injury (SNI) model
of neuropathic pain was studied, where the tibial and peroneal branches of the sacral nerve of one hindpaw
were transected, leaving the sural nerve intact. At 2 days post-CFA or 10 days post-SNI, nanoparticles or free
aprepitant was injected intrathecally. Mechanical allodynia and cold allodynia were assessed by stimulation of
the planter surface of the paw with von Frey filaments or a cold stimulus (acetone evaporation) respectively.
Non-evoked nociception was examined using a behavioral spectrometer. In both models, nanostar-aprepitant
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nanoparticles (Benzo and VBA nanoparticles) reversed withdrawal responses of the ipsilateral paw to

mechanical and cold stimulation and

[
=
=

Key

SNI
SNIVBA-@
SNI/Benzo-@

Il SNI/VBA-AP 1000 nM
H SNI/Benzo-AP 1000 nM
Il SNIAP 1000 nM

VFF response (% basal)

NP (Lt 1000 nM AP)

normalized spontaneous nociceptive
behavior (Fig. 4). Nanostar-
aprepitant nanoparticles maintained
analgesia for 10 h. Nanostar-
aprepitant nanoparticles provided
more efficacious and sustained
analgesia than free aprepitant. Empty

Fig. 4. Effects of intrathecally administered nanostars on neuropathic pain in
mice. Nanoparticles were administered 10 days after nerve injury.

T . T 1 nanostars (Benzo and VBA) did not
affect withdrawal responses of the
contralateral hindpaw or normal
behavior. Our results show that

Time (h)

nanoparticles can be used to deliver

antagonists of endosomal GPCRs that signal inflammatory and neuropathic pain. The sustained endosomal
delivery of GPCR antagonists from slow-release stimulus-responsive nanoparticles offers an approach for the
effective and long-lasting reversal of chronic pain. This work is being prepared for submission to Biomaterials.

d) Endosomal signaling of calcitonin gene-related peptide in Schwann cells mediates migraine pain. The
efficacy of monoclonal antibodies against calcitonin gene-related peptide (CGRP) or its receptor (calcitonin

-
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Fig. 5. A-C. Periorbital mechanical allodynia in
mice after CGRP injection. A. RAMP1 deletion
from Schwann cells abolished response. B.
Dyngo4a (Dy4a) but not inactive analog (inact)
abolished response. C. DIPMA-MK-3207 had
greater inhibitory actions than free MK-3207. D.
PAR: agonist 2F mobilized Ca?* in human
Schwann cells; PAR:z antagonist I-560 abolished
response. Inset shows Alexa-2F uptake into
Rab5a+ve endosomes.
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receptor-like receptor/receptor activity modifying protein-1,
CLR/RAMP1) implicates peripherally-released CGRP in
migraine pain. However, the site and mechanism of CGRP-
evoked migraine pain remain unknown. We observed that a
human Schwann cell line and primary mouse Schwann cells
express mMRNA and protein for CLR and RAMP1. Schwann
cells in culture also expressed functional CGRP receptors. In
preclinical models of migraine pain in mice, selective deletion
of CGRP receptors from Schwann cells abrogated periorbital
mechanical allodynia evoked by administration of CGRP,
capsaicin (releases endogenous CGRP) and trinitroglycerin
(provokes migraine) (Fig. 5A). Periorbital injection of Dyngo4a,
a dynamin inhibitor, suppressed CGRP-evoked periorbital
allodynia (Fig. 5B). Studies of cultured Schwann cells revealed
that CGRP/CLR signals from endosomes to evoke cAMP-
dependent formation of nitric oxide. Nitric oxide, by gating
Schwann cell transient receptor potential ankyrin 1 (TRPAL)
channel, releases reactive oxygen species, which in a feed-
forward manner sustain nociceptor TRPAL1 activation and
allodynia. When encapsulated into nanoparticles that release
cargo in acidified endosomes, a CLR/RAMP1 antagonist (MK-
3207) provided superior inhibition of CGRP signaling and
allodynia in mice compared to free MK-3207 (Fig. 5C). Our
results reveal that neuronal/Schwann cell endosomal signaling
pathway mediates nociception associated with neurogenic
inflammation and explains the antimigraine effect of
peripherally-acting anti-CGRP drugs. This work is under review
by Nature Communications. Schwann cells also responded to
the PAR2 agonist, 2F; the antagonist [-560 abolished

responses (Fig. 5D). Alexa-tagged 2F trafficked to endosomes of Schwann cells. Thus, PAR2 might also signal
from endosomes to mediate pain associated with protease activity.

Training and Professional Development

The NYU Department of Molecular Pathobiology provides opportunities for mentorship, research training and
professional development. Post-doctoral fellows have a faculty mentoring committee. Trainees learn laboratory
skills from experienced investigators, and receive mentorship from the PI on literature reviews, experimental
design, data analysis, scientific writing and presentation. They attend weekly laboratory meetings and journal
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clubs, and attend symposia and seminars at NYU. A team science training program of bimonthly seminars
provides training in ethical conduct of research, rigor and reproducibility, experimental design, and career
development.

Dissemination of Results

The Bunnett and Schmidt laboratories meet as a group each week to evaluate progress, provide feedback on
technical issues and results, arrange transfer of mice and chemical resources, and trouble-shoot problems.
Technical methods specific to the project are discussed. Member of the laboratory including students,
postdoctoral fellows, scientists and principal investigators attend this joint laboratory meeting.

Dr. Bunnett has presented findings at the following meetings and seminar series:
2020
e University of Arizona
¢ University of California, San Francisco
e New York University
Plans for Next Reporting Period
Priorities for the next reporting period include:

Analysis of the mechanisms by which GPCRs in endosomes regulate TRP channel activity at the plasma
membrane and gene expression in the nucleus of neurons that sense and transmit pain.

Analysis of the mechanisms by which proteases and their receptors evoke colonic pain in mice.

4. IMPACT

Impact on principal discipline. This work has identified new targets for the treatment of chronic pain. We have
discovered that painful stimuli cause the translocation of receptors from the cell surface to endosomes of neurons
that sense and transmit pain. Receptors in endosomes are primarily responsible for signaling persistent pain.
Drugs that target these receptors provide more effective relief from chronic pain than conventional drugs that
target receptors at the surface of cells. The failure of conventional drugs in clinical trials of chronic pain may be
due to their inability to inhibit receptors in endosomes.

Impact on other disciplines. GPCRs mediate many diseases beyond pain, including cardiovascular disease,
inflammatory diseases and cancer. Antagonists and agonists of GPCRs represent the single largest class of
drugs; more than one third of FDA-approved drugs target GPCRs. The concept that GPCRs in endosomes
generate sustained signals that may underlie disease processes raises the prospect that GPCRs in endosomes
might be the optimal target for the treatment of many chronic diseases.

Impact on technology transfer. The Pl is a scientific founder of Endosome Therapeutics, a start-up company
that seeks to develop and commercialize drugs that target endosomal GPCRs. The National Center for
Advancing Translational Science (NCATS) has initiated a collaboration to develop nanoparticle-encapsulated
antagonists of GPCRs for the treatment of chronic pain.

Impact on society. The development of non-opioid treatments for chronic pain has the potential to lessen the
opioid crisis, which is a major cause of mortality and morbidity in the USA.

5. CHANGES/PROBLEMS

Changes in approach and reasons for change. Nothing to report.

Actual or anticipated problems or delays and actions or plans to resolve them. Nothing to report.
Changes that had a significant impact on expenditures. Nothing to report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents. Nothing to report.

Significant changes in use or care of human subjects. Nothing to report.
Significant changes in use or care of vertebrate animals. Nothing to report.
Significant changes in use of biohazards and/or select agents. Nothing to report.



6. PRODUCTS

Journal publications
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Meek TA, Hollenberg MD, Liu CZ, Vanner SJ, Janal MN, Bunnett NW, Edgington-Mitchell LE & Schmidt
BL. Legumain Induces Oral Cancer Pain by Biased Agonism of Protease-Activated Receptor-2. J Neurosci
41, 193-210, 2021. PMC7786216. https://www.ncbi.nlm.nih.gov/pubmed/33172978

Bhansali D, Teng SL, Lee CS, Schmidt BL, Bunnett NW, Leong KW. Nanotechnology for Pain
Management: Current and Future Therapeutic Interventions._ Nano Today. 39, 101223, 2021.
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Veldhuis NA. A lipid-anchored neurokinin 1 receptor antagonist prolongs pain relief by a three-pronged
mechanism of action targeting the receptor at the plasma membrane and in endosomes. J Biol Chem,
100345, 2021. PMC7949131. https://www.ncbi.nlm.nih.gov/pubmed/33515548
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Neurobiology of Disease

Legumain Induces Oral Cancer Pain by Biased Agonism of
Protease-Activated Receptor-2

Nguyen Huu Tu,”* Dane D. Jensen,?* ““Bethany M. Anderson,®> Elyssa Chen,' Nestor N. Jimenez-Vargas,*
Nicole N. Scheff,! Kenji Inoue,' Hung D. Tran,' John C. Dolan,' Tamaryn A. Meek,” Morley D. Hollenberg,®
Cheng Z. Liu,” Stephen J. Vanner,* Malvin N. Janal,® Nigel W. Bunnett,” Laura E. Edgington-Mitchell,"*** and
Brian L. Schmidt'*

'Oral and Maxillofacial Surgery, Bluestone Center for Clinical Research, New York University College of Dentistry, New York, NY 10010, “Department of
Molecular Pathobiology, New York University College of Dentistry, New York, NY 10010, *Biochemistry and Molecular Biology, Bio21 Institute,
University of Melbourne, Parkville, VIC 3010, *Gastrointestinal Diseases Research Unit, Division of Gastroenterology, Queen’s University, Kingston,
ON K7L 3N6, Canada, *Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, VIC 3052,
®Inflammation Research Network-Snyder Institute for Chronic Disease, Physiology and Pharmacology Department, and Medicine Department,
University of Calgary Cumming School of Medicine, Calgary, AB T2N 4N1, Canada, "Department of Pathology, New York University Langone Health,
New York, NY 10016, and *Department of Epidemiology and Health Promotion, New York University College of Dentistry, New York, NY 10010

Oral squamous cell carcinoma (OSCC) is one of the most painful cancers, which interferes with orofacial function including talking
and eating. We report that legumain (Lgmn) cleaves protease-activated receptor-2 (PAR;) in the acidic OSCC microenvironment to
cause pain. Lgmn is a cysteine protease of late endosomes and lysosomes that can be secreted; it exhibits maximal activity in acidic
environments. The role of Lgmn in PAR,-dependent cancer pain is unknown. We studied Lgmn activation in human oral cancers
and oral cancer mouse models. Lgmn was activated in OSCC patient tumors, compared with matched normal oral tissue. After
intraplantar, facial or lingual injection, Lgmn evoked nociception in wild-type (WT) female mice but not in female mice lacking
PAR, in Nayl.8-positive neurons (Par,Na,1.8), nor in female mice treated with a Lgmn inhibitor, LI-1. Inoculation of an OSCC
cell line caused mechanical and thermal hyperalgesia that was reversed by LI-1. Par,Na,1.8 and Lgmn deletion attenuated mechani-
cal allodynia in female mice with carcinogen-induced OSCC. Lgmn caused PAR,-dependent hyperexcitability of trigeminal neurons
from WT female mice. Par, deletion, LI-1, and inhibitors of adenylyl cyclase or protein kinase A (PKA) prevented the effects of
Lgmn. Under acidified conditions, Lgmn cleaved within the extracellular N terminus of PAR; at Asn’|Arg”', proximal to the ca-
nonical trypsin activation site. Lgmn activated PAR, by biased mechanisms in HEK293 cells to induce Ca*" mobilization, cCAMP
formation, and PKA/protein kinase D (PKD) activation, but not p-arrestin recruitment or PAR, endocytosis. Thus, in the acidified
OSCC microenvironment, Lgmn activates PAR, by biased mechanisms that evoke cancer pain.

Key words: asparaginyl endopeptidase; cancer pain; legumain; oral cancer; protease; protease-activated receptor-2

(s )

Oral squamous cell carcinoma (OSCC) is one of the most painful cancers. We report that legumain (Lgmn), which exhibits
maximal activity in acidic environments, cleaves protease-activated receptor-2 (PAR,) on neurons to produce OSCC pain.
Active Lgmn was elevated in OSCC patient tumors, compared with matched normal oral tissue. Lgmn evokes pain-like behav-
ior through PAR,. Exposure of pain-sensing neurons to Lgmn decreased the current required to generate an action potential
through PAR,. Inhibitors of adenylyl cyclase and protein kinase A (PKA) prevented the effects of Lgmn. Lgmn activated PAR,
to induce calcium mobilization, cAMP formation, and activation of protein kinase D (PKD) and PKA, but not f-arrestin
recruitment or PAR; endocytosis. Thus, Lgmn is a biased agonist of PAR, that evokes cancer pain. /
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Table 1. Patient profiles

Tu, Jensen etal. @ Legumain and PAR, in Oral Cancer Pain

Patient # Sex Age Ethnicity Tumor location Primary tumor stage Nodal status
1 F VAl Hispanic Mandibular gingiva pT4a pNO

2 M 57 Hispanic Mandibular gingiva pT2 pN2a

3 M 66 Hispanic Floor of mouth, mandibular gingiva pT4a pNO

4 F 77 White/Non-Hispanic Mandibular gingiva pT4a pNO

5 F 50 Asian Tongue pT1 pNO

6 M 93 Asian Mandibular gingiva p12 pNO

7 F 81 White/Non-Hispanic Maxillary gingiva pT2 pNO
Introduction Here, we report that Lgmn is a unique activator of PAR,. We

Up to 90% of cancer patients endure pain; oral cancer is one of
the most painful (van den Beuken-van Everdingen et al., 2007).
Pain often overwhelms oral cancer patients in the final months
of life; these patients suffer most while speaking, drinking, or eat-
ing, and their quality of life plummets (Connelly and Schmidt,
2004; Kolokythas et al., 2007). Oral squamous cell carcinoma
(OSCC) pain worsens with disease progression and responds
poorly to opioids. Development of an alternative to opioids is
stymied by our poor understanding of the mechanism driving
cancer pain. While the etiology of oral cancer pain is not well
understood, it is known that OSCC secretes mediators that sensi-
tize and activate nociceptors within the cancer microenviron-
ment and generate pain. These mediators include endothelin,
ATP, nerve growth factor, and proteases; proteases produce pain
by cleaving protease-activated receptor-2 (PAR;) on nociceptors
(Pickering et al., 2008; Schmidt et al., 2007; Lam and Schmidt,
2010; Ye et al.,, 2011, 2014b; Lam et al., 2012). The proteases that
activate PAR, in the OSCC microenvironment are unknown.
Anaerobic metabolism in tumors and inflamed tissues acidifies
extracellular fluid. Legumain (Lgmn; asparaginyl endopeptidase)
is a cysteine protease of late endosomes and lysosomes with an
acidic pH optimum. Although Lgmn has been implicated in tu-
mor metastasis (Kembhavi et al., 1993), and patients with meta-
static oral cancer report greater pain (Connelly and Schmidt,
2004), it is unknown whether Lgmn causes PAR,-dependent
cancer pain.

PAR, is a G-protein-coupled receptor (GPCR) expressed by
nociceptors that mediates neurogenic inflammation and pain
(Steinhoff et al., 2000; Vergnolle et al., 2001). Proteases activate
PAR, through distinct mechanisms. The canonical agonists tryp-
sin, tryptase, and kallikrein cleave within the extracellular N ter-
minus of PAR,, which exposes a tethered ligand that binds to
and activates the cleaved receptor (Nystedt et al., 1995; Bohm et
al., 1996a; Corvera et al., 1997; Angelo et al., 2006). The biased
agonists cathepsin S and elastase cleave at different sites within
the PAR, N terminus, leading to distinct pathways of PAR, sig-
naling and trafficking (Ramachandran et al., 2009; Zhao et al.,
2014). PAR, couples to signaling pathways that sensitize and
activate pain-related ion channels, including the transient recep-
tor potential vanilloid (TRPV1, TRPV4) and ankyrin (TRPAI)
channels, yielding sustained sensitization of nociceptors and
chronic pain (Amadesi et al., 2006; Dai et al., 2007; Zhao et al,,
2015). Since PAR,; is upstream of these pronociceptive channels,
blockade of proteases and of PAR, is advantageous for the man-
agement of cancer pain. Therefore, there is a need to identify
proteases that remain active in the acidified extracellular millieu
of tumors and to determine whether they activate PAR, to pro-
duce pain. Some proteases known to activate PAR, show dimin-
ished activity under acidic conditions (Hachem et al., 2003,
2005). Moreover, proteases are often profiled in diseased tissues
by measurement of protein or mRNA, not activity.

found that Lgmn is reproducibly and robustly activated in OSCC
patients and mice with OSCC. Under acidified conditions, Lgmn
cleaved PAR, at a distinct site and activated PAR, by biased
mechanisms, leading to hyperexcitability of nociceptors and
nociceptive behavior in mice. A Lgmn inhibitor prevented
OSCC pain in mice. Thus, we have identified Lgmn as a novel
mediator and therapeutic target for OSCC pain.

Materials and Methods

Reagents. We used recombinant human Lgmn (440,000 ng/ml, catalog
#2199-CY-010, R & D System), Lgmn substrate Z-Ala-Ala-Asn-AMC
(I-1865; Bachem), DMEM and HBSS (ThermoFisher), PAR, agonist 2-
Furoyl-LIGRLO-NH, and PAR; agonist TFLLR-NH, (Tocris), Lgmn-
generated PAR, activating peptide (RSSKGR; GL Biochem), and other
reagents (Sigma) unless otherwise specified.

Lgmn activation and inhibition. Lgmn was activated per manufac-
turer protocol. Lgmn activation was confirmed by incubating Lgmn
(1 ng/ul) with Z-Ala-Ala-Asn-AMC (200 um) in dilution buffer [250 mum
NaCl, 50 mM 2-(N-morpholino) ethanesulfonic acid (MES); pH 5.0] or
MES-HBSS (HBSS, 50 mm MES pH 5.0, 5.5 or 6.0). Fluorescence (excita-
tion 340 nm, emission 460 nm) was measured every 30 s for 10 min in a
Flexstation three plate reader (Molecular Devices). Lgmn (1 ng/pl) was
assayed for activity in the presence of the Lgmn inhibitors QDD100531
or QDD123427 (1 pm -10 um) and PAR, antagonists I-343 (10 um) or
GB88 (10 um; Farmer, 2013; Lieu et al.,, 2016; Jimenez-Vargas et al.,
2018). Rich Williams provided the Lgmn inhibitors. The specificity of
QDD100531 was demonstrated in Ness et al. 2015 (compound Sh in
Supplementary Table 1); QDD100531 showed no reactivity to other pro-
teases including cathepsin S, cathepsin B, caspase-3, caspase-8, or USP17
(Ness et al., 2015). QDD123427 showed similar specificity (R. Williams,
personal communication). GB88 exhibited specific antagonist activity
against four PAR, agonists differing in structure and mechanism; selec-
tivity of GB88 for PAR, over PAR; and PAR, was also demonstrated
(Suen et al.,, 2012). I-343, a member of the I-191 family of full PAR,
antagonists, inhibited inositol phosphate-1 (IP;) generation induced by
the PAR, agonists trypsin and 2-Furoyl-LIGRLO-NH,, but not IP; accu-
mulation induced by ATP (Farmer, 2013; Jiang et al., 2018; Jimenez-
Vargas et al.,, 2018). For studies in mice, activated Lgmn was diluted in
50 mM MES and 250 mm NaCl, at pH 5.0 (dilution buffer) to a concen-
tration of 300 ng/20 pl. For the in vivo experiments with LI-1 (10 mm,
100 pl, diluted in DMSO; Lee and Bogyo, 2010) the inhibitor was
injected into the tail vein 2 h before injection of Lgmn. LI-1 was a gift
from Matthew Bogyo. It is a covalent Lgmn inhibitor that exhibits
>20,000-fold selectivity for Lgmn over cathepsin B, cathepsin L, and
caspase-3. It has previously been shown to inhibit all Lgmn activity in
vivo within 1 h of administration (Edgington-Mitchell et al., 2016).

OSCC patients. Patients were screened and enrolled through New
York University (NYU) Oral Cancer Center after consent. Detailed de-
mographic information (age, sex, ethnicity, cancer location, primary tu-
mor stage, and evidence of metastasis) was collected. During surgical
resection, tumor and matched normal oral mucosa specimens were col-
lected (normal was harvested at anatomically matched contralateral site).
Specimens were frozen in liquid nitrogen and maintained at —80°C. The
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Committee on Human Research at NYU Langone Medical Center
approved human studies.

Mice. Female C57BL/6] (#000664) and NU/J Foxnl™ athymic mice
(#002019), four to eightweeks, were from The Jackson Laboratory.
Female C57BL/6] and F2rl1~'~ (B6. Cg-F2rlI™ ™"/} mice (#004993),
four to eight weeks, from The Jackson Laboratory, were used for trigemi-
nal ganglia (TG) dissociation. F2rlI conditional knock-out (KO) C57BL/
6 mice were generated by genOway as described (Jimenez-Vargas et al.,
2018). Lgmn~ '~ C57BL/6N mice were a gift from Thomas Reinheckel
(Matthews et al., 2010). The NYU Institutional Animal Care and Use
Committee approved mouse studies.

Analysis of total and active Lgmn in tissues. Snap frozen human and
murine tissues were sonicated in 50 mMm citrate pH 5.5, 0.5% CHAPS,
0.1% Triton X-100, and 4 mm DTT (10 pul/mg tissue). Solids were cleared
by centrifugation and protein concentration was measured by BCA assay
(Pierce). Protein was diluted in citrate buffer (50 pug/20 pl buffer), and
LE28 was added from a 100x DMSO stock (1 uM final; Edgington et al.,
2013). Samples were incubated at 37°C for 15 min, and the reaction was
quenched with 5x sample buffer [200 mm Tris-Cl (pH 6.8), 8% SDS,
0.04% bromophenol blue, 5% f3-mercaptoethanol, and 40% glycerol].
Protein was resolved on a 15% polyacrylamide gel under reducing condi-
tions. LE28 binding was detected by scanning the gel for Cy5 fluores-
cence using a Typhoon 5 (GE Healthcare). Proteins were transferred to
nitrocellulose membranes for immunoblotting with a goat anti-human
Lgmn antibody (R & D AF2199, 1:1000 diluted in 50% Li-Cor blocking
buffer and 50% PBS-T containing 0.05% Tween 20). Donkey-anti goat-
HRP (1:10,000; A15999; Invitrogen) was used for detection with Clarity
Western ECL Substrate (Bio-Rad). Actin (Sigma A5060) and ponceau
stain were controls.

Tongue xenograft cancer model. An orthotopic xenograft tongue can-
cer model was created by injecting HSC-3 into the tongue (Lam et al,,
2012). NU/J Foxnl™ athymic mice were injected in the left lateral
tongue under anesthesia [1 x 10° HSC-3 human tongue OSCC cells sus-
pended in 20 pl vehicle (1:1 mixture of DMEM and Matrigel; Corning,
reference #354234), or vehicle alone]. After twoweeks, the resulting
xenografted tumors and vehicle-injected tongues were excised and snap
frozen for protein analysis as above. Goat anti-mouse Lgmn (R & D
AF2058) and donkey anti-goat IR-800 (Li-Cor) were used in the
immunoblot.

Paw xenograft cancer model. The plantar surface of the right hind
paw of NU/J FoxnI™ athymic mice were inoculated with 1 x 10° HSC-3
in 20 ul of DMEM and Matrigel (Ye et al., 2011, 2014a). The paw xeno-
graft model permits measurement of mechanical and heat hypersensitiv-
ity of the paw. By 14 d after inoculation, a visible tumor developed in the
paw. After measuring baseline mechanical and thermal withdrawal
thresholds, HSC-3 were inoculated into the hind paw. Mechanical and
thermal withdrawal were measured at post inoculation days 3, 6, 10, and
13. On post inoculation day 14, LI-1 (10 mm, 100 pl) was injected into
the tail vein. Mechanical and thermal withdrawal were measured at 1, 3,
6, 12, 24, and 48 h after injection of LI-1 into the paw cancer mouse
model.

4-Nitroquinoline 1-oxide (4NQO)-induced OSCC model. An OSCC
mouse model was generated by exposing mice to 4NQO (100 ug/ml) in
drinking water for 16 weeks (Lam et al,, 2012). Functional allodynia
(gnaw-time) was measured with dolognawmeters (Dolan et al., 2010).
Before administration of 4NQO, mice were examined to confirm the ab-
sence of oral abnormalities. 4NQO administration and dolognawmeter
training over 15 sessions overlapped; baseline gnaw-time was calculated
from the final 5 sessions. Functional allodynia was measured after
28 weeks. The tongue was harvested and a 1- to 2-mm coronal section
was dissected from the most clinically suspicious region, fixed in 10%
neutral buffer formalin, and processed for paraffin embedding and slide
preparation. Four 5-um hematoxylin and eosin (H & E)-stained tongue
sections were evaluated for OSCC. Two pathologists blinded to group
identity performed histopathologic analysis. Only mice with histologi-
cally confirmed OSCC were included in the analysis of nociception.

Mechanical and thermal nociception in the hind paw. To assess me-
chanical nociception, mice were placed on a platform with a metal mesh
floor and acclimated for 1 h. Paw withdrawal threshold was measured

J. Neurosci., January 6, 2021 - 41(1):193-210 - 195

with von Frey filaments (Stoelting; Pickering et al., 2008). Withdrawal
threshold was defined as the gram-force sufficient to elicit left hindpaw
withdrawal. Withdrawal threshold for each animal was determined as
the mean of three trials for each animal. Thermal hyperalgesia was meas-
ured with a paw thermal stimulator (IITC Life Sciences; Yamano et al,,
2017). Mice were placed in a plastic chamber on a 25°C glass surface. A
radiant heat source was focused on the left hind paw and withdrawal la-
tency was measured as the mean of three trials taken at least 5 min apart
in each mouse. The cutoff latency was established at 20 s. Lgmn (300 ng
in 20 ul) or vehicle (control in 20 pl) was administered by intraplantar
injection into the left hind paw under 1% isoflurane. Injections were
made 1 h before the withdrawal tests (days 0, 1, and 4).

Facial mechanical nociception. Mice were placed individually in a
transparent, mesh-floor, box and acclimated for 1 h every other day for
two weeks. We measured withdrawal responses to mechanical stimula-
tion of the left cheek with von Frey filaments ranging from 0.008 to 4 g-
force (11 filaments in total) in ascending order (Deseure et al., 2003).
We applied the von Frey filament to the cheek, defined by the area below
the eye, between the nose and the ear. Each fiber was applied once; how-
ever, if the response to a von Frey filament was equivocal or the mouse
was moving, the same von Frey filament was reapplied to the same area
of the cheek 10 s after the first stimulus, or when the mouse stopped
moving. The interval between applications of von Frey filaments of dif-
ferent intensities was 5 min. The facial nociception score was reported as
a numerical average of the 11 responses in the following response cate-
gories: 0: no response; 1: detection, the mouse is aware of the filament
that stimulates the face; the mouse turns its head slightly to the object; 2:
reaction, the mouse turn its head away quickly, pulls it backward or
reacts with a single face wipe; 3: escape/attack, the mouse quickly escapes
from the object, attacks the object with its paw or mouth, or reacts with
two facial swipes; 4: multiple facial grooming, the mouse responds to the
filament simulation with more than three facial wipes continuously.
Hair on the left cheek was removed before subcutaneous injections of
Lgmn. The whiskers were not trimmed. Lgmn (300ng in 20 pl) was
injected subcutaneously to the left cheek under 1% isoflurane. Injections
were made 1 h before the facial mechanical withdrawal test at days 0, 1,
and 4.

Orofacial behavior. The dolognawmeter quantifies a behavioral index
of orofacial nociception (Dolan et al, 2010). The device measures the
time taken to gnaw through a dowel and is a validated index of orofacial
nociception in mice with OSCC. Mice were trained for 15 training ses-
sions in the dolognawmeter or until the coefficient of variance of the
time required to gnaw was below 0.2. A baseline gnaw-time (mean of the
final five training sessions) was established for each mouse. After base-
line gnaw-times were determined, treatment or drug injections were ini-
tiated and the mice underwent behavioral testing. Each response was
analyzed relative to the mouse’s baseline. Activated Lgmn, 300 ng in
20 pl, was injected into the tongue under isoflurane. The injection was
performed at days 0, 1, and 4. One hour after injection, the mice were
tested with a dolognawmeter.

Quantification of Lgmn in OSCC cells. Lgmn was measured in HSC-3
and DOK cells by ELISA. HSC-3 or DOK cells (~5000/well of a 12-well
plate) were cultured for 72 h (~70% confluency; Lam et al.,, 2012).
Medium was removed, cells were washed with 5 ml PBS without Ca?™"
and Mg“, and DMEM (500 pl) was added to each well. After 48 h, me-
dium was collected and centrifuged (1500 rpm, 4 min, 4°C). Cells were
homogenized with 100 pl of RIPA buffer/well (Thermo Scientific, prod-
uct #89901). Cell lysate was collected and centrifuged (1500 rpm, 10 min,
4°C). The pellet was discarded. A RayBio Human Lgmn ELISA kit
(RayBiotech, code ELH-Lgmn-1) was used for Lgmn quantification. The
standard curve was generated using the following concentrations: 7000,
2800, 1120, 448, 179, 72, 29, and 0 pg/ml of Lgmn provided with the kit.
The optical densities of the standards and samples were read at 450 nm
wavelength using a Promega GloMax luminometer (Promega BioSystems,
Model E9032). Alternatively, cells were live-labeled with LE28 (1 M, 0.1%
DMSO) for 4 h, lysed on ice in PBS containing 0.1% Triton X-100, and
cleared by centrifugation. Supernatants collected overnight in serum-free
media were concentrated using an Amicon Filter with a 3-kDa cutoff. Total
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protein from whole-cell lysates or supernatants

A ..
(~60 pg) were resolved by SDS-PAGE. Gels Patient # 1
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were scanned for Cy5 fluorescence and subject

Norma/lOSCCN S N S N S N S N S N S N S

to Lgmn immunoblotting. 2
Lgmn immunofluorescence in cancer cells. 50 |-
HSC-3 and DOK cells were grown on cover Lgmn —
slips at 37°C, 5% CO, for 48 h. Cells were activity ¥ - - w_— Ligmn:36
washed with PBS and fixed in 4% parafor- (LE28)
maldehyde at room temperature for 15 min. e - Lgmn 25
Cells were incubated with 3% bovine serum 20
albumin (BSA) in PBS to block non-specific
binding, then incubated with mouse mono- 15
clonal anti-Lgmn antibody (Santa Cruz 75
Biotechnology, B-8: sc-133234, lot #A0610), — — Lamn 56
1:50, 4°C, overnight. Cells were washed in 50 —— —— — e b
PBS and then incubated with goat anti- 37 - - - “ |Lgmn 36
mouse secondary antibody conjugated to Lgmn
Alexa Fluor 488 (Life Technology, A11029), IR 25 Lgmn 25
1:300, room temperature for 3.5 h. Nuclei (Western)
were stained with Hoechst (Thermo 20
Scientific, product #62249, lot #RG2244203). 15
The cover slips were mounted on slides in
Fluoromount G (Electron  Microscope
Sciences). A laser scanning confocal micro- B c D
scope (LSM 700, Carl Zeiss) was used to . *% * st Lo
obtain fluorescent images. The images were =) 4000 — 520007 — put -9
captured with a Zeiss Plan-Apochromat 63x/ < < o 75
1.40 Oil DIC M27 objective lens for Lgmn sig- 2 3000 - : 21500 - 50
nal quantification or 20x DIC objective lens % % 37 (-
for capturing the representative images. The T 5000 - ® 10004
fluorescent signal intensity of each cell was 8 3
measured by a blinded researcher using NIH - % j‘_’ 25 |-
Image]. Controls included the following: (1) o 1000 - 500+ % 20
staining of the spleen from wild-type (WT) E ° ¢ g o
and Lgmn~'~ mice; (2) preabsorption of the = ol ¢ 29 Ol g © 45
primary anti-Lgmn antibody with Lgmn; and Normal OSCC Normal OSCC

(3) omission of the primary antibody. For the
preabsorption negative control, the primary
anti-Lgmn antibody (0.07 num, equivalent to
1:50 dilution) was incubated in 10x higher
concentration of activated Lgmn (0.7 nm) at
37°C for 48 h versus cells stained with the
primary anti-Lgmn antibody, which was
incubated in activated Lgmn vehicle. WT
and Lgmn~ '~ mice were anesthetized with
100 mg/kg ketamine and 10 mg/kg xylazine
(intraperitoneal) and transcardially perfused
with 25 ml cold PBS, followed by 25 ml of
10% neutral formalin solution. The spleen was postfixed in 10% neutral
formalin solution for 24 h, cryoprotected in 30% (v/v) sucrose in PBS for
2d at 4°C, and embedded in Tissue-Tek" optimum cutting temperature
(OCT) compound (Sakura Finetek). Sections (10 tm) were processed for
immunofluorescence staining.

Dissociation of TG neurons. Mice were anesthetized with isoflurane,
bilateral TG were removed and neurons were enzymatically dispersed as
described (Ono et al., 2015). Ganglia were cut into 8-10 segments and
incubated for 30min in collagenase and dispase (12mg collagenase,
14 mg dispase in 3 ml HBSS). Neurons were triturated and plated onto
laminin/poly-L-ornithine-coated coverslips. Neurons were cultured in
Leibovitz medium containing 10% fetal calf serum, with penicillin and
streptomycin for 24 h (37°C, 5% CO,).

Electrophysiological recording. Hyperexcitability of small TG neurons
(<20 pm, <30 pF) was quantified by measuring rheobase (Scheff et al.,
2018). Whole-cell patch-clamp recordings were made using Axon patch
200B amplifier (Molecular Devices). Digidata 1440A (Molecular
Devices) was used for data acquisition and pulse generation. Rheobase
was measured using 250 ms square pulses starting from —10pA with
steps of 10 pA until the action potential threshold was reached. The rest-
ing membrane potentials were recorded at stable conditions without

Figure 1.

Lgmn activation in human 0SCC. 4, Active Lgmn labeled by LE28 (upper panel) as shown by in-gel fluorescence
and total Lgmn immunoreactivity (IR; lower panel) as shown by Western blotting in 0SCC biopsies and patient-matched normal
oral mucosa. The gel (upper panel) was transferred to nitrocellulose and immunoblotted for total Lgmn levels (lower panel). B,
Densitometry of the 36-kDa species labeled by LE28, displayed as averages for all normal and 0SCC samples (f; = 3.124,
**p=0.0088, when 36-kDa Lgmn activity in matched normal oral mucosa and SCC is compared, unpaired Student’s ¢ test). (,
Densitometry of the 25-kDa species labeled by LE28, displayed as averages for all normal and 0SCC samples (f, = 2.367,
*p=0.0356, when 25-kDa Lgmn activity in matched normal oral mucosa and SCC is compared, unpaired Student’s ¢ test). D,
Immunoprecipitation of LE28-labeled tumor sample with a Lgmn-specific antibody to confirm the 36- and 25-kDa species (n =7).

current injection. Neurons with resting membrane potentials more posi-
tive than —40 mV were excluded from analysis. Input resistance was esti-
mated from current-clamp recordings of the voltage response to 250 ms
of 10 pA hyperpolarizing current. Pipette resistance was 4-5 mQ in the
following external solution: 140 mm NaCl, 5 mm KCl, 10 mm HEPES, 10
mu glucose, 1 mm MgCl,, and 2 mm CaCly; pH was adjusted to 7.3-7.4
with NaOH. Pipette solution consisted of the following: 110 mm K-glu-
conate, 30 mm KCl, 10 mm HEPES, 1 mm MgCl,, and 2 mm CaCly; pH
was adjusted to 7.25 with KOH. Rheobase was measured after 10 min
incubation with Lgmn (20 ng/ml in external solution, pH 5.5), Lgmn
(20 ng/ml) plus LI-1 (10 um), or Lgmn vehicle (Lgmn activation buffer
pH 5.5). To study the signaling pathways of Lgmn induced hyperexcit-
ability, perforated patch-clamp was performed to avoid dialysis of cyto-
plasmic constituents. Amphotericin B (240 pg/ml) was used in the
pipette solution. Neurons were preincubated with GF109203X (GFX,
Tocris) or PKI-tide (both 1 um, 30 min, 37°C) before challenge with
Lgmn (20 ng/ml) or Lgmn vehicle. Rheobase was measured 10 min after
incubation with Lgmn or vehicle.

Cell lines. Human embryonic kidney (HEK293) cells stably express-
ing the human (h)PAR, with extracellular N-terminal FLAG and intra-
cellular C-terminal HA11 epitopes (HEK-FLAG-PAR,-HA cells) have
been described (Bohm et al., 1996b). PAR, and PAR, were deleted from
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HEK293 cells using CRISPR/Cas9 (Ungefroren et al., 2017). Cells were
maintained in DMEM with 10% fetal bovine serum and hygromycin
(100 pg/ml, 5% CO,, 37°C). Dysplastic oral keratinocyte, DOK, cell
number 94122104 from Sigma-Aldrich was cultured in DMEM/F12
(Invitrogen), 10% fetal bovine serum, 50 IU/ml penicillin/streptomycin
and 5pg/ml hydrocortisone. Human OSCC, HSC-3, cell number
JCRB0623, was from Japanese Collection of Research Bioresources Cell
Bank. HSC-3 was cultured in DMEM, 10% fetal bovine serum, and
50 IU/ml penicillin/streptomycin. DOK and HSC-3 cell lines were main-
tained at 37°C with 5% CO,.

PAR, cleavage. A peptide corresponding to hPAR, amino acids 21-
50 was synthesized by American Peptide Company and dissolved in water
at 300 um. The peptide was diluted to 200 um with Lgmn activation buffer
(50 mm sodium acetate, 100 mm NaCl, pH 4.5) in the presence and ab-
sence of Lgmn (200 ns; final volume 25 pl). After overnight incubation at
37°C, the reactions were quenched with 25 pl of 50% acetonitrile contain-
ing 0.1% trifluoroacetic acid (TFA). Samples (2 pl) were subject to LCMS
analysis with a Shimadzu LCMS 2020 fitted with a Phenomenex Luna
3 um C8(2) column (100 A, 100 x 2 mm). A gradient of 0% - 60% aceto-
nitrile over 10 min with 0.05% TFA was used for separation.

Immunofluorescence in HEK cells. HEK-FLAG-PAR,-HA cells
(45,000) were plated in eight-well ibiTreat p-slides and incubated over-
night. Cells were washed with HBSS and incubated with Lgmn (100 nm
final in HBSS pH 5.5) or trypsin (10 nu final in HBSS pH 7.4; 1 h 37°C).
Cells were fixed in 4% paraformaldehyde on ice for 10 min. Cells were
incubated with blocking buffer [3% normal horse serum (NHS) and
0.1% saponin] for 30 min at RT. Primary antibodies in blocking buffer
[rabbit anti-FLAG (1:250, Rockland) and mouse anti-HA (1:250; Ray
Biotech)] were incubated overnight at 4°C. Cells were washed with PBS
and secondary antibodies in blocking buffer (donkey anti-rabbit-Alexa
Fluor 488 and donkey anti-mouse-Alexa Fluor 647; 1:500; ThermoFisher)
were added for 1 h at RT. After washing with PBS, DAPI was added for
5 min followed by additional washing. Cells were imaged immediately on
a Leica SP8 confocal microscope.

On-cell Westerns. HEK-FLAG-PAR,-HA cells were plated on poly-p-
lysine (PDL)-coated 96-well plates (30,000 cells/well) and incubated
overnight. Cells were washed two times in HBSS (pH 7.4) and placed in
MES-HBSS (pH 5.0) for Lgmn assays or HBSS (pH 7.4) for trypsin
assays. Cells were incubated with Lgmn (1 or 10ng/ul final concentra-
tion) in MES-HBSS (pH 5.0), trypsin (10 nwm final concentration) in
HBSS (pH 7.4), or vehicle (buffer control) for 30 min at 37°C. Cells were
washed with HBSS and fixed with 4% paraformaldehyde in PBS for
20 min on ice. Cells were washed three times in PBS and incubated with
blocking buffer (PBS + 3% NHS) for 1 h at room temperature. Cells
were incubated with mouse anti-FLAG antibody (1:500, Cell Signaling)
in PBS + 1% NHS overnight at 4°C. Cells were washed three times in
PBS, incubated with donkey anti-mouse Alexa Fluor 790 (1:1000, A11371,
ThermoFisher) in PBS + 1% NHS for 1 h at room temperature. Cells were
washed 1 time in PBS and incubated with the nuclear stain SYTO 82
Orange (1 uM, ThermoFisher) in saline for 30 min. Cells were washed
three times with saline and then imaged on an GE HealthcareTyphoon
imaging system (GE). FLAG immunofluorescence intensity was quantified
using NTH Image] and was normalized to nuclear fluorescent intensity to
correct possible cell loss.

Measurement of intracellular Ca®". HEK-FLAG-PAR,-HA cells were
plated on PDL-coated 96-well plates (25,000 cells/well) and incubated
overnight. Cells were loaded with fura-2 AM (1 um, Cayman Chemicals)
in loading buffer (150 mm NaCl, 2.6 mm KCl, 0.1 mm CaCl,, 1.18 mm
MgCl,, 10 mm D-glucose, 10 mm HEPES, 4 mum probenecid, 0.5% BSA,
pH 7.4) for 1 h at 37°C. Cells were washed 2 times in HBSS and then
placed in MES-HBSS (pH 5.0, 5.5, 6.0, or 7.4) for the Lgmn assays or
HBSS (pH 7.4) for trypsin assays. Fluorescence was measured with 340
or 380 nm excitation and 530 nm emission with a Flexstation three plate
reader. Baseline fluorescence was measured for 45 s (Zhao et al., 2015). Cells
were challenged with Lgmn (1 or 10ng/pl final concentration) in MES-
HBSS (pH 5.0, 5.5, 6.0, or 7.4), trypsin (10 num final concentration) in HBSS
(pH 7.4), or vehicle (buffer control), and fluorescence was measured for an
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Figure 2. Lgmn in xenograft model of 0SCC. A, B, Active Lgmn labeled by LE28 (4),
shown by in-gel fluorescence, and total Lgmn immunoreactivity (IR; B), shown by Western
blotting of lysates from HSC-3 xenografts or control tongues. The gel from () was trans-
ferred to nitrocellulose and immunoblotted for total Lgmn levels (B). C, Densitometry of
active and total Lgmn from A, B, respectively (n=3-5, tg = 2.592, *p =0.0411, when
active Lgmn in normal mouse tongue and xenograft cancer is compared, and ts = 2.818,
*p=0.0304, when total Lgmn in normal mouse tongue xenograft cancer is compared,
unpaired Student’s ¢ tests).

additional 180 s. To confirm that Lgmn-induced Ca®>" responses were
because of activation of PAR,, cells were incubated with the PAR, antago-
nists 1-343 (10 um) or GB88 (10 um; Farmer, 2013; Lieu et al, 2016;
Jimenez-Vargas et al,, 2018), the PAR; antagonist SCH79797 (200 nv; Ahn
et al., 2000), or vehicle in HBSS + 1% DMSO for 1 h at 37°C before the
Ca®" assay. To confirm the requirement for protease activity, Lgmn was
incubated with the Lgmn inhibitors QDD100531 (1 um) or QDD123427
(100 nm; Ness et al., 2015) in HBSS +1% DMSO for 1 h before the Ca?"
assay. Cells were maintained with the inhibitors. To assess the requirement
for hydrolyzis of the Asn™| Arg®" site, a mutant PAR, in which Asn® was
replaced with Ala (PAR,-AN30A) was generated (Twist Biosciences, San
Francisco, CA). cDNA (5ug) encoding PAR,-AN30A was expressed in
HEK-PAR,-KO cells using polyethylenimine (ratio 1:6, DNA:PEI), and cells
were studied after 48 h. To assess the capacity of Lgmn or trypsin to
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desensitize PAR,-mediated Ca** signaling,
HEK-FLAG-PAR,-HA cells were preincubated
with Lgmn (1 or 10 ng/pl final concentration)
in MES-HBSS (pH 5.0), trypsin (10 nm final
concentration) in HBSS (pH 7.4), or vehicle
(buffer control) for 10 min at 37°C. Cells were
washed and recovered in HBSS (pH 7.4) for
20 min at 37°C. Cells were then challenged with
trypsin (10 nm). Desensitization of Ca** signals
to the second challenge with trypsin was calcu-
lated as a percentage of the responses in cells
preincubated with the vehicle control.

FRET assays of cAMP, protein kinase D
(PKD), and ERK. Genetically encoded FRET
biosensors targeted to the cytosol were used to
assess CAMP, PKD and ERK activation in liv-
ing cells in real time (Zhao et al., 2015). HEK-
FLAG-PAR,-HA cells were transfected with
cDNA (5ug) encoding the cAMP biosensor
Cyto-EPAC (Jimenez-Vargas et al., 2018), the
PKD biosensor Cyto-DKAR (Zhao et al,
2019), or the ERK biosensor Cyto-EKAR
(Yarwood et al., 2017) using polyethylenimine
(ratio 1:6, DNA:PEI). Cells were plated on
PDL-coated 96-well plates (25,000 cells/well)
and incubated overnight. Cells were washed
2% in HBSS and placed in MES-HBSS (pH
5.0) for the Lgmn assays. The cyan (470 nm)
and yellow fluorescent protein (535 nwm)
emission ratios were measured with a
CLARIOstar”™ plate reader (BMG). Baseline
fluorescent ratios were recorded for 5min.
Cells were challenged with Lgmn (1 or 10ng/
ul) in MES-HBSS (pH 5.0) or vehicle (buffer
control), and FRET was measured for an addi-
tional 30 min. FRET ratios were normalized to
the MES-HBSS vehicle control.

BRET assays of [-arrestin recruitment.
HEK293 cells were transfected with cDNA
encoding the PAR,-RLuc8 (1pg) and S-
arrestin-1-YFP (4pg) with polyethylenimine
(ratio 1:6, DNA:PEL Jensen et al., 2013). Cells
were plated on PDL-coated 96-well white
walled plates (30,000 cells/well) and incubated
overnight. Cells were washed 2x in HBSS and
placed in MES-HBSS (pH 5.0) for the Lgmn
assays or HBSS (pH 7.4) for trypsin assays.
Coelenterazine-h (5 um, Nanolight, Pinetop
AZ) was added to the cells and the cells were
challenged with Lgmn (1 or 10ng/ul) or tryp-
sin (10 nm). RLuc8 luminescence (480 nm) and
YFP fluorescence (530nm) emission were
measured using a CLARIOstar™™ plate reader.
Baseline fluorescence ratios were recorded for
2.5min. The BRET ratio was normalized to ve-
hicle control and baseline.

Experimental design and statistical analysis.
We used GraphPad Prism 7 and 8 (GraphPad
Prism, GraphPad Software) for the statistical
analysis. Results are expressed as mean =
SEM. For cell-based assays, triplicate measure-
ments were made from four to five experi-
ments; differences were evaluated by one-way
or two-way ANOVA and Dunnett’s or Tukey’s
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Figure 3.  Expression of Lgmn in 0SCC cells. 4, Localization of immunoreactive Lgmn (red) in DOK and HSC-3. B, Lgmn sig-

nal intensity in DOK and HSC-3 was quantified in individual cells by NIH ImageJ (f;s) = 8.1, **p =8.53E-11, when Lgmn
signal of DOK is compared with HSC-3, n =20 and 34 cells in DOK and HSC-3, respectively, unpaired Student’s t test). C,
Localization of immunoreactive Lgmn in the spleen of WT and Lgmn~'~ mice. D, Preabsorption of Lgmn antibody with
Lgmn eliminated HSC-3 staining. E, Omission of the anti-Lgmn antibody resulted in lack of HSC-3 staining. F, G,
Quantification of Lgmn protein by ELISA in DOK and HSC-3 cell lysate and supernatant. The concentration of Lgmn in HSC-3
cell lysate and supernatant was three times higher than that of DOK. N =6 experiments in each group (in F, tg) = 5.70,
*¥p=0.0002, when the Lgmn concentration in supernatant from HSC-3 is compared with the Lgmn protein concentration in
supernatant from DOK, unpaired Student’s ¢ test. In G, t10) = 6.49, **p = 0.000069, when the Lgmn concentration in lysate
from HSC-3 is compared with the Lgmn concentration in lysate from DOK, unpaired Student’s ¢ test). Scale bar in 4, C, D, E:
50 um. H, Labeling of active Lgmn with LE28 in DOK and HSC-3 cell lysate, as shown by in-gel fluorescence. /, Lgmn immu-
noblot in DOK and HSC-3 cell lysate in H, with ponceau stain and actin immunoblot to verify equal loading. J, Labeling of
Lgmn with LE28 in DOK and HSC-3 cell supernatant, as shown by in-gel fluorescence. K, Immunoblot of Lgmn from DOK and
HSC-3 cell supernatant.

Results

multiple comparisons test. One-way ANOVA and Tukey’s or Sidak’s

multiple comparisons and Student’s ¢ test were used for in vivo behav-
ioral experiments and comparison of rheobase. Unpaired Student’s ¢ test
was used to compare values between two groups.

Lgmn is activated in human and murine OSCC
To determine whether Lgmn is activated in OSCCs, we collected
OSCC specimens and matched normal oral mucosa from seven
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Figure 4. Lgmn-evoked nociception. A, Experiment timeline to test the effect of Lgmn (red arrow) on paw, facial mechanical
nociception, and oral function on WT and Par,Na,1.8 mice. B, Experiment timeline to test the effect of Lgmn (red arrow) and LI-1
(blue arrow) on paw mechanical nociception on WT mice. (, Effects of Lgmn or vehicle (Veh) on paw withdrawal in WT and
Par,Na,1.8 mice. Arrows indicate time of Lgmn or vehicle injection. Relative to WT Veh. mice, withdrawal thresholds were signifi-
cantly lower in WT Lgmn mice, but not Par,Na,1.8 mice, at days 0, 1, and 4 (interaction Fig 4y = 2.47, p = 0.02; **p =0.0002 at
do, **p=0.0033 at d1, **p=0.002 at d4, respectively, when WT mice treated with 300 ng Lgmn are compared with WT mice
treated with Lgmn vehicle, n =5 in each group, two-way ANOVA, Tukey's multiple comparisons). D, Effects of LI-1 on Lgmn-evoked
mechanical allodynia in WT mice. Blue arrow indicates time of LI-1 or vehicle administration. Red arrow indicates time of Lgmn or
Lgmn vehicle injection. Withdrawal thresholds were measured at 1, 3, 6, and 24 h after Lgmn injection. The effect of Lgmn varied
with time (interaction F16100) = 2.98, p = 0.005, two-way ANOVA, n = 5 in each group, Tukey’s multiple comparisons). One hour
after injection of LI-1, mean withdrawal threshold was lower in Lgmn versus Lgmn vehicle (**p = 0.0002). LI-1 prevented the noci-
ceptive effect of Lgmn at 3 and 6 h after Lgmn injection (*p = 0.04 and *p = 0.009, respectively, when Lgmn plus LI-1 is compared
with Lgmn plus LI-1 vehicle), but not 1 h after LI-1 injection (p = 0.30). Lgmn Veh. at pH 5 reduced the withdrawal threshold
more than Lgmn Veh. at pH 7.5 at 6 h after paw injection (F(4 100 = 24.5, $p =0.04, when Lgmn Veh. at pH 5.0 is compared with
Lgmn Veh. at pH 7.5, two-way ANOVA, Tukey’s multiple comparisons). £, Lgmn (300 ng) was injected into the cheek at days 0, 1,
and 4 following baseline facial withdrawal measurements. Arrows indicate Lgmn injection into the cheek. Lgmn induced facial me-
chanical allodynia in WT but not Par,Na,1.8 mice. The means of the facial nociception score were significantly increased in WT mice
versus Par,Na,1.8 mice at days 0, 1, and 4 (F(3 36 = 71.69, **p = 2.98E-15 at d0, d1, and d4, when WT 300 ng Lgmn is compared
with Par,Na,1.8 300 ng Lgmn, n=5 in each group, two-way ANOVA, Sidak’s multiple comparisons). F, Lgmn (300 ng) significantly
increased gnaw-time at 1d after injection in WT mice versus baseline, but not in Par,Na,1.8 mice (F333) = 3.26, ’”’p =0.0045 at
d1, when WT 300 ng Lgmn is compared with baseline, =8 and 6 in WT and Par,Na,1.8 mice, respectively, two-way ANOVA,
Tukey’s multiple comparisons).

patients (Table 1). Specimens were incubated with a fluorescently
quenched activity-based probe (LE28) selective for Lgmn
(Edgington et al., 2013). Two LE28-labeled species of 36 kDa and
25 kDa were activated in OSCC versus normal tissue (Fig. 1A-D).
Immunoprecipitation with a Lgmn-specific antibody confirmed
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the identity of mature forms of Lgmn
(Fig. 1D). Immunoblotting revealed
total levels of mature Lgmn 36 kDa
increased in all OSCC versus normal
tissue (Fig. 1A). The 56 kDa inactive
Lgmn zymogen (pro-Lgmn) was
detected in all specimens. Total Lgmn
and Lgmn activity of 36 kDa were up-
regulated in a murine OSCC xeno-
graft model (human OSCC cells
(HSC-3) inoculated in nude mouse
tongues) versus normal (Fig. 2A-C).

We examined Lgmn expression in
HSC-3 and dysplastic oral keratino-
cytes (DOK, non-cancer cell line)
by immunofluorescence and ELISA.
Immunoreactive Lgmn was detected
in cytosolic granules of HSC-3 and
DOK cells, and expression was con-
firmed by ELISA of cell lysate and
conditioned medium (supernatant;
Fig. 3A,F,G). The intensity of Lgmn
staining was higher in HSC-3 (Fig.
3B). Controls for the selectivity of the
Lgmn antibody included absence of
staining of spleen from Lgmn '~
mice (Fig. 3C), abolition of Lgmn
staining by Lgmn antibody preab-
sorption with Lgmn (Fig. 3D), and
lack of staining when the Lgmn anti-
body was omitted (Fig. 3E). The
Lgmn protein concentration in lysate
and supernatant from HSC-3 was
higher than the concentration from
DOK (Fig. 3F,G). The levels of Lgmn
in lysate (Fig. 3H,I) and supernatant
(Fig. 3J,K) were higher in HSC-3
compared with DOK. Immunoblotting
revealed upregulation of Lgmn 56-kDa
zymogen and Lgmn 36-kDa mature
form in HSC-3 versus DOK (Fig. 3I).
HSC-3 cells also secreted more pro-
Lgmn than DOKs (Fig. 3J,K). These
results suggest that OSCC cells express
and release more Lgmn than dysplastic
keratinocytes.

PAR, expression on Nay1.8-
positive nociceptors is necessary
for Lgmn-induced mechanical
allodynia

To investigate whether Lgmn causes
allodynia by activating PAR, on
nociceptors, we administered Lgmn
(300 ng intraplantar injection) for
3d(0,1,4d) to WT (C57BL/6]) and
Par,Na,1.8 mice, which lack PAR,
in Nay1.8-positive neurons. We mea-
sured paw withdrawal responses to

stimulation of the plantar surface with von Frey filaments at base-
line and 1 h after each Lgmn injection (Fig. 4A). Lgmn induced
mechanical allodynia on all 3d in WT mice; however, mechanical
allodynia was attenuated in Par,Na,I1.8 mice by 51% on day 0
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Figure 5.  Contributions of Lgmn and PAR, to 0SCC pain. A, The experimental protocol included baseline measurements of withdrawal threshold to mechanical stimulation and withdrawal
latency to thermal stimulation, HSC-3 inoculation, injection of LI-1, and measurements of nociception. B, Mechanical allodynia. HSC-3 inoculation (black arrow) produced mechanical allodynia
after 10d. LI-1 (blue arrow) reversed cancer-induced mechanical nociception versus vehicle control after 3, 6, 12, and 24 h following injection but not after 48 h (F(; 77 = 32.42, **p = 0.0003
at 3 h, **p=0.0015 at 6 h, **p=0.0068 at 12 h, **p =2.15E-07 at 24 h, when Veh. control is compared with LI-1, n =8 in each group, two-way ANOVA, Sidak's multiple comparisons). C,
Thermal hyperalgesia. HSC-3 inoculation (black arrow) produced thermal hyperalgesia beginning at 3 d. LI-1 (blue arrow), versus vehicle control, reduced thermal hyperalgesia after 3 and 24 h
but not after 48 h (F10,140) = 24.45, **p =0.0029 at 3 h, *p = 0.0278 at 24 h, when Veh. control is compared with LI-1, n =8 in each group, two-way ANOVA, Sidak's multiple comparisons).
D, The experimental protocol included administration of 4NQO to the mice for 16 weeks, measurement of 0SCC nociception (gnaw-time) with the dolognawmeter, and histologic analysis of the
tongue to confirm cancer. E, Representative histologic images of the tongue from (57BL/6) mice that did not receive 4NQO, and of the tongues from (57BL/6), Par,Na,1.8, and
Lgmn ™'~ mice at 28 weeks following 4NQO administration. Arrows indicate tongue carcinoma. Scale bar: 100 um. F, The percentage of (57BL/6J, Par,Na,1.8, and Lgmn '~ mice that devel-
oped tongue cancer at 28 weeks after 4NQO administration. G, Change of gnaw-time versus baseline (percentage change of gnaw-time at baseline was set as 0%; data not shown) of (57BL/6J
(n=10), Par,Na,1.8 (n=13), and Lgmn” ~ (n=10) mice with 4NQO-induced tongue cancer (F(; 39 = 16.28, *p=0.029, when (57BL/6J is compared with Par,Na,1.8, *p = 0.024, when
(57BL/6) is compared with Lgmn '~ two-way ANOVA with Tukey’s multiple comparisons).

(Fig. 4C). To confirm that the nociceptive action of Lgmn required ~ withdrawal at 1, 3, 6, and 24 h after Lgmn injection (Fig. 4B). LI-1
enzymatic activity and to test the analgesic potential of a Lgmn in-  attenuated Lgmn-induced mechanical allodynia by 44% 1 h after
hibitor, we administered the Lgmn-selective inhibitor, LI-1 (10 =~ Lgmn injection (Fig. 4D). Thus, Lgmn-induced mechanical allody-
my, 100 pl, iv.; Edgington-Mitchell, 2016) to WT mice 120min  nia in mice requires PAR, expression on Na,1.8-expressing noci-
before intraplantar injection of Lgmn and measured paw  ceptors and Lgmn enzymatic activity.
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Figure 6.  PAR, mediated Lgmn-induced hyperexcitability in TG neurons. A, Representative raw traces of whole-cell patch-
clamp recordings showing membrane potential response at rheobase of TG neurons from WT mice treated with Lgmn vehicle,
Lgmn, and Lgmn + LI-1. B, Rheobase of TG neurons in different treatment groups. Lgmn vehicle: 110.0 = 31.4pA, n=17;
Lgmn: 26.9 = 22.1pA, n = 13; Lgmn + LI-1: 94.0 == 42.4pA, n=10 (Fjp31) = 23.14, ***p=1.23E-6, when Lgmn and
Lgmn vehicle are compared, ****p = 6.93E-5, when Lgmn and Lgmn + LI-1 are compared, one-way ANOVA with Tukey's
multiple comparisons). C, Representative raw traces of whole-cell patch-clamp recordings showing membrane potential
response at rheobase of TG neurons from Par, '~ mice treated with Lgmn and Lgmn vehicle. D, Rheobase of TG neurons from
Par,™"~ mice. Lgmn vehicle: 653 = 26.0 pA, n=13; Lgmn: 62.0 = 30.1 pA, n=10. £, Lgmn induced hyperexcitability and
PKC-dependent or PKA-dependent pathways. Perforated patch-clamp recordings were used to measure rheobase of TG neurons.
Neurons were preincubated with GFX 1 v and PKI-tide 1 pum before Lgmn or Lgmn vehicle treatments. Rheobase was meas-
ured after neurons were challenged with Lgmn and Lgmn vehicle. Lgmn vehicle, 87.7 = 12.5 pA, n=9; Lgmn, 35.6 == 8.5 pA,
n=12; GFX + Lgmn vehicle, 84.1 = 85pA, n=12; GFX + Lgmn, 80.0 = 9.7pA, n=10; PKl-tide + Lgmn vehicle,
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induced orofacial dysfunction in WT
but not Par,Na, 1.8 mice (Fig. 4F). Thus,
expression of PAR; in Na,1.8-expressing
nociceptors is necessary for Lgmn-
induced pain.

Lgmn mediates OSCC nociception
We used LI-1 to study whether Lgmn
secreted from HSC-3 contributes to
nociception in the xenograft paw cancer
model. After measuring baseline me-
chanical withdrawal and thermal latency
in the paws of NU/J Foxnl™ athymic
mice, we inoculated HSC-3 cells, which
highly express Lgmn (Fig. 5A). Post-
inoculation withdrawal measurements
verified cancer-generated mechanical
allodynia or thermal hyperalgesia. Mice
were then treated with LI-1, and me-
chanical and thermal nociception were
assessed (Fig. 5A). LI-1 reversed OSCC-
induced mechanical withdrawal at 3, 6,
12, and 24 h after injection (Fig. 5B),
and reversed thermal hyperalgesia at 3
and 24 h postinjection (Fig. 5C). LI-1
had no effect 48 h postinjection. An
OSCC mouse model was generated with
4ANQO administered over 16weeks in
Lgmnf/ =, Par,Na,1.8 and WT mice.
Oral mechanical allodynia was meas-
ured with dolognawmeters at week 28.
Tongues were removed, sectioned,
stained with H & E, and reviewed inde-
pendently by two pathologists (Fig. 5D).
OSCC was confirmed in all groups (Fig.
5E). OSCC incidence was >80% at
28 weeks after the administration of
4NQO in all groups (Fig. 5F). Lgmn™'~
and Par,Na, 1.8 showed significantly less
mechanical allodynia than the WT mice
(Fig. 5G).

Lgmn induces PAR,-dependent
hyperexcitability of trigeminal
neurons

89.0 = 8.7 pA, n=10; PKI-tide + Lgmn, 86.0 == 11.3 pA, n =10 (F(5 57 = 4.93, *p=
are compared, *p =0.0198 when the Lgmn and Lgmn + GFX are compared, **p =
tide are compared, one-way ANOVA with Tukey’s multiple comparisons).

PAR, expression on Nay1.8-positive nociceptors is necessary
for Lgmn-induced orofacial nociception

We used reflexive and operant assays to test whether Lgmn indu-
ces nociception in the orofacial region. We injected Lgmn into
the cheek and measured facial withdrawal to stimulation with
von Frey filaments. Lgmn (300 ng) was injected subcutaneously
for 3d (0, 1, 4d) to WT and Par,Na,1.8 mice. Withdrawal was
measured at baseline and 1 h after each injection (Fig. 4A4). Lgmn
induced facial mechanical allodynia on all 3d in WT mice, but
the nociceptive effect was attenuated in Par,Na,1.8 mice by 81%
on day 0 (Fig. 4E). For operant behavioral testing, Lgmn (300 ng)
was injected into the tongue. Dolognawmeters quantified a be-
havioral index of nociception 1 h after injection (Fig. 44). Lgmn

0.0052, when Lgmn and Lgmn vehicle
0.0198, when Lgmn and Lgmn + PKI-

To determine whether Lgmn causes
PAR;-dependent hyperexcitability ~of
TG neurons, we measured rheobase in
WT mice using whole-cell patch-clamp.
Neurons were studied in acidic buffer
(external solution, pH 5.5). Lgmn
(20 ng/ml, 10 min) decreased rheobase versus vehicle. There was
no significant difference between the resting membrane poten-
tials of TG neurons from WT mice pretreated with Lgmn versus
Lgmn vehicle (Lgmn: —55.7 =2.2mV, n=13; Lgmn vehicle:
—56.6 £3.9mV; n=11, to = 0207, p=0.8378, unpaired
Student’s ¢ test). The mean input resistance was increased in TG
neurons pretreated with Lgmn compared with Lgmn vehicle, but
there was no statistically significant difference (Lgmn: 659.3 *+
93.9 M(), n=13; Lgmn vehicle: 526.9 = 79.9 M(); n=11, t5) =
1.052, p=0.3443, unpaired Student’s t test). To investigate
requirement for activity, we preincubated Lgmn with LI-1 (10
M, 10min) or vehicle. LI-1 prevented the effect of Lgmn on
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Representative images of FLAG immunoreactivity and Syto Orange stain.

rheobase (Fig. 6A,B). To investigate the contribution of PAR,,
we analyzed Lgmn-induced hyperexcitability in TG neurons
from Par, ’~ mice. Lgmn (20 ng/ml, 10 min) did not affect rheo-
base of Par, /™ neurons (Fig. 6C,D).

To evaluate the signaling pathway that mediates effects of
Lgmn on excitability, perforated patch-clamp recordings were
made from TG neurons pretreated with inhibitors of protein ki-
nase C (PKC; GFX, 1 um; Coultrap et al., 1999) or protein kinase
A (PKA; PKI-tide, 1 um; Ohlstein et al., 1990) for 30 min at 37°C

before treatment with Lgmn (20ng/ml) or vehicle. GFX and
PKI-tide prevented Lgmn-induced hyperexcitability (Fig. 6E).
Thus, Lgmn causes hyperexcitability of TG nociceptors through
Lgmn enzymatic activity, expression of PAR,, PKC activity, and
PKA activity.

Lgmn cleaves PAR,
To determine whether Lgmn can cleave PAR, and identify
the cleavage site, Lgmn (200 nM in acetate buffer, pH 4.5)
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Table 2. Masses of hPAR, N-terminal peptide cleavage products identified by
mass spectrometry

Peptide Expected Found
Substrate: M: 2991.268
SCSGTIQGTNRSSKGRSLIGKVDGTSHVTG (M +2)/2: 1496.64  1496.45
(M + 3)/2: 998.10 998.10
(M + 4)/4. 748.83 748.80
Product 1 M: 2042.263
RSSKGRSLIGKVDGTSHVTG (M +2)/2:1022.14  1022.45
(M + 3)/3: 681.76 681.95
(M + 4)/4: 511.57
Product 2: M: 3958.274
SCSGTIQGTNSCSGTIQGTNRSSKGRSLIGKVDGTSHVTGeH,0 (M + 2)/2: 1980.15
(M +3)/3: 132043 1320.10
(M + 4)/4:990.58 990.40

was incubated with a peptide corresponding to residues 21-50
(S*'CSGTIQGTNRSSKGRSLIGKVDGTSHVTG™) of the extrac-
ellular N terminus of hPAR, (200 uMm). Digest was analyzed by
HPLC and mass spectrometry. Cleavage products were detected
corresponding to PAR,>™ and PAR,>'™° fused to PAR,*'™°
(Fig. 7A-C; Table 2). Thus, Lgmn cleaves the N terminus of
hPAR, at Asn®®|Arg’" consistent with its preference for aspara-
gine residues and ability to ligate peptides with C-terminal aspara-
gine residues to free N termini (Mikula et al., 2017).

To determine whether Lgmn cleaves intact PAR, at the
plasma membrane, hPAR, with an extracellular FLAG epitope
and intracellular HA epitope was expressed in HEK293 cells (Fig.
7D). HEK-FLAG-PAR,-HA cells were incubated with Lgmn
(100 nm, HBSS pH 5.0), trypsin (10 nm, HBSS pH 7.4), or vehicle
(buffer control). FLAG and HA were localized by immunofluo-
rescence and confocal microscopy. In vehicle-treated cells, FLAG
and HA colocalized at the plasma membrane (Fig. 7D). After
incubation with Lgmn, FLAG was depleted from the plasma
membrane whereas HA was retained at the plasma membrane,
consistent with PAR, cleavage and removal of the extracellular
FLAG epitope. After incubation with trypsin, FLAG was depleted
from the plasma membrane, and HA was detected within endo-
somes, consistent with PAR, cleavage and endocytosis (B6hm et
al., 1996a).

On-cell Western was used to quantify removal of the FLAG
epitope. In Lgmn incubated cells (1 or 10 ng/ul, MES-HBSS pH
5.0, 30min, 37°C), FLAG immunoreactivity was reduced
26 = 7% (1ng/ul) or 34 = 2% (10ng/pl) versus vehicle-treated
cells (Fig. 7E,F). After trypsin incubation (10 nm, HBSS pH 7.4,
30 min, 37°C), FLAG immunoreactivity was reduced 53 = 7%
versus vehicle-treated cells. Nuclear stain (Syto Orange) con-
firmed that proteases did not remove cells from the plate
(Fig. 7F).

Thus, Lgmn can cleave intact PAR, at the surface of HEK
cells and remove the extracellular FLAG epitope. Lgmn cleaves
PAR, at Asn®®| Arg®', proximal to the trypsin cleave site (Arg>®|
Ser’”). Lgmn does not evoke endocytosis of PAR,.

Lgmn activity and Lgmn-induced Ca®" signaling are pH
dependent

Trypsin, tryptase, and kallikreins cleave PAR, at Arg>®|Ser’” and
induce coupling to G,q and mobilization of intracellular Ca*"
(Bohm et al., 1996a; Corvera et al., 1999; Oikonomopoulou et al.,
2006). To examine whether Lgmn can mobilize Ca®", HEK-
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FLAG-PAR,-HA cells were challenged with Lgmn (1 or 10 ng/pl,
MES-HBSS pH 5.0, 5.5, 6.0 or HBSS pH 7.4), trypsin (10 nw,
HBSS pH 7.4), or vehicle (buffer control). Change in intracellular
Ca®" was measured using fura-2 AM. Trypsin increased Ca’",
reflected by increased F340/380nm emission, which rapidly
declined toward basal (Fig. 8A). At pH 7.4, 10ng/pl Lgmn
induced a small increase in Ca®", whereas 1 ng/ul Lgmn did not
elicit a Ca®* response (Fig. 8A). At a lower pH of 5.0, 1 and
10 ng/pl Lgmn caused sustained and concentration-dependent
increases in Ca®* (Fig. 8B,E). At pH 5.0 and 5.5, 10 ng/ul Lgmn
increased Ca®", compared with pH 6.0 and 7.4 (Fig. 8C,D); how-
ever, at pH 5, 1 ng/ul Lgmn increased Ca>" compared with pH
5.5 and 6.0 (Fig. 8E,F). Lgmn activity assays confirmed the acidic
pH optimum of Lgmn, which was active at fH 5.0 and 5.5 but
not pH >6.0 (Fig. 8G). Lgmn increased Ca®", in the absence of
extracellular Ca”", indicating intracellular mobilization (Fig.
8H). The Lgmn inhibitors, QDD100531 (1 um) and QD123427
(100 nm), prevented Lgmn-evoked (1 ng/ul) Ca*™" signals (Fig.
81,]), and caused concentration-dependent inhibition of activity
(Fig. 8K; Ness et al., 2015).

Lgmn induces Ca’" signaling through PAR,

To determine whether Lgmn induces Ca*" signaling through
PAR,, we used specific antagonists for PAR, and cells genetically
deleted for PAR, PAR, antagonists, I-343 and GB88 (10 um;
Farmer, 2013; Lieu et al., 2016; Jimenez-Vargas et al., 2018) abol-
ished Lgmn-stimulated (1 and 10ng/ul) Ca®" responses (Fig.
9A-C). I-343 and GB88 did not inhibit the enzymatic activity of
Lgmn (1ng/pl), which was slightly increased in the presence
of these antagonists (Fig. 9D). To determine whether Lgmn
induced a Ca*" increase through PAR;, we used the specific
PAR; antagonist SCH79797 (Ahn et al., 2000). SCH79797 (200
nm) did not alter Lgmn-induced Ca*" responses (Fig. 9E,F). To
confirm the pharmacologic evidence that PAR,, and not PAR;,
mediated Lgmn-evoked Ca®" signals, PAR, or PAR, was deleted
from HEK293 cells using CRISPR/Cas9 (Ungefroren et al,
2017). In PAR,-KO cells, the PAR, selective agonist 2-Furoyl-
LIGRLO-NH, did not increase Ca®" (Fig. 9G); however, the
PAR,; selective agonist TFLLR-NH, increased Ca®" in PAR,-KO
cells (Fig. 9H). In PAR;-KO cells, TFLLR-NH, did not increase
Ca>" except at a high concentration (10 uwm; Fig. 9I), whereas 2-
Furoyl-LIGRLO-NH, increased Ca?" in PAR,-KO cells (Fig. 9)).
Lgmn (10 ng/pl) mobilized Ca>* in PAR;-KO but not PAR,-KO
cells (Fig. 9K).

To confirm that Lgmn activates PAR, by cleavage at the
Asn™ | Arg®' site, we generated a mutant receptor in which the
Asn™ residue was mutated to Ala, which would not be recog-
nized by Lgmn. PAR,-AN30A was transfected into PAR,-KO
HEK cells. 2-Furoyl-LIGRLO-NH, (10 um) robustly increased
Ca®" in HEK-PAR,AN30A cells, whereas Lgmn (10 ng/pl) had
no effect (Fig. 9L). To determine whether Lgmn activates PAR,
by exposure of a tethered ligand, we synthesized a hexapeptide,
R*'SSKGR™, corresponding to a potential tethered ligand
revealed by Lgmn cleavage of PAR, at the Asn™|Arg’" site.
However, R*!SSKGR>® (10 uM to 0.01 nm) did not alter Ca®" in
HEK-PAR, cells (Fig. 9M). These data confirm that the Lgmn-
driven Ca*" response is PAR, dependent but does not involve
exposure of a tethered ligand domain.

Lgmn desensitizes PAR,, but does not induce an association
between PAR; and f-arrestin-1

Processes that terminate PAR, signaling at the plasma mem-
brane include pB-arrestin-mediated desensitization of PAR,,
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FLAG-PAR,-HA cells at pH 7.4, 6.0, 5.5, and 5.0 (F;3 16) = 17.5 ***p=0.003, pH 5.0 compared with pH 7.4, ***p = 0.0001, pH 5.5 compared with pH 7.4, one-way ANOVA with Tukey's test,
n=>5). E, F, Time course (E) and AUC (F) of Lgmn (1 ng/pl)-evoked @ signaling in HEK-FLAG-PAR,-HA cells at pH 6.0, 5.5, and 5.0 (F(y,10) = 22.68, ***p =0.0009 for pH 5.0 compared

with pH 5.5 and ***p =
lular Ca**
**¥=0.0002 for 531 and ***p
inhibitors QDD100531 and QDD123427 (pH 5.0).

PAR, cleavage and removal of activation sites and tethered
ligand domains, and PAR, endocytosis (Bohm et al., 1996a; Déry
et al,, 1999; DeWire et al., 2007). Since Lgmn cleaves PAR, proxi-
mal to the trypsin site, subsequent inhibition of trypsin signaling
would likely reflect PAR, desensitization. To examine desensiti-
zation, HEK-FLAG-PAR,-HA cells were incubated with Lgmn
(1 or 10ng/pl, MES-HBSS pH 5.0), trypsin (10 nm, HBSS pH
7.4), or vehicle (buffer control; Fig. 10A). Cells were washed and

on Lgmn responses. 1, J, Time course () and AUC (J) of the effects of the Lgmn inhibitors QDD100531 (531) and QD123427 (427) on Lgmn Ga**
=10.0002 for 427 compared with vehicle, one-way ANOVA with Tukey’s test, n=5). K, Lgmn activity assay in the presence of graded concentrations of Lgmn

0.0003 for pH 5.0 compared with pH 6.0, one-way ANOVA with Tukey’s test, n=5). G, Lgmn activity assays at pH 5.0, 5.5, and 6.0. H, Effects of depletion of extracel-

signals (F,1p = 22.32,

recovered in HBSS pH 7.4 for 20 min and then challenged with
trypsin (10 nm). In cells preincubated with vehicle, trypsin chal-
lenge at 30 min robustly increased Ca*>" (Fig. 10B,C). Initial chal-
lenge with trypsin also increased Ca®", but response to a second
challenge at 30min was reduced by 53.7 % 6.3% versus the
response in vehicle-treated cells, consistent with desensitization
and endocytosis of PAR,. Initial challenge with Lgmn (10 ng/ul)
slightly increased Ca>", but the response to a second challenge at
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Figure 9.  Lgmn signals through PAR,. A-C, Time course (4, B) and area under curve (C) of the effects of the PAR, antagonists I-343 and GB88 on Lgmn Ca** signals (Fio12 = 9.89 for
Lgmn 10 ng/pl with **p =0.0036 for I-343 and **p = 0.0052 for GB88 compared with vehicle, F; 15) = 6.84 for Lgmn 1ng/pl with **p = 0.0073 for |-343 and *p = 0.0384 for GB88 com-
pared with vehicle, one-way ANOVA with Tukey's test, n=5). D, Lgmn activity assays in the presence of the PAR; antagonists |-343 and GB88 (pH 5.0). Triplicate observations from n =5 indi-
vidual experiments. E, F, Time course (E) and area under curve (F) of the effects of the PAR; antagonist SCH79797 on Lgmn Ca®* signals. G—J, Effects of the PAR, agonist 2-Furoyl-LIGRLO-NH,
and the PAR; agonist TFLLR-NH, on Ga*" signals in PAR,-KO (G, H) and PAR-KO HEK293 (I, J) cells. K, Time course of Lgmn Cl signals in HEK-PAR;-KO and HEK-PAR,-KO cells. L, Time
course of Lgmn Ca® ™ signals in HEK-PAR, AR30A cells. M, Effects of potential PAR, activating peptide R*'SSKGR®® Ca>* signaling in HEK-FLAG-PAR,-HA cells.

30 min was reduced by 49.9 = 6.9% versus response in vehicle-
treated cells, consistent with desensitization of PAR,.

Given that Lgmn desensitizes PAR,, we sought to determine
whether Lgmn recruits S-arrestin-1 to PAR,. After trypsin
cleavage, PAR, becomes phosphorylated by GPCR kinases and
interacts with [ -arrestins, which mediate desensitization and
endocytosis (Corvera et al., 1999). However, after cathepsin S or
elastase cleavage, PAR, neither recruits S -arrestins nor induces
endocytosis (Zhao et al., 2014, 2015). We showed that Lgmn
does not induce PAR, endocytosis (Fig. 7D). It is unknown
whether PAR, associates with [-arrestin-1 following Lgmn
cleavage. Thus, we examined BRET between PAR,-Rluc8 and
B-arrestin-1-YFP following treatment with Lgmn. Trypsin

(10 nm), but not Lgmn (1 or 10ng/pl), stimulated PAR,-
Rluc8/pB-arrestin-1-YFP BRET (Fig. 10D,E). These results
accord with the inability of Lgmn to evoke PAR, endocytosis.

Lgmn activates PAR,-mediated cAMP formation and
activation of PKD and ERK in HEK293 cells

After activation by trypsin, PAR; couples to Gq, leading to mo-
bilization of intracellular Ca®", generation of cAMP, and activa-
tion of ERK and PKD (DeFea et al., 2000; Amadesi et al., 2009).
ERK contributes to sensitization of nociceptors (Ji et al., 1999),
and PKD promotes mobilization of PAR, from Golgi and recov-
ery of responses to extracellular proteases (Amadesi et al., 2009;
Zhao et al,, 2019). To examine whether Lgmn-activated PAR,
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Figure 10.  Lgmn desensitization of PAR, Ca>" signaling and recruitment of B -arrestin-1. A, HEK-FLAG-PAR,-HA cells were exposed to trypsin or Lgmn for 10 min, washed, and then chal-
lenged with trypsin 20 min after washing. B, Time course of Ca>* signaling. €, Recovery of trypsin responses [area under curve (AUC) from B] in cells pretreated with vehicle, trypsin, or Lgmn
(Fia,20) = 1.61, *p =0.0116 for trypsin, and *p = 0.0372 for Lgmn 10 ng/pl compared with vehicle, one-way ANOVA with Tukey’s test n=15). D, E, BRET assays of recruitment of 3 -arrestin-1
to PAR,. D, Time courses. E, AUC (F(3 5 = 96.95, **** p=1.25E-6 for trypsin versus vehicle, one-way ANOVA with Tukey’s test, n = 5). All assays were done in triplicate.

couples to a similar range of downstream effectors, we expressed
FRET biosensors of cytosolic cAMP (Cyto-Epac), cytosolic PKD
(Cyto-DKAR), and cytosolic ERK (Cyto-EKAR) in HEK-FLAG-
PAR,-HA cells. Lgmn caused concentration-dependent activa-
tion of cAMP (Fig. 11A,B), PKD (Fig. 11C,D), and ERK (Fig.
11E,F) within the cytosol. cAMP and PKD responses were ro-
bust; however, the ERK response was small and detected only af-
ter treatment with a higher Lgmn concentration.

Discussion
We report that Lgmn is secreted from OSCC cells and is robustly
and reproducibly activated in human and mouse OSCCs com-
pared with normal mucosa. Under acidic conditions, Lgmn
cleaves and activates PAR, by biased mechanisms to evoke sus-
tained hyperexcitability of nociceptors. We confirmed that PAR,
and Lgmn contribute to OSCC pain in OSCC mouse models that
recapitulate the progression of OSCC observed in humans; genes
for Lgmn and PAR, on nociceptors were deleted in these mice.
Lgmn contributes to cancer hallmarks including proliferation,
invasion, and metastasis (Murthy et al.,, 2005; Vasiljeva et al,
2006; Li et al., 2013; Ohno et al., 2013; Edgington-Mitchell et al.,
2015). While Lgmn has been reported to produce bone cancer
pain through neurotrophin receptors (Yao et al., 2017), the role
of the Lgmn/PAR, axis has not been described and could be
therapeutically exploited.

The mechanism responsible for Lgmn activation in oral can-
cer is unresolved. Lgmn is synthesized as pro-Lgmn and traffics

through the endoplasmic reticulum and Golgi (Dall and
Brandstetter, 2016). Lgmn is packaged and activated in the acidic
environment of lysosomes (Dall and Brandstetter, 2016). At
pH >6.0, acidic residues unfold and lose proteolytic activity. pH
in cancers varies (5.4-6.7; Meyer et al., 1948; Vaupel et al., 1981;
Newell et al., 1993; Gillies et al., 1994); the Lgmn activation
mechanism remains obscure (Dall and Brandstetter, 2012).
Exosomes released from OSCC might exhibit a pH low enough
to activate Lgmn. A single report reveals acidic exosomes in can-
cer patients (Logozzi et al.,, 2019). Cells from human OSCCs,
including the cell line used in this study (HSC-3), secrete exo-
somes (Dayan et al., 2012; Li et al., 2019). Stabilization between a
RGD motif in the catalytic domain and the integrin «, 33 might
also activate Lgmn at a higher pH (Liu et al., 2012).

We demonstrated that Lgmn causes cancer-associated noci-
ception through PAR,; activation on Na,1.8-expressing neurons.
While all nociceptors express Na,l1.8, some non-nociceptors,
including low-threshold mechanoreceptors that mediate touch
sensation, also express Na, 1.8 (Shields et al., 2012). Since Lgmn
activates cathepsins (Edgington-Mitchell et al., 2016), which can
also activate PAR, (Zhao et al,, 2014), it is possible that Lgmn
activates PAR, directly or indirectly (Edgington-Mitchell et al.,
2016). However, we found that Lgmn directly cleaves a fragment
of hPAR, at a unique Asn’®|Arg’" site, consistent with known
Lgmn selectivity. Site mutation prevented Lgmn-evoked signal-
ing, confirming this mechanism of proteolytic activation. Lgmn
evoked hypersensitivity of TG neurons from WT mice
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Lgmn activation of cAMP, PKD and ERK signaling and recruitment of [3-arrestin-1. A-F, FRET assays of cytosolic cAMP (A, B), cytosolic PKD (C, D), and cytosolic ERK (E, F) in

HEK-FLAG-PAR,-HA cells. A, C, E, Time courses. B, Area under curve (AUCQ) for cytosolic cAMP (Fip,15) = 26.43, ****p =0.00,004 for Lgmn 10 ng/pl compared with vehicle, one-way ANOVA
with Tukey's test, n=>5). D, AUC for cytosolic DKAR (F5,15) = 69.77, ****p=2.5E-7 for Lgmn 10 ng/pl and *p =0.0117 for Lgmn 1 ng/pl compared with vehicle, one-way ANOVA with
Tukey's test, n =5). F, AUC for cytosolic ERK (F,12) = 10.99, **p = 0.0015 for Lgmn 10 ng/pl compared with vehicle, one-way ANOVA with Tukey’s test, n =5).

(determined by patch clamp). These effects of Lgmn were pre-
vented by a Lgmn inhibitor and absent in neurons from mice
lacking PAR,, confirming necessity of PAR, activation. The noci-
ceptive behavior we measured accords with Lgmn-induced neu-
ronal hypersensitivity. Lgmn induced nociceptive responses in
anatomic regions innervated by DRG (paw) and TG (craniofa-
cial) neurons; a Lgmn inhibitor and selective deletion of PAR, in
Na, 1.8 neurons attenuated nociceptive responses. A Lgmn inhib-
itor eliminated chronic mechanical and thermal nociception in
mice inoculated with OSCC cells.

OSCC patients complain of mechanical-induced and func-
tion-induced pain and not spontaneous pain (Connelly and
Schmidt, 2004; Kolokythas et al., 2007). Our operant orofacial
pain assay and automated device to perform the assay (dolog-
nawmeter) quantifies a behavioral index of mechanical allodynia
during gnawing (comparable to chewing in humans). Lgmn-
induced mechanical allodynia and heat hyperalgesia in OSCC
patients might involve PAR,; sensitization of TRPV4 and TRPV1

ion channels, respectively (Grant et al., 2007; Sipe et al., 2008).
TRPV4 mediates mechanosensation, while TRPV1 responds to
heat and acids (Caterina et al., 1999; Liedtke and Friedman,
2003; Liedtke et al., 2003; Suzuki et al., 2003a,b). TRPV4 and
TRPV1 are sensitized by adenylyl cyclase-dependent, PKA-de-
pendent, and PKCe-dependent mechanisms, which yield ion
channel phosphorylation (Numazaki et al., 2002; Amadesi et al.,
2006; Zhao et al., 2019). We showed that Lgmn cleavage of PAR,
activates adenylyl cyclase and cAMP formation; cAMP unleashes
catalytic subunits of PKA, which subsequently phosphorylate
TRPV channels. We also showed that Lgmn alters rheobase
through PKC. Lgmn robustly activates PKD, which likely con-
tributes to PAR, trafficking from Golgi to plasma membrane
(Zhao et al., 2019).

HEK293 cell experiments revealed that Lgmn mobilizes intra-

cellular calcium, stimulates formation of cAMP, and activates
PKD and ERK. Selective inhibitors of Lgmn abolished the
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calcium responses; we therefore infer that protease activity is
necessary. Lgmn-evoked signals were detected only under mildly
acidic conditions, consistent with the acidic pH optimum of
Lgmn. We infer that Lgmn-evoked calcium signaling required
cleavage/activation of PAR, because PAR, antagonism or dele-
tion and mutation of the cleavage site abolished signals. PAR,
antagonism or deletion had no effect. Further studies are needed
to reveal mechanisms by which Lgmn activated PAR, signals to
regulate channel activity and nociception. Trypsin activation of
PAR, involves exposure of a tethered ligand domain; peptides
mimicking the tethered ligand activate the receptor (Hollenberg
et al,, 1996). Lgmn activation does not involve a tethered ligand;
a synthetic peptide corresponding to the revealed N terminus
was inactive. Trypsin-activated PAR, recruits S-arrestins and
then internalizes; Lgmn did not promote 3 -arrestin recruitment
or receptor endocytosis. Thus, like cathepsin S and elastase
(Zhao et al., 2014, 2015), Lgmn activates PAR, by biased mecha-
nisms to evoke pain.

Our findings are relevant for OSCC patients with pain. While
the role of PAR, in OSCC pain is clear, antagonism of PAR; as a
pain therapy approach is challenging. Access to the PAR, bind-
ing pocket frustrates development of a clinically viable PAR; an-
tagonist (Goh et al., 2009; Suen et al., 2014; Boitano et al., 2015).
Moreover, PAR, continues to signal following cleavage and
endocytosis (Jimenez-Vargas et al., 2018); however, we showed
that Lgmn-cleaved PAR, was not endocytosed. Furthermore,
blockade of the Lgmn/PAR, axis with a Lgmn inhibitor abro-
gates OSCC pain in mice. Accordingly, a pain therapy strategy
that utilizes blockade of Lgmn is physiologically expedient and
holds great clinical potential.
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ARTICLE INFO ABSTRACT

Article history: Pain is one of the most common medical conditions and affects more Americans than diabetes, heart

RECefved 7 APrl_l 2021 disease, and cancer combined. Current pain treatments mainly rely on opioid analgesics and remain un-
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treatments without some of the burdens associated with current clinical pain therapies. This review dis-

cusses the physiology of pain, the current landscape of pain treatment, novel targets for pain treatment, and
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Pa}i’n recent and ongoing efforts to effectively treat pain using nanotechnology-based approaches. We highlight
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Introduction treatments. New nanomaterials serve as drug carriers that target

Pain is among the most common reasons for medical care visits
[1]. Globally, an estimated 20% of all patients experience pain, and
10% are diagnosed with chronic pain [2]. Over 40% of patients treated
for primary pain report inadequate pain relief [3], and many pain
relievers have debilitating side effects such as hepatotoxicity, de-
pression, respiratory depression and addiction. The recent opioid
epidemic—the leading cause of medication-induced over-
dose—highlights the urgent need for better treatment options for
chronic pain. Chronic pain affects over 20% of the adult population in
the United States [4,5], and is associated with diseases such as
cancer, diabetes, cystic fibrosis, inflammatory diseases, and with
trauma due to injury or surgery. Sufferers of chronic pain have the
additional risk of anxiety and depressive disorders, sleep disorders,
addiction, and disability [6]. The burden of pain for an individual
includes not only physical and mental impairment but also medical
costs, strained social relationships, and reduced work productivity.
Chronic pain is also a financial burden for countries, costing the
United States an estimated $635 billion annually [7,8], due to the
socioeconomic costs of healthcare expenses and lost productivity.
Chronic pain is more prevalent as the aging population grows. Ul-
timately, pain negatively impacts the quality of life and is one of the
leading causes of long-term disability. Despite this clear need,
chronic pain remains difficult to treat effectively and without un-
desirable side effects.

Nanomedicine is a rapidly growing field, but its application to
pain management has been limited by the complexity of pain phy-
siology and the intractable nature of chronic pain. Nevertheless,
nanotechnology is playing a major role in the next generation of pain

specific tissues, cell types and organelles with stimuli-sensitive re-
lease, and as nanodevices that detect the molecular source of pain.
Nanoparticle drug carriers exhibit improved efficacy with smaller
analgesic doses and longer-term relief of pain symptoms. Gene
therapy delivery using nanoparticles is improving the long-term
treatment of chronic pain, and both viral and non-viral vectors for
gene therapy have proven effective in clinical trials. CRISPR is being
used to modulate gene expression to reduce pain without elim-
inating sensitization. Scavengers of proinflammatory reactive
oxygen species and free nucleic acids represent a proactive approach
to pain management: instead of treating the symptoms of pain,
scavengers remove molecules that trigger nociceptors and that cause
sensitization. The application of nanotechnology to pain manage-
ment represents a frontier for nanomedicine and is the subject of
this review.

The physiology of pain

A better understanding of the physiology of pain is needed to
develop new therapies that act on specific targets to reduce dosage
and toxicity. Pain is an unpleasant, multifaceted sensory and emo-
tional experience associated with actual or potential tissue damage
[9], and involves physical, emotional, and psychosocial elements. Pain
is difficult to treat and study in part because it is subjective; the
perception of pain and its severity varies between individuals. Mul-
timodal pain care regimens are often used to address the complex
nature of pain. Pharmaceutical treatments are mechanism-based and
consider both pain physiology and psychological factors. To better
assess pain, provide personalized pain treatment, and to develop
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Fig. 1. Pain pathways and current pain treatments. The ascending pathway transmits pain and sensory information from the periphery to the brain. Painful stimuli activate
primary afferent nociceptors of mechanosensitive As and mechanothermal C fibers, which send signals to second-order neurons in the spinal cord. This information is transmitted
up the spinothalamic tract to tertiary neurons in the thalamus, and pain is perceived in the somatosensory cortex. The descending pathway inhibits pain via noradrenergic/
serotonergic neurons and Ap fibers. Upon activation, interneurons in the substantia gelatinosa (central box) release enkephalin (ENK) or endogenous opioids that inhibit ascending
impulses. Conventional pain treatments (blue text on the left) and their locations of action (circled numbers) are shown. Abbrev: NSAIDs, nonsteroidal anti-inflammatory drugs;
o2 agonists, o2 adrenergic receptor agonists; TCA, tricyclic antidepressants; SSRI, selective serotonin reuptake inhibitor; SP, substance P; +, stimulation; -, inhibition.

more effective nanotherapeutics, the physiological mechanisms un-
derlying different types of pain must be better understood.

Acute and chronic pain

Pain is categorized as acute or chronic. Acute pain is temporary
and resolves once the primary cause is removed (e.g., by wound
healing), and functions as a signal to prevent further harm.
Treatments for acute pain typically address the underlying cause,
which is often injury or disease. Chronic pain is long-lasting, often
arises without injury or disease, and does not always resolve once
the primary cause is removed. The biological purpose of chronic pain
is unclear, and often there is no recognizable endpoint. The me-
chanisms underlying chronic pain and the transition from acute pain
to chronic pain remain poorly understood.

Pain pathways
Pain pathways involve both the peripheral and central nervous

systems (Fig. 1). Pain sensation occurs when mechanical, chemical,
or thermal stimuli activate receptors called nociceptors, which are

located on sensory neurons called A- or C-type primary afferent fi-
bers. As-type fibers are large, myelinated fibers that rapidly conduct
sharp, well-localized pain; in contrast, C-type fibers are small, un-
myelinated fibers that transmit slow, dull, poorly-localized pain.
Noxious stimuli (stimuli that have the potential to damage tissue)
cause epithelial cells, immune cells, and cells in the circulatory
system to release molecules that stimulate G-protein coupled re-
ceptors (GPCRs), ionotropic receptors, and tyrosine kinase receptors
on the peripheral terminals of primary spinal afferent neurons;
these released stimulatory molecules includes lipids (e.g., pros-
taglandins), proteases, neurotrophins (e.g., nerve growth factor), and
peptides. Neurogenic inflammation occurs when the terminals re-
lease neuropeptides such as substance P and calcitonin gene-related
proteins (CGRP) that activate receptors within the vasculature, on
epithelial cells and immune cells [10]. Activation of receptors and
channels of primary sensory neurons evokes central transmission of
action potentials and subsequent release of glutamate, substance P,
and CGRP within the dorsal horn of the spinal cord. These trans-
mitters activate receptors on second-order neurons in the dorsal
horn of the spinal cord. Pain perception occurs when these signals
are transmitted through the spinothalamic tract to the cortex.
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Central and peripheral sensitization

Structural and functional changes in pain pathways such as in-
creases in long-term potentiation at synapses and neuronal hy-
persensitivity prevent further harm following injury or damage.
Elevated sensitivity to noxious stimuli causes hyperalgesia (en-
hanced sensitivity to pain), and can occur following surgery or
opioid use; non-noxious stimuli such as light touch or warmth can
also elicit pain (allodynia or pain from stimuli that are not normally
painful), which can occur due to other medical disorders or fol-
lowing injury. Hypersensitivity via increased intracellular Ca?* can
occur by activation of N-methyl-p-aspartate (NMDA) receptors fol-
lowing injury. Influx of calcium ions causes upregulation of a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.
Increase of AMPA receptors enhances postsynaptic excitation and
activates protein kinases such as calmodulin dependent protein ki-
nase II (a kinase that plays a role in synaptic plasticity, learning, and
memory). Calcium influx also upregulates calcium-dependent ki-
nases including cyclooxygenases (COXs) and nitric oxide synthases.
This results in production of prostaglandin E2 and nitric oxide that
causes neurotransmitter release and activation of downstream
second messenger signaling via the cyclic adenosine monopho-
sphate (cAMP)/protein kinase A (PKA) pathways.

Peripheral and central sensitization (heightened sensitivity to
stimuli) play critical roles in chronic pain. Central sensitization occurs
when nociceptive neurons in the central nervous system fire at
subthresholds, resulting in neuronal hyperexcitability. Activated
neurons in the dorsal horn of the spinal cord release glutamate and
neuropeptides that bind receptors and generate action potential
firing. Microglia and astrocytes in the spinal cord release cytokines
and chemokines that stimulate neuronal firing [11]. Peripheral sen-
sitization is hyperexcitability at primary afferent neurons. Activation
of peripheral receptors is regulated by ion channels that include
transient receptor potential ion channels (TRPs) such as transient
receptor potential ankyrin 1 (TRPA1) and transient receptor poten-
tial vanilloid type 1 (TRPV1), and sodium channels such as Na,1.7,
Na,1.8, and Na,1.9 [12,13].

Pain and inflammation

Pain and inflammation are tightly connected. Damage to vascu-
larized tissue triggers inflammatory responses, causing T cells,
neutrophils, mast cells, and macrophages to release inflammatory
mediators such as hydrogen ions, adenosine triphosphate (ATP),
serotonin, and substance P, which in turn induce vasodilation, in-
creased vascular permeability, and plasma extravasation. These in-
flammatory molecules also activate pain receptors, increasing an
inflow of calcium and sodium ions into neurons and inducing action
potential firing. Proinflammatory mediators promote the release of
injury byproducts such as prostaglandins, bradykinin, and hista-
mines that stimulate pain neurons to release additional in-
flammatory neuropeptides and cytokines that exacerbate
inflammation. Proinflammatory chemokines (CCL2, CXCL5) and cy-
tokines such as tumor necrosis factor-a (TNF-a) and interleukin 1B
(IL-1p) bind receptors and ion channels to sustain the inflammatory
response [14]. Damaged cells release phospholipids that are con-
verted to prostaglandin H2 (PGH2) via COXs. Prostaglandin syn-
thases convert PGH2 to PGE2, prostacyclin (PGI2), and PGF2, which
mediate fever, enhanced pain, and inflammation, or to thromboxane
A2 (TXA2) which mediates platelet aggregation. Inflammation
usually subsides when damaged tissues have recovered, but can
become chronic inflammation, which continues past the healing
period and persists for months or years.

Following inflammatory response, phospholipase A2 is released,
which is then converted into arachidonic acid. The COX enzymatic
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pathway, which includes COX-1 and COX-2, is responsible for con-
verting arachidonic acid into prostaglandins (PGs). Normally, COX-1
produces thromboxane and PGs in platelets, gastrointestinal mu-
cosal cells, and renal tubule cells. COX-2 is upregulated at sites of
inflammation and produces PGs that cause inflammation and pain.
Inhibition of COX-2 reduces production of PGs to result in anti-in-
flammatory and analgesic effects.

Nociceptive, neuropathic, and nociplastic pain

Identifying the pathophysiological origin of pain is important for
determining an appropriate treatment. Pain is classified into neu-
ropathic, nociceptive, and nociplastic pain. Nociceptive pain arises
through nociceptor activation from noxious stimuli (mechanical,
chemical, or thermal stimuli that have the potential to damage
tissue). Nerve cells are responsible for propagation of pain signals
from peripheral nerve fibers to the spinal cord and the brain.
Nociceptive pain typically results from physical injury and presents
as somatic pain, a well-defined, precisely-located pain from injury to
skin, joints, and muscles, or visceral pain, a type of pain due to injury
to internal organs or viscera that is often diffuse and difficult to
localize [15].

Neuropathic pain originates from injury or dysfunction of the
somatosensory system and is categorized into central and peripheral
neuropathic pain. Central neuropathic pain stems from injury le-
sions to the spinal cord or brain and can be caused by diseases such
as Parkinson’s disease. Peripheral neuropathic pain results from
nerve damage, which often occurs in the hands and feet and man-
ifests as a chronic stabbing or burning sensation. Roughly 20% of
patients who experience chronic pain suffer from neuropathic
pain [16].

Nociplastic pain is a new mechanistic descriptor that en-
compasses pain with an unknown origin or altered nociception. The
mechanisms underlying nociplastic pain include changes in noci-
ceptive signaling that result in peripheral and central sensitization.
While traditionally pain has been considered a symptom of injury or
damage to the nervous system, nociplastic pain considers forms of
chronic pain without a clear origin to be disease states themselves.
Common examples of nociplastic pain include chronic musculoske-
letal and visceral pain including fibromyalgia and lower back
pain [17].

Current pain treatments and new targets
Current pain treatments

Non-opioid pain medications

Treatment for chronic pain typically begins with a low-risk, non-
opioid analgesic, such as acetaminophen (Tylenol), non-steroidal
anti-inflammatory drugs (NSAIDs), and adjuvant medications (e.g.,
antidepressants, anticonvulsants, and corticosteroids).
Acetaminophen is a first line treatment for mild musculoskeletal
pain (e.g., osteoarthritis, lower back pain). Acetaminophen blocks
proinflammatory prostaglandin synthesis by oxidized cycloox-
ygenases (COX), with analgesic and antipyretic (fever-reducing) ef-
fects [18,19]. Acetaminophen is effective in low doses for short
durations, but long-term use or high doses can cause hepatotoxi-
city [20].

NSAIDs such as aspirin, ibuprofen (Advil, Motrin), and naproxen
(Aleve) are the most common first line treatments for inflammation-
associated pain. Unlike acetaminophen, NSAIDs relieve both pain
and inflammation. Many NSAIDs are COX inhibitors that reduce
prostaglandin production to relieve inflammation; these include
COX-1 inhibitors (low-dose aspirin), COX-2 inhibitors (celecoxib),
and non-selective COX inhibitors (ibuprofen, naproxen). However,
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since cyclooxygenases mediate multiple physiological functions,
prolonged use of NSAIDs at high dosage can have negative effects
such as gastric bleeding, peptic ulcers, kidney damage, myocardial
infarction, or stroke.

Adjuvant analgesics such as antidepressants and anticonvulsants
are increasingly being used to treat neuropathic and nociplastic pain.
Antidepressants do not act as acute analgesics but can be used to
treat chronic pain. The requirement of a longer treatment duration
when using antidepressants suggests that long-term neuronal
plasticity is involved in chronic pain. Antidepressants used to treat
neuropathic pain include tricyclic antidepressants (TCAs) such as
amitriptyline, serotonin-norepinephrine inhibitors (SNRIs) such as
duloxetine, and selective serotonin reuptake inhibitors (SSRIs) such
as paroxetine. TCAs inhibit the presynaptic reuptake of nor-
epinephrine and serotonin, and block «2 adrenergic, H1-histami-
nergic, and muscarinic cholinergic receptors, and are effective in
33-50% of patients with chronic pain [21]. SNRIs are balanced nor-
adrenaline and serotonergic inhibitors that rely on drug dosage and
concentration and are effective in 20-25% of patients. Duloxetine has
a high affinity for norepinephrine and serotonin reuptake transpor-
ters and is effective for treatment of diabetic peripheral neuropathic
pain [22]. Only ~ 14% of patients are relieved of pain with SSRIs,
which block serotonin reuptake [23]. The differing efficacy of anti-
depressants with different mechanisms of action suggests that
noradrenaline plays a more important role in relieving pain than
serotonin. The anticonvulsants gabapentin and pregabalin are cur-
rently used to treat neuropathic pain, especially postherpetic neur-
algia and peripheral diabetic neuropathy. Gabapentin is a gamma-
amino-butyric acid (GABA) analog that binds the «25 subunit of the
voltage-gated calcium channel complex to block the presynaptic
neurotransmitter release. Like gabapentin, pregabalin binds the
calcium channel 25 subunit, but with six times the potency. These
anticonvulsants address the increased sensitivity associated with
chronic pain and work by reducing action potential firing at nerve
terminals.

Other non-opioid pain treatments include local anesthetics and
steroids. Local anesthetics such as lidocaine are commonly used for
short-acting pain relief. Lidocaine reduces sharp burning pain
such as postherpetic neuralgia in shingles by blocking voltage-
dependent sodium channels to mediate pain transmission.
Lidocaine can be applied topically as a local anesthetic to relieve
pain or carefully injected as a nerve block to lessen pain and dis-
comfort from medical procedures. Capsaicin is a topical cream that
targets nociceptors and is a highly selective agonist of noxious
heat-sensing TRPV1 in nociceptors. Persistent activation of TRPV1
by capsaicin reduces receptor function and pain sensitivity for an
extended period of time [24]. Steroids are also used for chronic pain
management. Glucocorticoids relieve pain by targeting proin-
flammatory responses associated with pain, for example by
blocking prostaglandin synthesis and reducing vascular perme-
ability to treat inflammation and tissue edema [25]. Dex-
amethasone, a synthetic corticosteroid, is the most frequently used
steroid for pain relief due to its high potency, long half-life, and low
mineralocorticoid activity which results in less fluid retention.
However, the side effects of dexamethasone include gastric
bleeding and muscle myopathy. Prednisolone, another steroid used
for pain relief, has fewer side effects than dexamethasone and acts
by stimulating glucocorticoid receptors to address the in-
flammatory component of pain. Recently, a2-adrenergic agonists
have been used for anesthetic management alone or in combina-
tion with local anesthetics. Clonidine, an «2-adrenergic agonist in
combination with local anesthetics extends the length of peripheral
nerve blocks. Dexmedetomidine, a more selective a2-adrenergic
agonists, has also been used in combination with local anesthetics
to prolong the anesthetic effects with both central and peripheral
nerve blockers [26-29].
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Opioids

Opioids are used when nociceptive symptoms become more se-
vere and when non-opioid analgesic regimens are inadequate.
Opioids are potent analgesics and have been considered the most
effective pain medications for non-neuropathic pain. Opioid medi-
cations act like endogenous opioids, which bind opioid receptors
throughout the peripheral and central nervous systems. Opioid re-
ceptors are GPCRs that, when activated on the presynaptic terminal,
cause the beta-gamma subunit to inhibit voltage-gated calcium
channels, preventing release of the neurotransmitter glutamate and
the neuropeptides substance P and CGRP [30]. When opioid re-
ceptors are activated on postsynaptic terminals, G protein-coupled
inwardly rectifying potassium channels (GIRK) are opened to allow
outflow of potassium, preventing depolarization of the neuron. The
Ga subunit also binds phospholipase C and adenylyl cyclase to cause
downstream signaling such as cAMP production to modulate neu-
rotransmitter release [31]. Overall, activation of opioid receptors is
antinociceptive by reducing action potential firing and neuronal
sensitivity. Activation of opioid receptors at the brainstem and spinal
cord removes inhibition of GABAergic neurons, causing GABA release
and hyperpolarization to prevent pain transmission.

Many opioid drugs activate the p and k opioid receptors for pain
relief. Morphine is a natural opiate used to treat moderate to severe
pain. Synthetic opioids, including fentanyl, hydrocodone, metha-
done, and oxycodone, mimic endogenous opioid peptides but with
higher potency [32]. Methadone is used to relieve both nociceptive
and neuropathic pain since it antagonizes NMDA receptors and acts
as a serotonin-norepinephrine inhibitor.

Although opioids effectively relieve acute pain, prolonged use
causes serious side effects. Constipation is a common on-target ef-
fect due to the presence of opioid receptors in the small intestine
that control gut motility. Nausea occurs with opioid use due to
chemoreceptor binding in the medulla [33]. Dose-dependent re-
spiratory depression is a dangerous side effect of opioid drug use. A
high dosage of opioids can lead to activation of opioid receptors of
interneurons in the pons and the Pre-botzinger complex of the
medulla, leading to suppression of respiratory activity. Other dan-
gerous side effects of opioids are related to addiction, dependence,
and tolerance. Opioid drugs activate opioid receptors in the brain-
stem and in the ventral tegmental area of the brain, which inhibits
GABA release at presynaptic terminals, promoting dopaminergic
activity in the reward system [34]. Chronic opioid usage causes re-
ceptor desensitization and tolerance. When opioid use is reduced or
stopped, withdrawal symptoms include diarrhea, anxiety, and dys-
phoria. The recent opioid epidemic was driven by increased opioid
prescriptions and overuse, which led to addiction, overdoses and
deaths [35]. Opioid abuse is now thought to be responsible for more
deaths than motor vehicle accidents and suicide combined. The
devastation of the recent opioid epidemic highlights the urgent need
for better treatment options to address chronic pain.

Other pain treatments

Other methods of pain treatment include nerve blockers and
electrical stimulation. Nerve blockers are used to treat chronic pain
when other drugs do not provide relief or to avoid side effects, and
include epidural steroid injections and peripheral nerve blockers
[36]. Local anesthetics and neurotoxins are two common forms of
nerve block agents. Epidural steroid injections are commonly ad-
ministered for spine-related pain. Continuous peripheral nerve
blockers, which have been traditionally used for perioperative or
postoperative periods, are now also used for chronic pain. Con-
tinuous administration of peripheral nerve blockers uses a lower
initial bolus, resulting in reduced systemic toxicity and reduced
supplemental opioid usage and side effects [37].

Transcutaneous electrical nerve stimulation (TENS) is a
non-pharmacological method of pain relief. TENS uses a small
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battery-powered device to apply a mild electrical current to activate
endogenous inhibitory mechanisms in the central nervous system.
TENS activates opioid receptors in the descending inhibitory
pathway of the rostral ventromedial medulla, spinal cord, and
periaqueductal gray [38]. TENS also activates muscarinic receptors
and GABA-A receptors in the spinal cord to reduce hyperalgesia. A
spinal cord stimulator (SCS) is an implanted device that is inserted
into the dorsal epidural space that sends low currents of electricity
into the spinal cord for chronic neuropathic pain relief. The specific
mechanism of action of SCS is unclear, but has been shown to
increase the release of GABA to suppress dorsal horn neuronal
hyperexcitability [39].

New targets

Current pain medications are inadequate due to lack of specificity
and serious side effects. Recent studies have investigated novel pain
targets and novel methods for pain treatment. Advances in pain
therapy include specific targeting of ion channels, pain receptors,
and mediators of inflammation, described below.

Voltage-gated sodium channels

Voltage-gated sodium channels are an attractive target for pain
treatment. An influx of sodium through the channel shifts a neuron’s
membrane potential towards action potential depolarization and
neuronal firing. Sodium channel Na,1.7, which is expressed in per-
ipheral sensory neurons, dorsal horn neurons, and sympathetic
ganglion neurons, is associated with pain transmission [40]. Loss-of-
function mutations in the gene encoding Na,1.7, SCN9A, leads to
congenital insensitivity to pain, and gain-of-function mutations are
associated with familial pain disorders such as paroxysmal extreme
pain disorder and inherited primary erythromelalgia [41]. Recent
studies have targeted the Na,1.7 channel with a monoclonal anti-
body specific to voltage-sensor regions that allosterically control
channel gating [16].

Nerve growth factor and TrkA

Another target for pain treatment is nerve growth factor (NGF)
and its receptor, tropomyosin-related kinase A (TrkA). NGF is a
neurotrophin that is released from all innervated peripheral tissues,
immune cells, CNS, and PNS, and promotes the growth and survival
of sensory and sympathetic neurons and ganglia. NGF levels increase
in response to noxious stimuli from injury, neuroinflammation, and
chronic pain. The binding of NGF to TrkA receptors in As- and C-type
fibers and mast cells releases proinflammatory mediators such as
histamine and protons, and exacerbates inflammation. Tanezumab is
a humanized monoclonal IgG2 antibody that blocks NGF-TrkA
binding, and was fast-tracked by the FDA for patients with os-
teoarthritis and chronic lower back pain [42]. The cost of Tanezumab
is high, but it can be administered only once every eight weeks and
does not have the adverse side effects seen with opioids and some
NSAIDs. Tanezumab can also be administered at home with a single
subcutaneous injection, avoiding medical visit costs [43]. Another
promising antibody for treating osteoarthritis is fasinumab, by Re-
generon, a recombinant fully-human anti-NGF antibody that is cur-
rently in clinical trials.

Endosomal targets

Endosomes are commonly described as conduits for biomolecule
degradation or recycling, but are also the site of persistent signals
from GPCRs that control pain transmission and thus are a promising
target for treating chronic pain. GPCRs in pain pathways were once
thought to signal solely at the plasma membrane, and drug discovery
was focused on targeting receptors at the cell surface. However,
many of these drugs were found to be unsuccessful in clinical trials.
Although such drugs might fail for multiple reasons, one possibility
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could be related to their inability to antagonize GPCRs within the
acidic microenvironment of endosomes. Thus, the targeted delivery
of GPCR agonists and antagonists to endosomes may result in more
effective mediation of GPCR pain signaling.

Endosomal signaling from GPCRs such as the neurokinin 1 re-
ceptor (NK;R), calcitonin-like receptor (CLR), and protease-activated
receptor 2 (PAR;) might regulate the expression of genes in the
nucleus and the activity of ion channels at the plasma membrane
that control neuronal excitation and chronic pain [44-46]. For ex-
ample, substance P, a ligand of the neurokinin 1 receptor, causes
increased activation of extracellular signal-regulated kinase (ERK) in
the nucleus and protein kinase C (PKC) and cAMP in the cytosol [44].
These signals mediate sustained excitation of spinal neurons and
pain transmission in the spinal cord. Inhibitors of clathrin and dy-
namin suppress substance P-induced signaling by ERK, PKC, and
cAMP as well as abolishing persistent neuronal firing, suggesting
that endosomal signaling mediates neuronal excitability. Studies are
now examining GPCRs in endosomes as a therapeutic target for
chronic pain treatment. Conjugation of transmembrane lipid cho-
lestenol with an NK1R antagonist promotes drug delivery to endo-
somes, allowing antagonism of endosomal NK;R signaling.
Nanoparticle technology (described in Section 4) is being used to
deliver antagonists of pro-nociceptive receptors to en-
dosomes—which have an acidic and reducing environment that can
be exploited for targeted delivery of these GPCR inhibitors.

Other targets

Other targets for pain treatment include purinergic P2X receptor
channels and the angiotensin II receptor. P2X receptors are ligand-
gated cation channels found on peripheral afferents (the axons of
sensory neurons). Damaged and inflamed tissues release ATP which
binds and activates P2X receptors, leading to influx of Ca%* and Na*
into the cytoplasm for membrane potential depolarization. Animals
with a P2X3 knockdown or siRNA-silenced P2X3 expression exhibit
decreased pain behavior [47]. P2X3 antagonists are a potential
therapy for neuropathic pain [48]. Abbott Laboratories developed
the P2X3 antagonist A-317491, which reduced pain in chronic and
inflammatory pain models. Afferent Pharmaceuticals' potent P2X3
antagonist, AF-219, is currently in Phase 2 trials for cystitis/bladder
pain syndrome. Additional, second-generation P2X3 antagonists that
have a reduced risk of hyperbilirubinemia are being developed [49].

The angiotensin Il-receptor (AT2R) is another target for treating
chronic pain. Angiotensin Il is a mediator of the renin-angiotensin
system and has been implicated in pain modulation. G.-coupled
AT2R signaling modulates sensory neuron firing, and Gg-coupled
AT2R signaling leads to analgesia in mice [50]. Activation of AT2R on
macrophages causes mechanical and cold pain hypersensitivity in
mouse models of neuropathic pain and chronic inflammatory pain
[51]. Other targets of chronic pain drugs currently in development
include CGRP pathways, TNF-a, epidermal growth factor receptor,
and TRP channels.

Nanoparticles for pain management

Nanomedicine aims to apply nanotechnology to enhancing the
efficacy and safety of drugs, for example by encapsulating naked
drugs in biocompatible nanocarriers such as nanoparticles, lipo-
somes, micelles, and dendrimers. Nanoparticulate drug delivery
systems (NDDSs, Fig. 2) have design parameters such as size, shape,
surface charge, and cargo dose that can be optimized to prolong drug
circulation and to target specific tissues or subcellular organelles
[52,53]. NDDS surfaces can be functionalized with cell-penetrating
peptides or ligands to deliver therapeutics across the blood-brain
barrier and to the central nervous system. NDDSs can achieve en-
hanced therapeutic efficacy by regulating spatial localization and
reducing dosage and side effects. Therapeutic potency can be
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Fig. 2. Nanoparticles for pain relief. Design considerations for analgesic nanoparticulate drug delivery systems include the type and location of pain (top left), what drugs are
clinically available (top right), nanocarrier composition (middle), route of administration (lower left), and accessible external stimuli (lower right).

enhanced by using a nanocarrier containing multiple analgesics or
by using small molecules that target pain signaling receptors. Such
approaches might overcome the redundancy that is inherent in es-
sential processes, such as pain transmission. NDDSs are being de-
veloped to treat systemic, neuropathic, localized, and disease-
associated pain with reduced risk of addiction. Theragnostic nano-
particles are also being developed to detect the source of pain.

Analgesic nanoparticulate drug delivery systems

Analgesic nanoparticulate drug delivery systems (Fig. 2) can be
used for relief of systemic, neuropathic, and inflammation-related
pain by serving as nanocarriers of drug cargo and targeting mole-
cules. For example, targeting opioid receptors to create safer drugs is
an active area of research, and pain medicine is moving towards
more effective delivery of non-opioid analgesics and less addictive
opioids. Intraoral, intranasal, and transdermal administration are
preferred routes of administration for patient compliance, while
local and systemic administration via injection in clinics is useful for

treatments that require longer time periods between doses. Loca-
lized administration of local anesthetic-loaded NDDSs can block
pathways related to perioperative pain. Neurotoxins traditionally
considered too dangerous can benefit from NDDSs to become new
local anesthetic candidates.

Systemic pain: opioids and new approaches

Conventional pain treatments with naked drugs provide un-
controlled drug release; often, several doses are taken daily to
achieve and maintain sufficient plasma concentrations. However,
such intermittent administration causes fluctuations in plasma drug
levels, which can fall below the effective concentration or exceed the
toxic concentration threshold [54]. Liposomes and polymeric nano-
particles have been used since the 1990s to encapsulate opioids for
extended-release (ER) and reduced systemic toxicity [55-58]. These
efforts led to FDA approval and commercialization of two ER mor-
phine NDDSs, Depodur and Avinza. Depodur uses proprietary De-
poFoam, a multivesicular liposomal delivery system that
encompasses numerous non-concentric aqueous chambers
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containing a drug [59]. Single epidural injection of Depodur achieves
48 h of analgesia [60]. Orally delivered Avinza contains ER morphine
capsules in proprietary beads consisting of ammonium-methacry-
late copolymers that are solubilized by gastrointestinal fluids [61].
The drug solution then diffuses out of the capsule, providing ther-
apeutic plasma levels for up to 24 h [59].

Other formulations of opioids with ER profiles have been studied
extensively and are commercially available [59]. Liposomes and
polymeric nanoparticles used in these ER formulations are generally
considered as safe carriers at therapeutic concentrations. Modifica-
tions such as liposome PEGylation and cationic coating can poten-
tially improve safety only when the inherent toxicity of the
functionalization is accounted for. ER opioids offer advantages such
as stabilized plasma drug levels, but suffer from misuse and abuse,
and drug tolerance further complicates their safety and analgesic
efficacy. A growing number of investigations are focused on ther-
apeutics with lower abuse potential [62,63].

Enkephalin (ENK) is an attractive neuropeptide analgesic; this
endogenous neuropeptide preferentially binds §-opioid receptors,
which are less correlated with abuse and tolerance than p-opioid
receptors [64]. Leu-enkephalin (LENK) has been conjugated with
lipid squalene to target proinflammatory mediators [65]. LENK-
squalene bioconjugate nanoformulated in dextrose allowed a higher
drug payload than ENK-loaded liposomes or poly(lactic-co-glycolic
acid) (PLGA) nanoparticles. Animal studies showed that an in-
travenous injection of LENK-squalene nanoparticles achieves a
greater anti-hyperalgesic effect than morphine, without causing
tolerance. Further, using a microparticulate formulation of clustered
nanoparticles, intranasal administration can be used to deliver
LENK-squalene specifically to the brain [66].

As an alternative to opioids, new pain medications in develop-
ment target GPCRs including adrenergic, cannabinoid, and serotonin
receptors [67]. PLGA-PEG nanoparticles containing the synthetic
cannabinoid CB13 have achieved an analgesic effect for up to 11 days
after one oral dose in a murine neuropathic pain model [68]. Me-
soporous silica nanoparticles (MSNs) are well-suited for systemic
and local delivery due to their dual surfaces (internal cylindrical
pores and exterior particle surface), which enable a multistage de-
livery. MSNs loaded with the cannabinoid A9-THC and the ery-
thropoietin-derived polypeptide ARA290 provide sustained systemic
and neuropathic pain relief. THC-MSN-ARA290 nanocomplexes re-
present a combinatorial delivery system in which THC diffuses into
the circulation while ARA290 is released upon the cleavage of a
disulfide bond triggered by glutathione. With two intraperitoneal
(IP) injections, an analgesic effect was seen for four weeks in mouse
models of thermal hyperalgesia and mechanical allodynia [69].

pH-responsive MSNs functionalized with a PEGylated liposome
coating (lipoMSN) and loaded with a &-opioid receptor agonist
DADLE (|D-Ala?, D-Leu®]-Enkephalin) can target endosomal &-opioid
receptors and provide sustained inflammatory pain relief. The pH-
responsiveness of the lipoMSN allows for preferential delivery to the
acidified endosome while the DADLE-functionalized liposomal
coating helps to cloak the MSN core and selectively target 5-opioid
receptor-expressing neurons. One intrathecal injection of the
lipoMSN can provide an analgesic effect lasting for 6 h in a mouse
model of inflammatory nociception [70]. This study suggests that
endosomal signaling of DOPr may provide relief from inflammatory
pain, which presents a unique opportunity for NDDSs because of the
natural and efficient trafficking of nanoparticles to endosomes.

Neuropathic pain: local anesthetics

NDDSs can enhance the therapeutic potential of local anesthetics
to for perioperative pain management. Local anesthetics such as li-
docaine and prilocaine are widely used for perioperative pain
management, and act by blocking specific nerve pathways [71]. ER
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local anesthetics have been developed to prolong their analgesic
effect while preventing adverse events.

Traditional local anesthetic formulations for postsurgical an-
algesia have a short duration of effect, lasting no longer than 24 h
with a single injection [72,73]. Several approaches have been used to
encapsulate local anesthetics in polymeric nanoparticles (e.g., PLA,
PLGA, PCL, alginate, chitosan, and copolymers), resulting in long-
term stability, sustained release, and enhanced anesthetic efficacy in
vivo [74-77]. The only FDA-approved liposomal bupivacaine, Ex-
aparel, which also uses the DepoFoam platform, can reduce post-
operative pain for up to 3 days after a single infiltration [78].

The Na,1.4 inhibitor lamotrigine has demonstrated efficacy for
neuropathic pain treatment in multiple randomized controlled trials
[79,80]. However, its clinical applications in neuropathic pain are
limited by the risk of severe rash, and it has a poor pharmacokinetic
profile due to nonselective distribution to organs other than the
brain. Lamotrigine-carrying PLGA nanoparticles were functionalized
with transferrin or lactoferrin to enhance blood-brain barrier per-
meability [79]. Preferential distribution of these nanoparticles to the
brain and reduced accumulation in non-target organs were observed
in a partial sciatic nerve injury mouse model, with lactoferrin being
superior to transferrin as the targeting ligand.

In labor pain, epidural local anesthetics are injected into the
lower spinal nerves. Epidurals have a short-lasting effect and can
have side effects such as infection and nerve damage. Solid lipid
nanoparticles (SLNs) can be used as drug carriers for epidurals, and
can double their longevity via controlled release and reduce side
effects [81]. Lidocaine-loaded SLNs allow longer-lasting effects than
free lidocaine with more effective sensory and motor blocks [82].
However, the toxicity of SLNs is not well characterized; ongoing
research on nanoparticles for delivering epidurals aims to reduce
motor weakness and systemic absorption, optimize controlled re-
lease, and reduce the dosage required for an analgesic effect.

Neuropathic pain: neurotoxins

NDDSs can enable the safe use of otherwise toxic analgesic mo-
lecules. For example, conventional local anesthetics are nonspecific
Na, channel blockers, and their use can result in rare but life-
threatening systemic toxicity upon leakage into the cardiovascular
system or central nervous system [83-85]. Neurotoxins are also
potent and specific Na, blockers with slightly less serious compli-
cations (e.g., muscle paralysis) [86]. Guanidinium toxins, te-
trodotoxin (TTX) and saxitoxin (STX), are Na, blockers that
synergistically prolong anesthesia when combined with other local
anesthetics [87,88]. Clinical use of these neurotoxins has been lim-
ited due to their systemic toxicity. One way to circumvent this
toxicity is to slowly release a therapeutic amount. Conjugating TTX
with poly(triol dicarboxylic acid)-co-PEG (TDP) has achieved nerve
blocks in rat sciatic nerves from several hours to 3 days, depending
on the dose. Minimal systemic or local toxicity was induced, and TTX
release could be adjusted by tuning the hydrophilicity of the TDP
polymer [89]. Local administration is another method to circumvent
toxicity while simultaneously increase efficacy. Local injection of
hollow silica nanoparticles loaded with TTX to the sciatic nerve in-
creased the duration of nerve block while decreasing toxicity. The
nanoparticles could penetrate the sciatic nerve in a size dependent
manner, enhancing efficacy while improving safety [90]. STX and
dexamethasone have also been encapsulated in liposomes for
treatment of neuropathic pain [91]; a single percutaneous injection
of STX-dexamethasone nanoparticles provided a nerve block that
lasts for about a week in a rat spared nerve injury model [92]. Cro-
toxin, a rattlesnake venom-derived neurotoxin with prolonged anti-
inflammatory and antinociceptive activity, was encapsulated in inert
SBA-15 MSNs to treat neuropathic pain, resulting in reduced toxicity
of crotoxin and enhanced analgesic effect after subcutaneous and
oral delivery in a mouse neuropathic pain model [93].
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Chronic pain

NSAIDs and acetaminophen are generally safe in low doses, but
prolonged use can cause side effects in the stomach and liver, re-
spectively. NDDSs are effective chronic pain treatment options due
to their controlled release kinetics and versatility of nanoformu-
lation.

Drug-induced acute liver failure has a high morbidity and mor-
tality rate, with the leading cause being acetaminophen overdose
[94]. Milk thistle-extracted silymarin has shown hepatoprotective
properties due to its antioxidant, anti-inflammatory, and antifibrotic
effects [95]. Silymarin nanoparticles entrap acetaminophen via na-
noprecipitation, and upon intraperitoneal injection, glutathione is
generated to counter hepatic damage [96]. In an animal model of
acetaminophen-induced hepatotoxicity, no death occurred even
when the drug was administered after established hepatic necrosis.
Similar NDDS-based approaches can reduce the side effects of long-
term NSAID use for chronic pain.

Osteoarthritis is a disease of the cartilage and bone and is marked
by chronic pain. Most osteoarthritis drugs are aimed at mediating
this pain. Osteoarthritis is typically treated with NSAIDs, cycloox-
ygenase-2 inhibitors, or experimental therapeutics such as MAPK-
inhibiting drugs. Targeting these drugs to the cartilage matrix and
subchondral bone can be achieved by using nanocarriers (<40 nm
diameter) with positive surface charges, such as micelles and den-
drimers. Targeting the cartilage surface, synovial membrane, intra-
articular space, or infrapatellar fat pad requires larger nanoparticles
(>60nm) to avoid penetration into cartilage, making liposomes,
high-generation dendrimer micelles, and other larger nanoparticles
more suitable nanocarriers for these applications. The combination
of osteoarthritis drugs with appropriate nanocarriers for targeting
will lead to more effective treatments of osteoarthritis-associated
pain with fewer side effects [97].

Other sources of chronic pain include receptor signaling from
subcellular compartments, such as the GPCR cascade. Endocytosed
neurokinin 1 receptor (NK;R), a GPCR in the central and peripheral
nervous systems, mediates pain and offers a new target for treating
chronic pain [44]. pH-responsive nanoparticles loaded with the
NK;R antagonist aprepitant deliver the drug to acidic endosomes
environment to block NK;R signaling [98]. These nanoparticles ex-
hibit greater and more sustained pain relief than standard therapy
with free drugs in animal models of nociceptive, neuropathic, and
inflammatory pain (Fig. 3).

Localized pain

Localized pain in joints, burns, surgical sites, and in many dis-
eases is commonly treated with NSAIDs and pain receptor inhibitors,
but opioids are often used when the pain becomes severe. NDDSs
can target specific pain receptors and treat the underlying source of
localized pain.

Functionalization of liposomes with monoclonal antibodies or
antibody fragments (immunoliposomes) is a popular targeted drug
delivery strategy that reduces doses and thus side effects [99]. For
example, the antidiarrheal loperamide was converted to the first
peripherally-selective analgesic by intravenous use of anti-in-
tracellular adhesion molecule 1 (ICAM-1) immunoliposomes [100].
This NDDS showed antinociceptive and anti-inflammatory effects
exclusively in peripheral inflamed tissue in a rat local inflammation
model. In a follow-up study, conjugation of the NDDS with anti-
oxytocin receptor increased immunoliposome localization at the
uterus of pregnant mice by 7-fold; localization was not detected in
the maternal brain or fetus, preventing inflammation-induced pre-
term labor [101].

For migraine treatment, Girotra et al. encapsulated the GPCR
agonists sumatriptan and zolmitriptan in various nanoparticles
(chitosan solid lipid, ApoE-bovine serum albumin, and PLGA-po-
loxamer) to enhance brain targeting [ 102-104]. This group applied in
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silico models to virtually screen ligands from Drugbank, and iden-
tified nystatin as the lead ligand against four receptors that are re-
sponsible for migraine pathogenesis, including CGRP (PDB ID:
3N7R). Mice studies using nystatin-chitosan nanoparticles revealed
an analgesic effect via IP injection and greater accumulation of na-
noparticles in the brain than in other organs such as the liver and
spleen [104].

Metastatic cancer can be excruciatingly painful, and the success
rate of treatment is low. Between 30% and 50% of patients with tu-
mors receiving active treatment and 70-90% with advanced-stage
disease experience chronic pain [105]. Prostate cancer tends to
metastasize to the bone, where it often becomes untreatable and
causes intractable pain. Gdowski et al. developed alendronate-con-
jugated PLGA-cabazitaxel nanoparticles to target bone metastases to
treat bone pain. In mice orthoptic bone tumor models, the targeted
nanoparticle-treated group showed lower pain as well as reduced
tumor burden and improved maintenance of bone structure than the
free drug-treated group, alleviating long-term pain and other com-
plications [106].

Enhancing drug targeting

Conventional pain treatment relies on drugs with continuous
release profiles to sustain the pharmacological effect until the pay-
load is exhausted. Most NDDSs aim to prolong the therapeutic effect;
however, an alternative approach is to use external stimuli-re-
sponsive NDDSs that allow drug release on demand.

Current treatment of perioperative and other acute pain relies on
opioids and local anesthetics. By using stimuli such as light, heat,
ultrasound, magnetic field, and electric field, the location and timing
of drug release can be controlled to maximize efficacy and reduce
opioid use to minimize side effects. For example, emerging evidence
suggests that chronotherapy of NSAIDs can be effective, and on-
demand drug release may improve pain relief by limiting treatment
to the active phase of the circadian rhythm [107]. In addition, ther-
agnostic nanoparticles can be designed to accumulate in targets of
interest to both detect pain and deliver a drug on demand, for pre-
cision pain management [108].

Light-responsive NDDSs

Light used as a non-invasive exogenous trigger can enable mul-
tiple drug administrations with precise spatiotemporal control.
Light-activated NDDSs include photosensitive molecules with labile
bonds that are photochemically cleaved upon ultraviolet (UV),
visible, or near-infrared (NIR) light irradiation [109]. Short-wave-
length light (UV) is potent enough to disrupt chemical structures but
can damage DNA and proteins [109,110]. NIR-triggered NDDSs have
been developed since NIR can achieve deeper tissue penetration
than UV or visible light [110]. The mechanisms of NIR-triggered
NDDS include photodynamic reactions via photosensitizer-loaded
liposomes and the photothermal effect via plasmonic nano-
particles [111].

Rwei et al. developed NIR-light-triggered liposomes loaded with
TTX and photosensitizer, allowing peroxidation of liposomal lipids
and drug release upon irradiation at 730 nm. This NDDS exhibited
adjustable on-demand local anesthesia lasting 14 h following injec-
tion in a rat sciatic nerve [112]. The photosensitivity and repeat-
ability of this system was enhanced by an additional tethering of
gold nanorods excitable at the same NIR wavelength as the photo-
sensitizer [113].

By combining the photothermal effect of copper sulfide (CuS)
nanoparticles upon NIR excitation and the thermoresponsive beha-
vior of amine-terminated copolymer P(MEO,MA-co-OEGMA), de
Solorzano et al. achieved repeated on-demand release of bupiva-
caine after NIR excitation [114]. This copolymer can be functiona-
lized with disulfides for gold nanoparticle binding [115]. These
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Fig. 3. pH-responsive nanoparticles target NK;R in the endosome to target chronic pain. A) Structure of pH-responsive DIPMA and pH-non-responsive BMA nanoparticles. The
nanoparticles share the same hydrophilic shell, (PEGMA-co-DMAEMA), but have different hydrophobic cores. B) Accumulation of nanoparticles in spinal neurons, the target of
the encapsulated Aprepitant. C) pH-responsive nanoparticles target NK;R in endosomes. D) DIPMA-Aprepitant (AP) nanoparticles are more effective than morphine in mouse

models of inflammatory pain [98].

studies showed a successful drug release of ~50%, demonstrating the
potential for POEGMA-based light-activated systems for pain man-
agement.

NIR-triggered NDDSs have also been applied to patient-con-
trolled transdermal analgesia systems. Microneedles composed of
PCL, plasmonic lanthanum hexaboride nanoparticles, and lidocaine
can release drugs in a pulsatile and programmed manner by varying
the duration of irradiation and turning a laser on and off. Lidocaine
delivered via implanted microneedle is rapidly absorbed into the
blood circulation within 10 min and has a bioavailability of at least
95% relative to subcutaneous injection (Fig. 4A and B) [116].

One limitation of NIR light as a trigger is that its tissue pene-
tration is only 1-5 mm; cytotoxicity and burning are risks of deeper
penetration [117-119]. Moreover light-responsive NDDSs are de-
signed to be controlled by the intensity and localization of the light.
However, there can be variability in the depth of light penetration
from patient to patient due to factors including tissue thickness,
tissue type, ratio of muscle vs fat, and amount of body hair in the
effected region, all of which affect the translatability of such a
platform.

Ultrasound-responsive NDDSs
Ultrasound, with its proven clinical utility and tissue penetration,
which is an order of magnitude deeper than NIR, is well-suited as a

10

non-invasive external trigger for on-demand local anesthesia.
Ultrasound alone or combined with contrast agent microbubbles is
widely used clinically to deliver drugs and to diagnose cancers,
stroke, osteoarthritis, and chronic pain [120-122]. Sonoporation,
cavitation, and hyperthermia are well-known biophysical effects of
ultrasound that can be applied to enhance the efficacy of pain re-
lievers [123]. Local anesthetics and hydrophilic molecules such as
TTX are impeded by tissue barriers that restrict access to nerve cells.
Using ultrasound alone, the peripheral nerve blockade capacity of
TTX is enhanced, but the same effect is not seen with the more
hydrophobic bupivacaine [124]. While ultrasound is a highly trans-
latable method to control drug targeting due to its safety and deep
tissue penetration, it does suffer from poor spatial resolution com-
pared to other methods.

Rwei et al. have shown that the timing, intensity, and duration of
nerve blocks can be controlled when using ultrasound-triggered
delivery of anesthetic via liposomes by varying ultrasound para-
meters (Fig. 4C and D). Upon insonation, the encapsulated sono-
sensitizer protoporphyrin IX (PPIX) produces ROS that react with the
liposomal membrane, leading to TTX release. The liposome-PPIX-TTX
induces an initial nerve block that lasts for over 8 h in rats; sub-
sequent insonation can reproduce nerve blocks twice more for 0.7
and 0.2 h. Co-administration of liposome-DMED and liposome-PPIX-
TTX significantly extends the initial nerve block to 35h. As the
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Fig. 4. Local on-demand delivery of analgesia using external stimuli. A) Schematic of NIR-triggered NDDS and implanted polymeric microneedles for on-demand transdermal
delivery of lidocaine. The plot shows an in vitro drug release profile after intermittent laser irradiation. B) Histological sections of rat skin with microneedles after NIR exposure for
0 and 3 min [116]. C) Ultrasound (US)-triggered release of liposome-PPIX-red dye. Insonation is indicated by arrows. D) Combined use of liposome-PPIX-TTX and liposome-DMED
shows initial nerve block of 35 h, followed by repeated US-triggered analgesia [119]. E) Schematic of magnetic microgels containing iron oxide (magnetite) nanoparticles and
ropivacaine. Magnetic nanoparticles in circulation are attracted to the ankle upon magnet application. F) Withdrawal latency trends of untreated left paw and treated right

paw [130].

duration of anesthesia depends on the extent and intensity of in-
sonation, further development of similar NDDSs could achieve ul-
trasound-triggered local anesthesia with shorter or longer initial
nerve blocks or a greater number of triggerable events. Such control
will provide on-demand, personalized pain treatment [119].

Kim et al. have developed theragnostic PVAX nanoparticles that
serve as ultrasonographic contrast agents and therapeutic agents by
leveraging poly(vanillyl alcohol-co-oxalate) (PVAX) nanoparticles
that generate CO, bubbles through H,0,-triggered hydrolysis. The
PVAX nanoparticles rapidly scavenge H,0, and exert antioxidant and
anti-inflammatory effects for musculoskeletal injuries associated
with overproduction of H,0, [125]. This group also loaded curcumin
in PVAX (CUR-PVAX) nanoparticles to increase therapeutic capacity.
Along with suppression of the proinflammatory cytokines TNFo and
IL-1, significantly enhanced VEGF and PECAM-1 levels led to blood
perfusion into ischemic mice tissues [126].

Magnetic field-responsive NDDSs

Targeted delivery of chemotherapeutics with magnetic nano-
particles (MNPs) has been achieved in animals and humans. MNPs
improve spatiotemporal localization of therapeutics by controlling
hyperthermia (magnetite, maghemite, and ferrite MNPs), mechan-
ical deformation, and magnetic guiding [84,111]. In hybrid NDDS
approaches, alginate-based ferrogels and chitosan-based nano-
particles have been used to induce pore formation and drug release
upon magnetic stimulation [84].

Preemptive nerve blocking at the ankle is a common technique to
provide analgesia before foot surgeries for reduced central sensiti-
zation, postoperative pain, and analgesic consumption [127]. The use
of ultrasound-guided techniques has become the gold standard for
regional anesthesia or peripheral nerve blocks, providing minimal
complications [128]. However, rare but devastating complications
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such as nerve injury, catheter infection, bleeding, and LAST may
arise, calling for finer spatiotemporal control of therapy [129].

In proof-of-concept studies, intravenous injections of MNP
complexes with ropivacaine and bupivacaine followed by magnet
application at the ankle significantly improved anesthesia [130,131].
Using magnetic nanogels of PM(EO),MA, magnetite, and ropivacaine,
Mantha et al. showed increased thermal antinociceptive response
and ankle ropivacaine concentration when an external magnet was
applied for 30 min (Fig. 4E and F) [130]. Similar results were ob-
tained from nanogels containing NIPAAM-MAA and bupivacaine
[131]. The plasma concentration of complexed ropivacaine was
several-fold higher than for direct drug injection [130].

The lack of formal toxicity assessments in these studies means
that further research is required before clinical translation. Several
reports indicate that MNPs can have significant dose-dependent
cytotoxicity as seen in both morphological changes and apoptosis in
chicken embryos and human umbilical vein endothelial cells
[108,132-135]. In contrast, dose-dependent pain relief by ultrasmall
(6-10 nm) magnetite (Fe304) nanoparticles even without drug cargo
has been shown to reduce inflammatory cells, proinflammatory
markers, and ROS production in rat paw lesions [136]. The ability of
MNPs to scavenge free radicals provides a safer and more effective
alternative to traditional pain management, and is discussed further
in Section 6.

Several iron oxide nanoparticles (IONPs) including Feridex,
Gastromark, and Feraheme are FDA-approved for contrast en-
hancement in magnetic resonance imaging (MRI) [137]. With
greater bioavailability and visibility with MRI, IONPs offer optimal
pain treatment. Superparamagnetic iron oxide nanoparticles
(SPIONs) also increase the blood circulation time of quercetin, a
well-established anti-inflammatory, antioxidant, and analgesic
agent [138,139].
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Nanoparticles to detect molecular sources of pain

Successful pain treatment relies on locating the source of pain,
yet this process is currently imprecise and laborious. A point-of-care
system that accurately and efficiently determines the origins of pain
by using specific pain biomarkers has the potential to streamline the
process, eliminating weeks-long testing and allowing rapid treat-
ment of patients. Researchers are elucidating biomarkers for pain in
disease states such as matrix metalloproteinases (MMPs) in neuro-
pathic pain, IL-6 in osteoarthritis, various serum markers in lower
back pain, and cytokine IL-6 and P neuropeptide in cerebrospinal
fluid in fibromyalgia.

Multiplexed detection of pain markers

Multiplexed point-of-care detection of pain biomarkers can be
achieved using nanotechnology, as demonstrated with cancer bio-
markers [136,140]. Quantum dot nanoparticles (Qdots) are particu-
larly applicable, owing to their tunable optical properties [82,141].
Bioconjugated Qdots with varying diameters, emission spectra, and
antibody motifs can determine pain sources from patient samples
[82]. This system allows pain-specific biomarkers to be quantified in
a point-of-care modality based on the unique fluoroscopic signature
of the Qdot, obviating the need for a physician to run multiple tests
to check for individual biomarkers, for determination of the specific
source of pain. This system is unique in that it tests for a variety of
biomarkers and pain sources at once in a rapid manner, rather than
by using multiple biomarker tests. Efficient determination of the
pain source will facilitate localized treatment and reduce un-
necessary systemic treatments that are commonplace today.

Localization of neuropathic pain

Neuropathic pain is a consequence of neural pathology such as
nerve lesions that interrupt axonal continuity and cause peripheral
sensitization, or diseases such as diabetes mellitus that are asso-
ciated with nerve damage. Neuropathy is a common form of chronic
pain and remains difficult to treat. Diagnosis and treatment of
neuropathic pain require locating the lesion or pain source; how-
ever, current clinical determination of neuropathic pain relies on
questionnaires and electrodiagnostic tests that are unable to locate
the exact source of pain [142]. Nanoparticles are uniquely suited to
determine sources of lesions as they can be modified to target re-
gions with high levels of biomarkers and can be imaged. The largest
obstacle to using nanoparticles for locating lesions is the lack of
well-defined biomarkers.

Recently, Husain et al. illustrated the feasibility and efficacy of
using nanoparticles to locate lesions responsible for neuropathic
pain by targeting MMPs. MMPs are upregulated after nerve injury
and have elevated levels for ~ 20 days as they maintain neuroin-
flammation. To test the hypothesis that MMP upregulation is a
biomarker for peripheral and spinal lesions, the group used mag-
netic IONPs to target MMP-12 in spinal nerve ligations. MRI scans
and histological studies showed significant uptake of the MMP-12-
targeted probe at the lesion. Stable and non-toxic in vitro, the IONP
probe appears promising as a tool for harvesting biomarkers for
clinical determination of neuropathic pain sources. Other proteins
which are over-expressed in injured nerves, such as aquaporin-4,
interleukin 1 receptor-like 1, and periaxin, can be targeted using a
similar approach [142].

Future use of nanoparticles in pain management

Successful pain treatment requires determining biomarkers to
identify the location of pain and to target the source of pain. Using
biomarkers to locate the source of pain will be a major breakthrough
in the field as it will allow pain to be managed locally instead of
through systemic treatments; this will lower dosages, side effects,
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and cytotoxicity while providing better pain therapies to patients.
Another new and attractive area is treating pain by targeting in-
tracellular signaling molecules to mitigate nociception and neuro-
pathy at the source. Nanoparticles play a crucial role in this effort as
they can target receptors and allow controlled release of drugs at the
receptor location [82]. Nanoparticles are also being used to replace
opioids via receptor targeting. Compounds such as MAPK inhibitors
are being developed to treat a wide variety of chronic pain, but their
delivery cannot be systemic. Nanoparticles represent a major step
towards treating pain in a site-specific manner with minimal sys-
temic uptake, which is vital to long-term chronic pain management
without negative systemic side effects and addiction [97].

Gene therapy for pain

Gene therapy allows for specific targeting of the pain source by
tailoring three parameters, vector, transgene, and promoter, to a
known pathophysiology. This level of control makes gene therapy
powerful by enabling both specific targeting of a disease or gene
causing the pain, and localized delivery to the source of the pain. Co-
treatment with other approved drugs can enhance the palliative
effect of gene therapy. For treatment of chronic pain, transgenes can
reduce nociception by inducing overexpression of analgesic genes
and anti-inflammatory cytokines or by inhibiting a pain-producing
gene (Fig. 5).

Recently, extensive research efforts have developed safe viral
vectors that transfer therapeutic genetic materials. Herpes simplex
virus type 1 (HSV-1), adeno-associated viruses (AAVs), adenoviruses
(AVs), and lentiviruses (LVs) have become the four main viral vectors
for pain gene therapy as they can target non-dividing cells such as
neurons (Fig. 6). Retroviruses cannot transfect non-dividing cells and
thus have not been useful in targeting chronic pain. HSV-1 is an ideal
viral carrier for pain treatment given its high packaging capacity and
innate neurotropism, allowing delivery to be as simple as a dermal
application or subdermal injection. AAVs are commonly used as
carriers to produce opioids. AAVs are used to deliver genes via in-
trathecal injection, targeting, and triggering neuronal cells to secrete
opiate-like proteins in low and sustained amounts. This novel
treatment can potentially reduce pain without exposing patients to
the risk of opiate abuse [143].

Vectors for delivery of gene therapy for pain

Herpes simplex virus type 1

HSV-1 is one of the most commonly used viral vectors for pain
management in large part due to its high packaging capacity and
neurotropism. HSV-1 has become the vector of choice in a number of
disease models for pain management after its proven efficacy in the
NP2 clinical trial described in section Clinical trials. A common use of
HSV is to express ENK and PENK, naturally occurring endogenous
opioids that, upon transfection, can improve the body’s ability to
release endogenous opioids.

The anti-nociceptive, anti-neuropathic, and anti-inflammatory
effects of HSV vectors expressing ENK and PENK have been de-
monstrated in a number of in vivo models, including pancreatic in-
flammation [144], rheumatoid arthritis using the adjuvant-induced
polyarthritis model, [145], facial pain from the infraorbital nerve
constriction [146], arthritis induced by injection of complete
Freund's adjuvant [147], nerve injury [147], and bone cancer pain
[148]. Induction of glycine receptor (GlyR) expression using HSV can
function as an endogenous opioid that is not ordinarily present in
sensory neurons, maximizing therapeutic selectivity and minimizing
immunogenicity [149].

HSV vectors have also been used to express IL-10 in a model of
type I diabetes to alleviate pain by reducing the Toll-like receptor 4
(TLR4) expression, which reduces macrophage activation and
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Fig. 5. Methods of viral gene therapy for pain treatment. Schematic showing various methods of gene therapy for pain treatment. 1) Repression of genes (Na,1.3, Na,1.7) or
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endogenous opioids by binding to opioid receptors and mediating pain. 3) Overexpression of anti-inflammatory cytokines (IL-2, IL-10, GAD65, BDNF) to reduce inflammation,

immune response, and inflammatory pain.

inhibits painful neuropathy [150]. Another application of HSV vec-
tors is suppressing neuropathic pain induced by HIV by transfecting
the gadl gene that expresses GAD67, which synthesizes GABA for
neuronal activity [151,152]. The expression of TRPV1 using HSV
vectors has been found effective in treating interstitial cystitis/
bladder pain syndrome [153].

Adenoviruses

Adenoviruses can be used for gene transfer to both dividing and
non-dividing cells and are commonly used in gene therapy due to
their low host specificity and high immunogenicity, as most people
have been exposed to AV serotypes 2 and 5. AVs have moderate
packaging ability and short-term transgene expression, making
them ideal for acute pain treatment. AVs have been used as a vector
for GADG65 and IL-10. AVs expressing GAD6G5 and targeting glial cells
were shown to be effective in a facial pain model, where GAD ex-
pression reduced pain by acting on GABA receptors on neurons [154].
AVs encoding IL-10 blocked both nerve pain and allodynia in three
models of neuropathic pain nerve injury [155]. Researchers have
used AVs to express IL-2 to mediate nociceptive pain. IL-2 has an-
algesic effects in both the PNS and CNS, mediated by opioid receptor
binding. AVs expressing IL-2 delivered to nerve injury (CCI) models
via intrathecal injection have a nearly week-long effect [156]. GLT-1,
a glial glutamate transporter, has been expressed by AVs and deliv-
ered to the spinal cord to treat inflammatory and neuropathic pain.
GLT-1 attenuates the induction of inflammatory and neuropathic
pain but has little effect on mediating pre-existing pain, making it an
excellent candidate to administer in clinical procedures that induce
pain, such as chemotherapy [157].
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Adeno-associated viruses

Adeno-associated viruses are similar to AVs but have deficiencies
in their replication and pathogenicity, making them safer than AVs.
AAVs have been used as a vector for pain management to knock-
down Nay1.3 in a diabetic model to alleviate tactile allodynia, and in
a nerve injury neuropathic pain model. Na,1.3 is a voltage-gated
sodium channel that is upregulated in both the PNS and CNS after
nerve injury and in dorsal root ganglion neurons in diabetes. The
increase in Na,1.3 contributes to chronic pain. Knocking down
Na, 1.3 via siRNA to reduce Na,1.3 levels via AAV is effective in al-
leviating diabetic allodynia (neuropathic pain) and nerve injury-in-
duced neuropathic pain [158,159].

Overexpression of GAD65 after peripheral nerve injury is effec-
tive in alleviating neuropathic pain by increasing GABA levels.
However, the increased levels of GAD65 remain for less than a week
from the time of injury. Recombinant AAVs expressing GAD65 have
attenuated neuropathic pain for longer periods via administration to
the sciatic nerve and dorsal root ganglion [160,161].

The use of AAVs to express the analgesic prepro-p-endorphin and
IL-10 through lumbar puncture reduced neuropathic pain in a L5
spinal ligation (SNL) chronic neuropathic pain model [143], as did
overexpression of brain-derived neurotrophic factor (BDNF) via in-
jection into the dorsal root ganglion after chronic constriction injury
of the sciatic nerve (CCI model of neuropathic pain) [162].

Lentiviruses

Lentiviruses naturally integrate with non-diving cells and pro-
vide stable long-term expression of transgenes with low im-
munogenicity, making them uniquely suited for pain therapy.
Knocking down the transcription factor NF-«xB using siRNA has been
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Comparison of common viral vectors used in chronic pain therapy

Neurotropic
Advantages | .. he delivered dermally
subdermally

Transient transgene
expression in
non-neuronal cells

Disadvantages

HSV-1 AAV AV LV
~
y el
- ,m e e
Vector @ , e
Genome dsDNA ssDNA dsDNA ssRNA
Packaging capacity High (40kB) Low (<5kB) Moderate (7kB) Moderate (8kB)
Immunogenicity Low Low-Moderate High Low
Common Pain models NeuP, NocP, IP NeuP, IP NeuP, NocP, IP NeuP
Integrates into the No Yes No Yes
host genome
Transgene expression >1 year >1 year Days to Weeks Lifelong

Some target cell
specificity

High transduction
efficiency

Some target cell
specificity
High transduction
efficiency
Vector can have high
cloning capacity (30-40kB

High target cell specificity

Does not require cells to be
dividing for transfection
) (unlike other retroviruses)

Fig. 6. Comparison of common viral vector carriers used in gene therapy for pain: herpes simplex virus 1 (HSV-1), adeno-associated virus (AAV), adenovirus (AV), and lentivirus

(LV). Abbrev: NeuP, neuropathic pain; NocP, nociceptive pain; IP, inflammatory pain.

a major focus of research, as NF-xB controls multiple genes that
encode inflammatory and pain responses. Selectively knocking down
NF-kB super-repressor IkBa results in inhibition of the NF-«xB
pathway in nerve injury models and attenuation of neuropathic pain
[163]. Using lentiviral vectors to deliver short hairpin DNA targeting
NF-xB65 to silence NF-xB inhibits proinflammatory TNF-a, IL-1p, and
IL-6 and moderates neuropathic pain and allodynia for over four
weeks [164].

Lentiviral vectors have also been used to knockdown PKC to treat
nerve injury-based neuropathic pain and reverse morphine toler-
ance in patients with chronic pain. PKCy is an important second
messenger as its activation is involved in chronic neuropathic pain.
Lentiviral delivery of RNAi can silence the PKCy gene and reduce pain
and allodynia in rat nerve-injury models for over six weeks [165].
PKCy is also thought to play a role in morphine tolerance. To combat
increased tolerance, lentiviral vectors of PKCy short hairpin RNA are
delivered to morphine-tolerant rats via intrathecal injection. After
injection, downregulation of expression of PKCy was observed along
with a reversal in morphine tolerance, which is useful for patients
already taking opioids [166].

Non-viral vectors

While most gene therapy for pain is accomplished using viral
vectors, many non-viral vectors are also to treat pain. Non-viral
vectors are less immunogenic, more stable, and safer than their viral
counterparts, but are much less efficient [167]. Non-viral vectors
include cationic lipids and polymers, plasmids, naked DNA, and
lipid-polymers. Non-viral vectors have been extensively used in gene
therapy-based treatment of peripheral and coronary artery disease
using VEGF165 and VEGF-2; however, clinical trials using plasmid
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DNA (phVEGF165 and phVEGF-2) have shown varying degrees of
success [168-174].

IL-2 and IL-10 have become popular targets for non-viral gene
therapy of neuropathic pain. IL-2 is unsuitable as an analgesic as it is
short-lived in vivo and requires constant administration. However,
IL-2 gene therapy may be suitable for short-term neuropathic pain
therapy. Humanized IL-2-expressing plasmids administered via a
spinal catheter in CCI rat models have shown dose-dependent pain
reduction [175]. Long-term control of neuropathic pain has also been
established using IL-10 to control glial inflammation, mediating
neuropathic pain [176-179].

One form of non-viral treatment requires an intrathecal ‘priming’
injection of DNA to induce accumulation of immune cells and short-
term pain reversal before a second intrathecal injection; one DNA
used was a naked plasmid-encoded IL-107'?°° transgene for long-
term pain reduction. The injections achieved pain relief for over
three months in peripheral nerve injuries. The priming shot, given
from 5h to 3d before the second injection, potentiated long-term
pain relief in a time- and dose-dependent manner [180].

Intrathecal IL-10 transgene expression induces an anti-in-
flammatory environment in the dorsal root ganglion and in the
lumbar spinal cord. Co-injection of naked IL-10-encoded plasmids
with p-mannose, an immune cell adjuvant, allows stable long-term
neuropathic pain relief following a single intrathecal injection in
CCI and IL-10 deficient rat models [167]. p-mannose is a mannose
receptor-specific ligand that increases mannose receptor expres-
sion, which is associated with anti-inflammatory macrophage
polarization, anti-inflammatory signaling, and transient pain re-
lief. Treatment with p-mannose optimizes IL-10 transgene ex-
pression, and co-injection of mannose with a 25-fold lower
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transgene dose produces prolonged pain suppression in CCI rat
models [178].

The p-opioid receptor OPRM1 has been a target of non-viral gene
delivery to attenuate cancer-associated pain. A non-viral hybrid
vector, modified HIV-1 Tat, was used to transfect HSC-3 (human
tongue squamous cell carcinoma) cells with OPRM1. These cells
were then inoculated into athymic SCC (oral cancer) mouse models
and were found to have an analgesic effect. This non-viral approach
is superior to viral approaches as the vector has a much smaller size,
allowing greater transfection efficiency and lower sufficient do-
sages [181].

Non-viral gene transfer has also been used to prevent drug-in-
duced neuropathy. Cisplatin is a powerful chemotherapeutic but
causes dose-dependent neuropathy with slow and often partial re-
covery. Neurotrophin-3 (NT-3) is a promising agent for preventing
and treating cisplatin-induced neuropathy as it readily reaches the
dorsal root ganglion, the main target of cisplatin toxicity. However,
the administration of NT-3 is complicated as its plasma half-life is ~
1 min. Non-viral gene transfer of NT-3 using a recombinant plasmid
followed by electroporation can protect against cisplatin-induced
neuropathy. NT-3-encoded plasmids were intramuscularly injected
followed by four square-wave pulses of 100V and 20 ms duration
delivered at a frequency of 1 Hz in a cisplatin-treated mouse model.
This treatment caused only slight muscle toxicity and no general side
effects while reducing neuropathic pain, making it a robust platform
to treat chemo-induced neuropathy and peripheral neuro-
pathies [182].

Future use of gene therapy for treating chronic pain

Future opportunities for applications of gene editing to pain are
expansive. Current gene therapy can be enhanced, for example, by
designing a specific transgene to allow better targeting of cells of
interest and longer-lasting expression of the genetic modification.
With improved knowledge of patient profiles and how they corre-
spond to transgene selection, treatments can be made more effec-
tive. AAV-mediated transfer of Kv1.2 sense RNA for reduction of
dorsal root ganglion neuronal excitability [183], and viral vector-
mediated overexpression of anti-inflammatory cytokines to counter
over-inflammation are promising methods to treat pain using gene
therapy. Other long-term goals for gene therapy include specific
delivery to the brain to target pain control centers, which is currently
difficult due to the complexity of the neural circuits of the brain in
comparison to the spinal cord.

Clinical trials

Gene therapy was proven effective for treating pain in humans in
2011, in the first clinical trial of gene transfer as a treatment for pain.
In the phase 1 trial, cancer patients were treated with NP2, a re-
plication-defective HSV-based vector expressing human pre-
proenkephalin (PENK). PENK induces the release of enkephalin
peptides which activate opioid receptors, inhibiting the transmission
of pain signals to neurons. NP2 was transdermally injected into the
pain location as perceived by the patients. NP2 was well tolerated
and caused no adverse effects, and patients given moderate to high
doses of NP2 saw pain relief over the course of treatment [184,185].
A phase 2 clinical trial of NP2 was conducted with 33 participants
with intractable pain due to malignant cancer in 2013 [185].

A phase 1 trial to treat osteopathic pain using XT-150 was con-
ducted by Xalud Pharmaceuticals. Instead of blocking pain signaling,
XT-150 treats the inflammation responsible for chronic pain through
the expression of a variant of IL-10, a naturally occurring anti-in-
flammatory protein that suppresses TNF-«, IL-1B, and IL-6, down-
regulates cytokine receptors, and upregulates cytokine antagonists.
Prior to clinical trials, upregulation of IL-10 to mediate pain was
conducted in CCI rat models of neuropathic pain with positive
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results [176]. XT-150 is similar to XT-101, a predecessor that was
shown to successfully treat pain in models of multiple sclerosis (MS)
and enhanced pain states in rats [177,179,180]. In this trial, XT-150
was administered via injection into the knee synovial capsule. The
study followed patients for six months, monitoring their pain levels
and blood levels of the IL-10 variant. While phase 1 results are yet to
be published, phase 2 trials of XT-150 for elderly patients with
musculoskeletal pain are currently underway [186,187].

An ongoing FDA fast-tracked Phase 1/2 trial to treat refractory
angina using XC001 is being conducted by XyloCor Therapeutics.
Refractory angina is chronic chest pain in coronary artery disease
that cannot be treated otherwise. Angina in these patients is severe
and debilitating, affecting daily activities and quality of life. XC001,
also known as AAVEGF-AII6A+, is a novel gene therapy consisting of a
replication-deficient adenovirus vector that expresses a hybrid var-
iant of VEGF. XC001 is being used to treat angina by promoting an-
giogenesis (revascularization), which would increase myocardial
blood flow. Angiogenesis can relieve myocardial ischemia and im-
prove ventricular performance [188,189].

There is also an ongoing phase 1 trial to treat refractory angina
using Ad5FGF-4 (AFFIRM). Ad5FGF-4 is a replication-deficient ser-
otype 5 adenovirus expressing the gene for human fibroblast growth
factor-4 (FGF-4) driven by a cytomegalovirus promoter [190].
Ad5FGF-4 was previously tested in clinical trials AGENT-3 and
AGENT-4 in 2008 to treat chronic angina. After preclinical successes,
the trials were cut short after it became clear that 12 weeks would
not be long enough to reach significance. The AGENT trials enrolled
over 500 participants and found that while not effective in men,
Ad5FGF-4 was effective in women. This was the first clinical report
to show a gender difference in the treatment of angina [191,192]. The
purpose of this ongoing study is to determine whether Ad5FGF-4 is
effective in reducing debilitation from angina, including increasing
the duration of exercise, reducing the frequency of angina attacks,
and improving overall quality of life [193].

CRISPR-Cas for pain

CRISPR-Cas offers a new mechanism to combat chronic pain.
CRISPR-Cas is a gene-editing system that allows genes to be added,
deleted, or altered at particular locations in the genome. CRISPR-
Cas9 is one form of CRISPR-Cas, and is adapted from a naturally
occurring genome editing system in bacteria. CRISPR-Cas9 is faster,
cheaper, more accurate, and more efficient than other gene-editing
tools. One obstacle when using CRISPR is that the target must be
specific to the cells being modified—this is particularly important in
the context of pain. The goal of CRISPR in the context of pain therapy
is to edit cells to make them more resistant to pain. Off-target
editing or over-editing could lead to cells that are completely re-
sistant to pain, which would have serious negative repercussions.
Since CRISPR permanently edits cells, CRISPR-based therapies must
be extensively tested to ensure that they are not too potent and that
they can be delivered in a strictly targeted manner. Pain is biologi-
cally important to alert and protect the body from harm; perma-
nently removing pain sensation via CRISPR would be detrimental,
while limiting the amount of pain in specific cells could bring relief
to those suffering from debilitating chronic pain.

Repressing Na,1.7 via SCN9A

One way to make CRISPR safe and controlled for pain manage-
ment is to use inactivated or ‘dead’ Cas9 (dCas9). dCas9 does not
cleave DNA but maintains other functions—binding to guide RNA
and the DNA strand being targeted—and can modify and employ
transcriptional activators to modulate gene expression. This dCas9
mechanism is being studied in the context of the rare SCN9A gene
mutation. SCN9A is responsible for production of Na, 1.7, which plays
arole in transmitting pain from nerves to the brain. Loss-of-function
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mutations in Na,1.7 cause congenital insensitivity to pain (CIP), a
phenomenon that can lead to lack of pain perception to noxious
stimuli [194].

Some mutations of the SCN9A gene cause people to feel more or
less pain, or, in the extreme case of CIP where SCN9A has been dis-
abled completely, no pain at all. While this discovery has led to
advances in pain treatment research, it also shows why researchers
need to be cognizant of the level of pain attenuation. Pain is essential
for survival, as can be seen from those who suffer from CIP: in-
dividuals with CIP are often mistakenly injured as evidenced by
limping or missing pieces of their tongue that they unknowingly bit
off because their bodies lack a mechanism to indicate damage. The
goal of using CRISPR should not be to eliminate pain but to attenuate
it, such that people do not suffer from debilitating chronic pain,
while retaining the ability to feel pain [16,40,41]. The Mali group has
been studying this mutation and how to pair it with CRISPR to
mediate pain in people with chronic pain conditions. CRISPR is ad-
vantageous for blocking NaV1.7 as small molecules and antibodies
targeting Na,1.7 have overwhelming off-target effects in the Na,
family. CRISPR was used to block Na,1.7 in mice, in the first use of
CRISPR for pain management. AAV was the vector for CRISPR-dCas9
(inactivated Cas9) and zinc finger protein (ZFP), which was injected
into the spine to infiltrate neuron cells in inflammatory, neuropathic,
and BzATP-induced pain models. CRISPR and ZFP reduced neuro-
pathic (lesion and chemotherapy-induced) and nociceptive pain.
Knockdown of Nay1.7 did not affect inflammation. These CRISPR-
based systems are a successful proof of concept, but must be further
tested to see how long Na, 1.7 stays knocked out; researchers expect
the Na,1.7 knockout period to be six months to one year [195].
dCAS9 can activate or repress a gene of interest without creating
permanent changes. This behavior is ideal because gene expression
can be modulated to suit the patient's needs and can be reversed.
This study serves as a platform for gene therapy that would last for
months at a time, ideal for shorter-lived chronic pain such as that of
chemotherapy patients.

Blocking proinflammatory signaling

The use of CRISPR to treat pain has been studied by blocking
proinflammatory signaling in vitro. CRISPR can prevent tissue da-
mage and chronic pain by modulating gene expression to reduce
proinflammatory signaling. Inhibition of TNF-a and IL-1, which up-
regulate NF-xB, can reduce inflammation. Researchers built lentiviral
vectors encoding TNF-a and IL-1 receptors, TNFR1 and IL1R1, and
targeted CRISPR-based transcriptional repressors (Fig. 5). These
vectors inhibit NF-xB activation while promoting cell survival, de-
monstrating that CRISPR-based epigenome editing can be used to
modulate inflammation [196].

Alleviating osteoarthritic pain

Osteoarthritis is marked by chronic pain and inflammation in
joints, affects over 10% of adults, and has no cure. CRISPR-Cas9
provides a new platform for osteoarthritis therapy. Osteoarthritis is
marked by upregulation of NGF, IL-1p, and MMP13. AAVs expressing
CRISPR-Cas9 have been used to target NGF, IL-1p, and/or MMP13 via
injection into arthritic sites in a surgical mouse model. Shutting off
NGF resulted in reduction of pain, but joint damage increased.
Shutting off NGF, IL-1p, and MMP13 together reduced pain and in-
hibited disease progression [197], suggesting that CRISPR-based
gene editing can be useful in treating osteoarthritis.

Future use of CRISPR-Cas9 for treating chronic pain

From these studies, the potential for CRISPR-based gene editing
and replacement in pain therapy is clear. CRISPR can treat chronic
pain by editing the genes that are responsible for pain in a specific
manner, reducing the use of pain medication, and can be done in a
way that relieves pain but preserves some healthy sensation of pain.
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CRISPR can also be used to modulate gene expression, for example to
upregulate expression of anti-inflammatory cytokines, an exciting
new direction for chronic pain management.

A new CRISPR approach uses nanoparticles rather than viral
vectors to deliver CRISPR-Cas machinery. These nanoparticle de-
livery systems, such as CRISPR-Gold, have been administered suc-
cessfully and with high specificity [198]. Nanoparticle-mediated
delivery minimizes the immunogenicity, risk of genomic damage
[198], barriers to large-scale production, and limited insertion size
[199] associated with viral delivery. Nanoparticle systems can be
developed to tag specific cell types and overcome physiological
barriers to aid in localized delivery. Examples of specialized nano-
particle carriers are CRISPR-Gold, which can target neurons and
muscle cells [198]; selective organ targeting lipid nanoparticles,
which selectively target the lung, spleen, and liver [200]; biomimetic
mineralized ribonucleoprotein nanoparticles [201]; and magnetic
nanoparticles; some of these systems have unique properties such as
the ability to pass through cellular barriers or magnetic field-re-
sponsiveness for magnetic field-triggered genome editing [202].

These advances in using CRISPR will allow the development of
platforms for monitoring patients' chronic pain and inflammation
and modulating their gene expression to healthy levels as needed.

Scavengers

Acute pain can cause and reinforce the accumulation of mole-
cules that cause unwanted immune activation and central sensiti-
zation, which in turn can increase pain and cause chronic pain.
Scavengers of such molecules can improve therapeutic outcomes
without off-target effects and loss of biological activity of immune
agents. Scavengers are therapeutic immunomodulatory nanomater-
ials that are uniquely designed to proactively remove overproduced
molecules to reduce chronic pain. Scavengers are a promising agent
for treating chronic pain and inflammatory pain due to their struc-
ture and mechanism of action. Two of the most promising types of
scavengers are nucleic acid-binding scavengers (NABS) and ROS
scavengers.

NABS are highly charged polymers and nanoparticles that re-
cognize danger- and pathogen-associated molecular patterns
(DAMPs and PAMPs) that stimulate TLRs and activate an innate
immune response. DAMPs and PAMPs effectively regulate immune
response in healthy cells, but in chronic disease, they overstimulate
TLRs leading to chronic pain and inflammation. NABS can reduce TLR
overactivation, relieving inflammation and pain.

ROS scavengers remove excess ROS that are yet to be metabolized
by cellular enzymes. Increased levels of ROS cause central sensiti-
zation and promote chronic pain. Scavenging excess ROS reverses
central sensitization and reduces pain by increasing the threshold
for pain.

Nucleic acid-binding scavengers

In chronic pain, TLRs are over-activated and cause undesirable
chronic immune responses. Nucleic acid-binding scavengers (NABS)
that remove the DAMPs and PAMPs that cause chronic inflammation
and pain reduce both inflammation and pain. These scavengers
function proactively (Fig. 7A) [203]. Instead of treating the symp-
toms of pain, scavengers eliminate the cause of pain by removing the
agonists that cause TLR overexpression. Scavengers are unique in
that the immune response is reduced in a dose-dependent manner,
which can eliminate overactivation without eliminating baseline
healthy activation.

DAMPs and PAMPs are molecular signaling molecules that acti-
vate an immune response. DAMPs are released by damaged cells and
injured tissue into the blood and tissue fluid; PAMPs result from
infection, bacteria, and viruses. Both are recognized by pattern
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Fig. 7. Role of scavengers in pain mediation. A) The role of scavengers in mediating PAMP-, DAMP-, bacteria-, and ROS-associated pain pathways. B) Nucleic acid binding PLGA-b-
PDMA nanoparticles in a rheumatoid arthritis model [203]. C) Water soluble Gd@Cg,-(ethylenediamine)s nanoparticles act as efficient and biocompatible ROS scavengers as can
be seen through decreased electron paramagnetic resonance (EPR) signal. These nanoparticles also exhibit a cytoprotective effect [219].

recognition receptors (PRRs) and trigger intracellular signaling cas-
cades, leading to upregulation of inflammatory cytokines and type 1
interferons (Fig. 7A). TLRs are a type of PRR that recognize specific
molecular patterns associated with pathogens and damaged tissue,
which allow them to act as a ‘guard’ of the innate immune system.
When TLRs recognize a PAMP or DAMP, they immediately activate an
innate immune response, which leads to expression of inflammatory
cytokines, immune-stimulatory cytokines, and chemokines that
destroy invading pathogens and promote tissue regeneration [204].
However, inappropriate activation of TLRs contributes to the devel-
opment of diseases such as autoimmune disease [205],
flammatory disease [203,206,207], sepsis [208], arthritis [203], and
cancer [209] (Fig. 7B), making TLRs an attractive therapeutic target
for disease-associated pain, tissue damage-associated neuropathic
pain [210], and inflammatory pain [211].

NABSs are highly cationic polymers and nanoparticles that act as
molecular scavengers and counteract the activity of nucleic acid
aptamers, as well as inhibiting RNA- and DNA-mediated activation of
TLRs and inflammation. Their positive charge allows them to bind
nucleic acids and other free negatively-charged molecules, including
DAMPs and PAMPs. When NABSs capture nucleic acids, the ability of
those DAMPs and PAMPs to activate TLRs is neutralized. NABSs block
TLR activation by nucleic acids in a controlled and localized manner
without interfering with the normal course of an immune response
or compromising TLR responses to non-nucleic acid, pathogenic
stimulators. NABSs cannot neutralize the ability of non-nucleic acid
DAMPS to induce cell death.

ROS-scavenging molecules

Reactive oxygen species are byproducts of cellular functions such
as oxidative phosphorylation, an act as secondary messengers in
cell-to-cell signaling and pathogen defense. In healthy cells, ROS
levels are maintained by specialized enzymes, but in pathological
conditions, excess ROS causes inflammation, cell and tissue damage,
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and pain [212,213]. Excess ROS has long been known to have a role in
persistent inflammatory and neuropathic pain [214]. Elevated ROS
phosphorylate NMDA receptors in the spinal cord which leads to
central sensitization, a persistent state of high reactivity where the
threshold of pain is reduced, creating a state of chronic pain. Re-
ducing ROS in neuropathic pain models has dramatic analgesic ef-
fects by rapidly and effectively reversing central sensitization [214].
One way to reduce ROS levels to treat chronic pain is to use ROS-
scavenging molecules.

ROS scavengers include alpha-phenyl N-tertiary-butyl nitrone
(PBN), 5,5-dimethyl-pyrroline N-oxide (DMPO), 2,2,6,6-tetra-
methylpiperidine-N-oxyl (TEMPO), 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPOL), and vitamin E [213-216]. ‘Spin
trap’ reagents (e.g. PBN and DMPO) are the most potent ROS sca-
vengers as they covalently react with radicals to create stable ad-
ducts. However, these ROS scavengers are nonspecific, lack self-
propulsion, and can be cytotoxic, limiting clinical translation [217].
The next generation of ROS scavengers is addressing these issues for
greater efficiency and biocompatibility.

Nanoparticles can also be used to scavenge ROS. Like other
nanoscavengers, mesoporous silica nanoparticles (MSN) have low
motility and difficulty reaching some intracellular locations.
Hollow MSN loaded with hemin has harnessed the chemical free
energy of catalytic reactions and achieved 3.5-fold higher average
speed than solid nanoparticles [217]. The motility can be con-
trolled by modulating the thickness of the nanoparticle shell and
presents as a new model to scavenge ROS in a more controlled
manner [217].

MSN have also been decorated with ultrasmall ceria nanocrystals
to create a ROS-scavenging nanocomposite that scavenges ROS in a
localized manner and facilitates wound repair [136]. MSN-ceria na-
nocomposites can be useful in inflammatory pain especially in cases
of chronic inflammation that causes tissue damage. The MSN-ceria
scavenge ROS while facilitating tissue repair, reducing the likelihood
of future neuropathic pain.
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Another way to improve ROS scavenging is to render the nano-
particulate surface more biocompatible. Endohedral metallofuller-
enol nanoparticles are ROS-scavengers that inhibit lipid
peroxidation, protect cells from further oxidative stress, and can
potentially reverse central sensitization long-term [218]. These na-
noparticles could be useful as their ability to protect cells from
further stress would be beneficial when reversing central sensiti-
zation, as they could reduce oxidative stress for extended periods.
Metallofullerene Gd@Cg, nanoparticles have been modified with
ethylenediamine (EDA) to create a positive zeta potential and a
water-soluble surface (Fig. 7C) [218]. Even at low concentrations,
Gd@Cg,-(EDA)s nanoparticles exhibit excellent hydroxyl radical
scavenging and cytoprotective effects suitable for antioxidants.
Moreover, the naked amino groups on the surface can be sites of
further surface functionalization, making Gd@Cg,-(EDA)g attractive
for a host of applications, including biomaterials and dietary sup-
plements [219].

pH-responsive scavengers have been developed for targeted ROS
scavenging. pH-responsive nitroxide radical-containing nano-
particles were developed to disintegrate in acidic lesions and release
nitroxide radicals locally, neutralizing ROS [215]. This scavenging
approach is attractive for localized injury as it can remove excess
ROS in a lesion, relieving neuropathic pain without affecting the rest
of the body.

NABSs may also be useful in mediating ROS-induced pain as
NABSs can remove DAMPs and PAMPs before ROS generation,
thereby proactively preventing ROS-related pain sensitization
(Fig. 7A).

Conclusions

Nanomedicine has become an important field in therapeutic
research, but nanotherapeutics have only begun to be explored in
the context of pain management, in part due to the complex
nature of pain. Chronic pain is associated with many diseases and
with post-operative care, is difficult to treat, and costs the U.S.
healthcare system over $635 billion annually. Current ther-
apeutics for chronic pain do not provide adequate relief and many
debilitating side effects. Advances in nanomaterials and nano-
particles are improving the targeting and detection of the mole-
cular sources of pain to reduce dosage and improve long-term
efficacy and safety. Gene therapy is also enabling more effective
and longer-term treatment of chronic pain, with both viral and
non-viral vectors for gene therapy showing effectiveness in clin-
ical trials. CRISPR allows modulating the gene expression of newly
identified targets to mediate pain without eliminating sensitiza-
tion. Scavengers represent a proactive approach to treating pain
by removing molecules that cause pain and pain sensitization
(such as free nucleic acids and reactive oxygen species) rather
than merely treating the symptoms of pain. Applying nano-
technology to new molecular pain targets and to detecting the
molecular sources of pain is a frontier in nanomedicine and pain
management.
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Serotonin-induced vascular permeability is mediated by transient
receptor potential vanilloid 4 in the airways and upper
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Abstract

Endothelial and epithelial cells form physical barriers that modulate the exchange of fluid and molecules. The integrity of
these barriers can be influenced by signaling through G protein-coupled receptors (GPCRs) and ion channels. Serotonin (5-
HT) is an important vasoactive mediator of tissue edema and inflammation. However, the mechanisms that drive 5-HT-
induced plasma extravasation are poorly defined. The Transient Receptor Potential Vanilloid 4 (TRPV4) ion channel is an
established enhancer of signaling by GPCRs that promote inflammation and endothelial barrier disruption. Here, we
investigated the role of TRPV4 in 5-HT-induced plasma extravasation using pharmacological and genetic approaches.
Activation of either TRPV4 or 5-HT receptors promoted significant plasma extravasation in the airway and upper
gastrointestinal tract of mice. 5S-HT-mediated extravasation was significantly reduced by pharmacological inhibition of the 5-
HT,, receptor subtype, or with antagonism or deletion of TRPV4, consistent with functional interaction between 5-HT
receptors and TRPV4. Inhibition of receptors for the neuropeptides substance P (SP) or calcitonin gene-related peptide
(CGRP) diminished 5-HT-induced plasma extravasation. Supporting studies assessing treatment of HUVEC with 5-HT,
CGRP, or SP was associated with ERK phosphorylation. Exposure to the TRPV4 activator GSK1016790A, but not 5-HT,
increased intracellular Ca>" in these cells. However, 5-HT pre-treatment enhanced GSK1016790A-mediated Ca®" signaling,
consistent with sensitization of TRPV4. The functional interaction was further characterized in HEK293 cells expressing
5-HT,4 to reveal that TRPV4 enhances the duration of 5-HT-evoked Ca>" signaling through a PLA, and PKC-dependent
mechanism. In summary, this study demonstrates that TRPV4 contributes to 5-HT,4-induced plasma extravasation in the
airways and upper GI tract, with evidence supporting a mechanism of action involving SP and CGRP release.
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Introduction

The vasculature performs several important functions
that are essential for maintaining fluid homeostasis.
Endothelial cells make up the physical barrier in blood
vessels that enables the control of fluid and molecule
exchange from the circulation to the surrounding tissues.
Physiological regulation of these barriers controls the
extravasation of plasma proteins through inter-endothelial
gaps, where cytoskeletal reorganization and disassembly
of VE-cadherin junctions are essential regulators of
endothelial permeability [1]. Disruption of these pro-
cesses, as occurs in disease, is associated with unregulated
movement and accumulation of fluids, leading to tissue
edema.

Several inflammatory mediators, including proteases
(e.g., thrombin), histamine, substance P (SP), and serotonin
(5-HT) can activate specific receptors on vascular endo-
thelial cells to promote changes in endothelial permeability.
These changes can be mediated by an increase in intracel-
lular calcium ([Ca?*];) and activation of signaling pathways
that regulate the contractile apparatus of cells, leading to
cytoskeletal remodeling and disassembly of VE-Cadherin
junctions [2]. This, in turn, causes endothelial cell con-
traction and cell junction disruption, resulting in increased
endothelial permeability and tissue edema [2-6]. For
example, increased endothelial [Ca>"]; in pulmonary blood
vessels leads to their constriction and to subsequent edema
formation [3, 7, 8].

It has been demonstrated that systemic administration of
5-HT produces detrimental effects on the integrity of the
endothelial barrier, leading to plasma extravasation into the
surrounding tissue [9]. The biological actions of 5-HT are
mediated through specific serotonin receptors (5-HT;_;)
[10], all of which are G protein-coupled receptors (GPCRs),
with the notable exception of the 5-HT; ligand-gated ion
channel [11]. In addition to their well-defined roles in
neurotransmission and clinical association with the patho-
genesis of neurological diseases and neuropsychiatric dis-
orders, 5-HT receptors are also key regulators of the
homeostatic control of vasoconstriction and vascular per-
meability [12—14].

As previously described, elevated [Ca™"]; in endothelial
cells is required to cause barrier dysfunction. This eleva-
tion in [Ca®"]; is triggered by mechanical stimuli or by
activation of GPCRs and occurs in two phases, initiated by
the release of Ca>" from ER-stores and followed by entry
of extracellular Ca>* through cation channels [15]. Addi-
tionally, GPCR activation can also promote Ca>" entry by
activating cation channels, including transient receptor
potential channels (TRP), which are the main non-
selective cation channels in endothelial cells [1, 16]. The
principal TRP channels that mediate endothelial cell
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permeability are TRPM2, TRPC1, 4 and 6 and vanilloid
family members TRPV1 and 4 [17].

Transient Receptor Potential Vanilloid 4 (TRPV4) is an
established enhancer of vascular permeability and edema
that is expressed by a variety of cells including endothelia,
peripheral sensory neurons, and immune cells [18-21].
TRPV4 is also a recognized promoter of neurogenic
inflammation through enhanced release of neuropeptides,
including SP and calcitonin gene-related peptide (CGRP),
from peptidergic peripheral nerve endings [22, 23]. The
sensitivity to ligand or mechanical activation, as well as the
magnitude and duration of TRPV4 activity can be aug-
mented by functional interactions (termed ‘coupling’) with
GPCRs. These interactions are also known to be reciprocal,
where functional coupling of a GPCR to an ion channel
such as TRPV4 can lead to augmentation of GPCR sig-
naling outputs. Furthermore, coupling between GPCRs
and TRPV4 is proposed to contribute to disease-associated
processes, including neurogenic inflammation and
pain [24].

A well-characterized example of reciprocal coupling is
illustrated through functional interactions between protease-
activated receptors 1 and 2 (PARI and PAR2) and TRPV4
[20, 25, 26]. PAR activation can ‘“‘sensitize” or reduce the
activation threshold through channel phosphorylation and
enhance TRPV4 signaling through the production of
endogenous TRPV4 activators (e.g., arachidonic acid and
5',6’-EET) [25-27]. Conversely, TRPV4 activity augments
PARI1- and PAR2-dependent signaling, and this bidirec-
tional PAR-TRPV4 relationship drives a significant com-
ponent of PAR-evoked edema [20, 26, 27].

A variety of cell types co-express 5-HT receptors and
TRPV4, highlighting their broader potential to functionally
interact. Indeed, studies have demonstrated an important
role for TRPV4 as an enhancer of 5-HT signaling associated
with arterial smooth muscle proliferation [28, 29], pul-
monary artery smooth muscle contraction [8, 19], itch [30],
and visceral pain [31]. Immunohistochemistry and in situ
hybridization studies have demonstrated that nociceptive
dorsal root ganglion neurons mainly express 5-HT receptor
subtypes 2A and 3 [32, 33]. Activation of 5-HT,4 expressed
by these neurons promotes 5-HT-induced nociception and
the release of SP and CGRP from peripheral nerve term-
inals, leading to a sustained increase in vascular perme-
ability [34-38]. Neurogenic inflammation is initiated by the
release of these neuropeptides [36, 39] and further studies
have supported the involvement of neurogenic inflamma-
tion in 5-HT-evoked plasma extravasation by demonstrating
significant inhibition of plasma protein extravasation with
antimigraine drugs [40, 41].

Although there is strong evidence to support the impor-
tance of TRPV4 as an amplifier of 5-HT receptor signaling,
the relative contribution of TRPV4 to 5-HT-induced edema
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has not been defined in detail. We hypothesized that 5-HT-
induced plasma extravasation is augmented by TRPV4
activity and is mediated, in part, through release of SP and
CGRP from nerve fibers associated with microvasculature.
In the present study, we found that the systemic adminis-
tration of 5-HT-induced plasma extravasation in the airway
and upper GI tract, particularly by the activation of SHT;,
where the pharmacological inhibition or genetic deletion of
TRPV4 attenuates 5-HT-induced plasma extravasation in
the airways and upper GI tract, indicating a reciprocal
coupling between 5-HT,, and TRPV4 in vivo. In addition,
in vitro studies indicated that 5-HT,, interact with TRPV4
through the activation of PLA, and PKC. Moreover, we
establish that inhibitors of NK;R (SR140333) or the CGRP
receptor (Olcegepant; BIBN4096) block 5-HT- and
TRPV4-induced plasma extravasation in mice. These
observations provide further mechanistic understanding of
the important contribution that GPCR-TRP channel inter-
actions have in fundamental biological processes, including
the control of vascular permeability.

Materials and methods
Drugs and reagents

Evans Blue dye and GSK1016790A were purchased from
Sigma-Aldrich (St. Louis, MO); 5-HT, HC067047,
SR140333, GF 109203X (GFX), and BIBN 4096 (Olce-
gepant) were purchased from Tocris Bioscience (Bristol,
UK); YM 26734 was from Cayman Chemical; WAY-
100635 Maleate, GR 55562 dihydrochloride, GR113808
and SB 269970 hydrochloride were purchased from Abcam
Australia (Melbourne, VIC Australia). Ketanserin and RS-
127445 were purchased from Selleck Chemicals (Houston,
TX. USA); Evans Blue was dissolved in sterile 0.9% saline.
All drugs administered to mice were prepared on the day of
experimentation in sterile 1% dimethyl sulfoxide (DMSO)
in 0.9% saline.

Animals

All animal experiments adhered to the ARRIVE guidelines
[42] and were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals. This study was
approved by the Animal Ethics Committees of RMIT and
Monash Institute of Pharmaceutical Sciences. Wild-type
C57Bl/6] and TRPV4~'~ (kindly provided by Dr. W
Liedtke, Duke University) (6-12 weeks, male) were
obtained from the Animal Resources Center (Canning Vale,
WA), or from Monash Animal Research Platform, Monash
University. All animals were maintained in a temperature-

controlled (24 °C) environment with a 12 h light/dark cycle
and with access to food and water ad libitum.

Measurement of plasma extravasation

Mice were anaesthetized with a combination of Ketamine
(100 mg/kg i.p.) and Xylazine (10 mg/kg i.p.) and kept on a
warming pad. The skin at the throat was removed to expose
the jugular veins. Substances were i.v. administered by
passing a needle through the pectoralis major muscle to
prevent bleeding on withdrawal. Evans Blue dye (20 mg/kg)
or 0.9% saline were administered into the jugular vein,
1 min before injection of agonist (5-HT or GSK1016790A,
dosing as indicated in relevant sections) or vehicle (1%
DMSO in 0.9% saline). Mice were killed (5 min post-
agonist administration) by exsanguination and perfused
with saline solution. Tissue samples were collected,
weighed, and placed in formamide (218h at 37°C) to
facilitate dye extraction. Absorbance of the extracts was
determined against standard concentrations of Evans Blue at
620 nm using a FlexStation III plate reader (Molecular
Devices, Sunnyvale, CA). Antagonists of 5-HT;, (WAY-
100635, 80 pug/kg) [43], 5-HT;5 (GR 55562, 300 ug/kg)
[44], 5-HT,5 (ketanserin, 2 mg/kg) [45], 5-HT,gz (RS-
127445, 300 pg/kg) [46], 5-HT4 (GR 113808, 1 mg/kg)
[47], 5-HT; (SB269973, 300pg/kg) [46], TRPV4
(HC0670471, 10 mg/kg), NK;R (SR140333, 1 mg/kg), or
CGRP receptor (Olcegepant, 1 mg/kg) were i.p. injected
60 min prior to anesthetics. Results were expressed as the
amount of Evans Blue dye per wet weight tissue (ng of EB/
mg of tissue).

Human umbilical vein endothelial cell (HUVEC)
culture

HUVEC were grown in endothelial growth medium (EGM,
Lonza, Mount Waverley, VIC, Australia) containing 2%
fetal bovine serum and a SingleQuots Supplement Pack
(Lonza) as described [20].

Transient transfection

Constructs of pcDNA3.1" human 5-HT receptors subtype
1A, 1B, 2A, 2B, 4, and 7 (hHT;A.7) plasmids were pur-
chased from the cDNA Resource Center (Bloomsburg, PA,
USA). Human Embryonic Kidney 293 cell line with
tetracycline-inducible (T-Rex™ 293) TRPV4 over-
expression (HEK-TRPV4) was grown at 37 °C in 5% CO,
in DMEM containing 10% FBS (5 pg/mL blasticidin S).
Cells were transiently transfected with hHT;,_; plasmids
(75 ng DNA/well, HEK-5-HT; 4_7) using the standard pro-
tocol for the FuGENE reagent system (Promega

SPRINGER NATURE
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Fig. 1 5-HT causes vascular hyperpermeability in the airways and
upper GI tract. Vascular hyperpermeability was assessed by the
presence of Evans Blue in tissues of the airways, esophagus, and
stomach following the intravenous injection of increasing concentra-
tions of 5-HT (30-1000 pg/kg). Data are expressed as mean + S.E.M.,

Corporation Madison, WI USA). Expression of TRPV4 was
induced overnight with 0.1 pg/mL tetracycline.

Ca’" signaling assays

HUVEC or HEK cells were seeded onto poly-D-lysine
coated 96-well plates (15,000 cells/well) and cultured for
48 h. Cells were loaded with Fura2-AM ester (1 uM) in
Hank’s Balanced Salt Solution (HBSS) supplemented
with probenecid (2 mM) and pluronic acid (0.5 uM) for
45 min at 37 °C. Fluorescence was measured at 340/380
nm excitation and 530 nm emission wavelengths using a
FlexStation III plate reader. Baseline measurements were
recorded for 20 s prior to agonist addition. Responses to
agonists were recorded for 200 s post-addition. For the
PKC and PLA, inhibition assay, cells were incubated 30
min prior to 5-HT addition, as previously described
with GF 109203X (GFX, 100nM) [26] or YM26734
(30 uM) [48].

ERK phosphorylation assays
HUVEC were seeded onto non-coated 96-well plates
(15,000 cells/well) and cultured for 48 h. Cells were

serum starved for 6h and treated as described in the
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n = 6-9 mice per group. *p <0.05; *¥p <0.01; ***p <0.001; ****p <
0.0001; significantly different compared to vehicle treatment (1%
DMSO in 0.9% saline); one-way ANOVA and Dunnett’s multiple
comparisons test.

results section. Phospho-ERK 1/2 (pERK1/2) was mea-
sured using the AlphaScreen SureFire p-ERK 1/2
(Thr202/Tyr204) Assay Kit (PerkinElmer, USA),
according to the manufacturer’s specifications. Fluores-
cence was measured using the EnVision multilabel plate
reader (PerkinElmer). Data were normalized to the posi-
tive control (PDBu, 1 pM).

Statistical analysis

Data were analyzed using GraphPad Prism 8 software
(GraphPad Software, San Diego, CA, USA). All treatments
were analyzed using one-way ANOVA with Dunnett’s
post-test. All data are presented as mean + S.E.M., with a
p value < 0.05 considered to be significantly different to the
null hypothesis at the 95% confidence level.

Results

5-HT induces plasma extravasation in the airways
and upper gastrointestinal tract

Evans Blue dye is commonly used as an indicator of altered
vascular permeability to macromolecules due to its high
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Fig. 2 5-HT-induced vascular hyperpermeability is inhibited in the
airways and upper GI tract by the 5-HT,, selective antagonist
ketanserin. Effect of WAY-100635 (5-HT;, antagonist, 80 pg/kg),
GR 55562 (5-HT,p antagonist, 300 pg/kg), RS-127445 (5-HT,p
antagonist, 300 pg/kg), GR 113808 (5-HT, antagonist, 1 mg/kg), or
SB269973 (5-HT; antagonist, 300 pug/kg) in the airways and upper GI

affinity for albumin. Under normal conditions, the vascular
endothelium is impermeable to albumin, restricting
albumin-bound Evans Blue to blood vessels. When
inflammation occurs, albumin-bound Evans Blue is able to
diffuse into surrounding tissues under conditions due to
regulated, increased permeability of the vascular endothe-
lium. Known as plasma extravasation, this process is
important for promoting leukocyte infiltration, to initiate
wound healing processes and subsequent swelling can also
physically protect affected tissue [49].

To determine the effect of 5-HT on plasma extra-
vasation, we examined the tissue distribution of Evans
Blue following the administration of either vehicle (1%
DMSO in 0.9% saline) or 5-HT (30-1000 pg/kg). For
assessment of the natural absorbance of each tissue, an
additional control group received an injection of saline
solution without Evans Blue, followed by vehicle treat-
ment. The vehicle treatment group did not exhibit sig-
nificant basal leakiness of Evans Blue in the
airways (trachea, bronchi and lung parenchyma) and
upper gastrointestinal (GI) tract (esophagus and sto-
mach) (Fig. 1). In contrast, the systemic administration
of 5-HT elicited a dose-dependent increase in the amount

5-HT 100 pg/kg

tract. Data are expressed as mean = SEM for n = 5-6 experiments. *p
<0.05; **p<0.01; One-way ANOVA and Dunnett’s multiple com-
parisons test. * Indicates statistical significance compared to vehicle
treatment, # indicates statistical significance compared to 5-HT 100 pg/
kg treatment.

of Evans Blue in tissues of the airways and upper GI
tract, indicative of plasma extravasation (Fig. 1). A
submaximal dose of 5-HT (100 pg/kg) was used in all
subsequent experiments.

The pharmacological inhibition of 5-HT,, attenuates
plasma extravasation in the airways and esophagus

To study the specific subtype of 5-HT receptor that is
involved in 5-HT-induced plasma extravasation, mice were
pre-treated with selective antagonists for 5-HT subtypes 1A
(WAY-100635), 1B (GR 55562), 2A (ketanserin), 2B (RS-
127445), 4 (GR 113808), or 7 (SB269973). The inhibition
of 5-HT,, by ketanserin significantly attenuated plasma
extravasation compared with vehicle pre-treated mice in the
airways and esophagus (Fig. 2). However, ketanserin did
not attenuate 5-HT-induced plasma extravasation in the
stomach (Fig. 2). The inhibition of the 5-HT receptor sub-
types 1A, 1B, 2B, 4, and 7 had no significant effect on 5-
HT-induced plasma extravasation in the airways and upper
GI tract compared with vehicle pre-treated mice, indicating
that only 5-HT,, plays an important role on plasma
extravasation.

SPRINGER NATURE
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HCO067 significantly reduced Evans Blue leakage induced by 5-HT
(100 pg/kg, i.v.). Data are expressed as mean + S.E.M., n = 8 mice per

TRPV4 mediates 5-HT-induced plasma extravasation
in the airways and upper Gl tract

We have previously demonstrated that TRPV4 contributes
to PAR1- and PAR2-dependent intracellular signaling and
to PAR2-induced plasma extravasation [20, 26]. To deter-
mine whether TRPV4 plays an equivalent role in 5-HT-
induced plasma extravasation, we administered the selective
TRPV4 blocker HC067047 (HC067; 10 mg/kg, i.p.) prior to
delivery of 5-HT. Inhibition of TRPV4 significantly
decreased 5-HT-induced Evans Blue extravasation in the
airways and upper GI tract, consistent with a TRPV4-
dependent mechanism of action (Fig. 3).

5-HT-induced plasma extravasation requires TRPV4
expression

To confirm that 5-HT-induced plasma extravasation
requires TRPV4 expression, we performed equivalent stu-
dies in TRPV4~~ mice or matched TRPV4™*'" littermates.
Previously, we reported that the selective TRPV4 activator

SPRINGER NATURE

Veh HCO067

5-HT

group. ***p <0.001; ****p < 0.0001; significantly different compared
to vehicle treatment. *p<0.05; ™p<0.01; significantly different
compared to 5-HT treatment; one-way ANOVA and Dunnett’s mul-
tiple comparisons test.

GSK1016790A (GSK101) induced a dose-dependent
increase in plasma extravasation in wild-type mice [20].
Consistent with our prior report, the administration of
GSK101 (100 pg/kg) to wild-type mice induced a sig-
nificant increase in plasma extravasation in the airways and
upper GI tract (Fig. 4). Both GSK101- and 5-HT-induced
plasma extravasation were abolished in TRPV4~/~ mice
(Fig. 4) when compared to TRPV4™" mice. These data
demonstrate the TRPV4-dependence of the 5-HT-evoked
extravasation described.

TRPV4 enhanced 5-HT,, calcium signaling in HEK
cells

The direct effect of 5-HT receptor signaling on TRPV4
activity was examined in an isolated cell system using HEK
cells expressing the serotonin receptors (1A, 1B, 2A, 2B, or
4) alone or with co-expression of TRPV4. Assessment of 5-
HT-mediated Ca®>" signaling over time (100 uM) demon-
strated that HEK cells expressing 5-HT4, 15, 28 did not
exhibit increased [Ca’'); in response to 5-HT (Fig. 5A).
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Expression of TRPV4 did not influence this response. In
contrast, stimulation of HEK-5-HT,, cells resulted in a
rapid, transient elevation in [Ca2+],- that returned to baseline
within 40s, consistent with Gg-coupled signaling. Fur-
thermore, the duration of the Ca®" response was markedly
sustained in cells functionally expressing TRPV4 (Fig. 5B).
Stimulation of HEK-5HT, also revealed a Ca®' transient
that was only moderately enhanced in cells co-expressing
TRPV4 (Fig. 5C).

Based on the robust nature of SHT,5-TRPV4 coupling,
we focused on 5-HT,, and used known mediators of
GPCR-TRPV4 coupling [24] to define the signaling
mechanisms involved. The 5-HT,4 dependence of the Ca’*
response was initially confirmed using ketanserin (Fig. 5B).
Changes in [Ca’']; were then quantified over time by
assessing the amplitude of the acute phase after 5-HT sti-
mulation (0-20s) and the magnitude of the sustained pla-
teau phase (20-80 s post-stimulation). 5-HT,4 transactivates
phospholipase A2 (PLA;) to generate arachidonic acid
(AA), an endogenous activator of TRPV4 [50-53].
Gg-coupled activation of Protein Kinase C (PKC) can lead
to rapid phosphorylation of intracellular regulatory domains
of non-selective cation channels to modulate their ionic

n =6 mice per group. * Significantly different compared to vehicle
treated wild-type; *p<0.05; **p<0.01; ***p<0.001; ****p<
0.0001. # Significantly different compared to 5-HT- or
GSK1016790A-treated wild-type; *p <0.05; #p <0.01; ™5 <0.001;
##5,<0.0001; one-way ANOVA and Dunnett’s multiple
comparisons test.

permeability [24]. To determine if PLA, and PKC serve as
intermediates of 5-HT,5-TRPV4 coupling, cells were trea-
ted with the PLA, inhibitor YM 26734 (30 uM) or the PKC
inhibitor GF 109203X (GFX; 100 nM). Neither inhibitor
affected the initial peak of the 5-HT response (Fig. 5D, E).
Both inhibitors significantly suppressed the sustained phase
(Fig. 5D, F). In addition, removal of extracellular Ca**
abolished the transient and sustained phase of the 5-HT-
evoked [Ca”]i response (Fig. 5D). These results suggest
that coupling to TRPV4 enhances 5-HT,, receptor signal-
ing predominantly through influx of extracellular Ca*".

Neuropeptide receptors contribute to TRPV4- and 5-
HT-induced edema

Neuropeptides including CGRP and SP are released from
sensory terminals that innervate blood vessels. These neu-
ropeptides can influence endothelial barrier function and
promote tissue edema through direct actions on micro-
vascular endothelial cells [22, 54]. We assessed the con-
tribution of CGRP and SP receptors to 5-HT- and TRPV4-
induced plasma extravasation using selective antagonists of
either the CGRP receptor (Olcegepant) or NK;R

SPRINGER NATURE
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Fig. 5 5-HT induced a sustained increase in [Ca”]i in HEK cells
co-expressing 5-HT,, receptor and TRPV4. A Time traces showing
responses to 5-HT (100 uM) by HEK cells expressing 5-HTa, 5-HT g
or 5-HT,, alone (circles) or with coexpression of TRPV4 (squares).
B Time traces showing responses to 5-HT (100 uM) by HEK cells
expressing 5-HT, or coexpressing 5-HT,,/TRPV4. 5-HT-induced
[Ca"]; was abolished by ketanserin (10 uM). C Time traces showing
responses to 5-HT (100 uM) by HEK cells expressing 5-HT, alone or
with coexpression of TRPV4. D Effect of the depletion of extracellular

(SR140333). Both antagonists significantly decreased tissue
edema in the airways, esophagus and stomach in animals
treated with GSK101 (Fig. 6) and 5-HT (Fig. 7), consistent
with a neurogenic mechanism of action.

5-HT signaling in vascular endothelial cells is
independent of TRPV4

The direct effects of 5-HT-TRPV4 coupling on vascular
endothelial cells were examined using HUVEC, which are
known to functionally express both targets [20, 55].
Focusing initially on Ca*" mobilization, exposure to 100
nM or 1uM 5-HT did not increase in [Ca’'],. This is
consistent with signaling through a Gg-independent
mechanism (Fig. 8A). In contrast, GSK101 evoked a
concentration-dependent elevation of [Ca2+]i and this was
attenuated with prior treatment with HC067 (Fig. 8A),
thus confirming functional expression of TRPV4. Pre-
treatment with 5-HT (100nM; 30min) enhanced
GSK101-mediated [Ca®']; signaling in HUVECs
(Fig. 8A, B). Specifically, 5-HT pre-treatment promoted a
modest shift in pECsy from —8.69M to —9 M and
increased E,., from 49.52 to 64.58 (Fig. 8A). This
demonstrates a significant 5-HT-evoked amplification of

SPRINGER NATURE

Ca®*, PLA, inhibitor YM 26734 (30 puM), or PKC inhibitor GF
109203X (GFX; 100 nM) in HEK cells co-expressing 5-HT,,/TRPV4.
E, F Area under the curve analysis from 60 to 100 s post 5-HT
(100 uM) addition. Data are expressed as mean + SEM for n = 5-6
independent replicates. *p < 0.05; **p < 0.01; One-way ANOVA and
Dunnett’s multiple comparisons test. * Indicates statistical significance
compared to HEK cells expressing 5-HTR subtype, # indicates sta-
tistical significance compared to HEK co-expressing 5-HTR and
TRPV4.

TRPV4 signaling. Functional expression of 5-HT recep-
tors was further confirmed by measuring levels of phos-
phorylated ERK (pERK), which allows for assessment of
signaling through convergent pathways downstream of
GPCRs. ERK activation was maximal at 2 min post-5-HT
addition (100 nM or 1 uM) and decreased gradually over
the 30 min assessment period. In contrast, GSK101 did
not stimulate pERK in these cells (Fig. 8C). We confirmed
that exposure to either SP (100 nM or 1 uM) or CGRP
(100 nM or 1 uM) promotes a rapid and robust increase in
pERK levels in HUVEC (Fig. 8D). Together, these data
indicate that 5-HT receptors can sensitize and augment
TRPV4 activity. These observations suggest that
enhanced vascular permeability in response to 5-HT is
potentially mediated through an indirect mechanism
involving the TRPV4-dependent release of the neuro-
peptides SP and CGRP, possibly from external cellular
sources such as primary afferent terminals.

Discussion

TRPV4 activation is important for the pathogenesis of
pulmonary edema associated with heart failure or
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Fig. 6 TRPV4-induced edema is decreased by inhibition of CGRP
or NK; receptors. Pre-treatment with the CGRP receptor antagonist
BIBN4906 (BIBN; 1 mg/kg) or NK R antagonist SR140333 (SR; 1
mg/kg) significantly decreased tissue edema induced by
GSK1016790A (100 pg/kg) compared to vehicle treatment in the

chemically-induced acute lung injury [18, 21]. TRPV4 is
also a mediator of sepsis-induced endothelial dysfunction
and increased vascular permeability [56]. Consistent with
this, 5-HT is also a potent vasoactive and signaling mediator
and can promote disruption of cell-cell junctions at con-
centrations not much higher than those normally present
under resting conditions [56, 57]. Here, we showed that
5-HT promotes pulmonary and esophageal plasma extra-
vasation through a TRPV4-dependent mechanism. This also
involves activation of NK;R and the CGRP receptor, con-
sistent with a putative neurogenic mechanism involving
release of SP and CGRP from nerve fibers innervating the
vasculature.

5-HT is mainly produced by enterochromaffin cells of
the intestine, and is largely taken up and stored by pla-
telets, or metabolized by the liver [57]. However, the
lungs also play an important role in both 5-HT production
and removal, and release of 5-HT by platelets may be
important in the pathology of certain pulmonary diseases
[57-60]. Additionally, 5-HT can be locally synthesized
and released from peripheral arteries [61-63]. The 5-HT-
TRPV4 signaling pathway may mediate a number of
pathologies, including pulmonary hypertension, arterial

GSK101

airways and upper GI tract. Data are presented as mean + S.E.M.,
n=9-10 mice per group. **p<0.01; ***p<0.001; One-way
ANOVA and Dunnett’s multiple comparisons test, significantly dif-
ferent compared to vehicle treated control (Veh).

smooth muscle proliferation, visceral hypersensitivity,
and itch [8, 28, 30, 31]. Results of the present study
suggest that the 5-HT receptor-TRPV4 axis could be an
important pathway in pathologies, such as sepsis, where
plasma 5-HT levels are known to be significantly elevated
[64].

We have recently demonstrated that the potent and
selective TRPV4 agonist, GSK101, caused dose-
dependent extravasation in the airways and upper GI
tract of mice, which was inhibited by the selective TRPV4
antagonist HC067 [20]. In contrast, GSK101 did not cause
plasma extravasation in the bladder, heart, liver or kidney,
suggesting that edema is not a general systemic effect of
TRPV4 activation [20]. In the present study, we report
that 5-HT induces plasma extravasation in the airways,
esophagus and the stomach. Plasma extravasation induced
by 5-HT was decreased by HC067 or TRPV4 deletion and
limited to the tissues in which the TRPV4 activation
caused edema, namely the airways and upper gut. These
results support a role for TRPV4 in promoting 5-HT-
induced plasma extravasation in the airways, esophagus
and stomach. Extravasation in response to 5-HT was
almost completely blocked by the TRPV4-specific

SPRINGER NATURE
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Fig. 7 Inhibition of CGRP or NK; receptors blocks 5-HT induced
edema. Pre-treatment with the CGRP receptor antagonist BIBN4906
(BIBN; 1 mg/kg) or the NK R antagonist SR140333 (SR; 1 mg/kg)
decreased plasma extravasation induced by 5-HT (100 pg/kg) in the
airways and upper GI tract. Data are presented as mean +S.E.M.,

inhibitor HC067. In contrast, the extent of GSK101-
induced TRPV4-dependent vascular leak was markedly
lower. Although this may be due to differences in the
respective signaling pathways involved, it may also reflect
the physicochemical properties of the ligands investigated
and their relative bioavailability following systemic
administration.

The release of neuropeptide transmitters from airway
innervating nerves leads to inflammation and to vascular
leak. This neurogenic response can also be initiated by
exogenous irritants via airway nerves and may contribute to
the development of airway pathologies [65-67]. We
demonstrated that inhibitors of CGRP and SP receptors
reduced TRPV4- and 5-HT-induced plasma extravasation in
the airways and esophagus, supporting a mechanistic role
for these neuropeptide receptors. It has been reported that
CGRP does not cause microvascular leak in the airways and
bladder of the guinea pig [68]. In contrast, CGRP has been
reported to contribute to edema formation in mice [66] and
rats [69], indicating potential species differences. Our
results suggest that 5-HT-induced plasma extravasation in

SPRINGER NATURE

5-HT

n=9-10 mice per group. *p<0.05; **p<0.01; ***p<0.001;
One-way ANOVA and Dunnett’s multiple comparisons
test, significantly different compared to vehicle treated
control (Veh).

the airways and esophagus is mediated by activation of
afferent nerves, requires TRPV4, and is likely to involve
release of pro-inflammatory peptides (SP and CGRP)
(Fig. 9).

Pre-clinically, TRPV4 plays important roles in patholo-
gical pulmonary edema and may therefore be a ther-
apeutically useful target. Importantly, chronic treatment
with a TRPV4 inhibitor in animal models did not affect
osmoregulation or interfere with the activity of diuretics,
which are often used to resolve edema in the clinic [18, 70—
72]. Recently, a double-blind, placebo-controlled study
using a selective TRPV4 antagonist reported that treatment
with GSK2798745 resulted in a trend to improve pulmonary
gas exchange in symptomatic patients with chronic heart
failure [71, 73]. However, the use of inhibitors that directly
target TRPV4 in pulmonary injury may be contraindicated
by the role that TRPV4 plays in the complex signaling
cascade that mediates hypoxic pulmonary vasoconstriction
[74]. This mechanism helps to redistribute blood flow from
poorly ventilated to more aerated lung areas, and inhibition
of this response could be detrimental to patients with lung
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disease [71, 73]. The benefits of TRPV4 antagonists for
reducing pulmonary edema-associated lethality from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
have also recently been proposed to outweigh the risks of
contraindications such as these. Together, this highlights the
need to further understand the relative cellular contribution
of TRPV4 activity and also the upstream signaling media-
tors that lead to TRPV4 activation, to provide potential
alternatives to these potent antagonists that directly
inhibit TRPV4.

Our pharmacological data indicate that 5-HT,, is the
primary receptor subtype involved in promoting 5-HT-
evoked plasma extravasation. Evidence supporting the
in vivo requirement for TRPV4 activity is provided by the
demonstration that 5-HT,, mediated Ca>" signaling is
augmented by TRPV4 through a PLA,- and PKC-
dependent mechanism. Although our data support an
indirect neurogenic mechanism of action involving
enhanced neuropeptide release [23], the specific locations
where 5-HT,5-TRPV4 interactions occur (pre- or post-
synaptic [75]) could not be definitively determined using
available methodology. We cannot exclude a direct effect

B
22.4_ [ O+ vehicle  @+5-HT |
[ee)
X 2.0 100nM
= 1 [esk101
{ et

1.6 ¢ -
% GSK101 -
~ 1.21
£ 10nM
NS 0.8+ ]GSK101
o 0.44
= 1nM
& 0.0 ]GSK101

0 20 40 60 80 100 120 140
Time (sec)
100 © CGRP (1uM) @ SP (1uM)

© CGRP (100nM) © SP (100nM)

©
e

N oA O
. 9.2

o

Normalized pERK (% PDBu) o

0 5 10 15 20 25 30
Time (Min)

30 min) on GSK101-induced elevations in [Ca*']; (closed circles). C, D
Elevated ERK phosphorylation (pERK) in response to treatment of
HUVEC with 5-HT, GSK101, CGRP or SP. Data are presented as mean
+S.EM., n=6 technical replicates, pERK data are normalized to the
positive control (PDBu, 1 uM).

on endothelial cells as the HUVEC that we examined may
not be the most suitable model for the microvasculature
involved in 5-HT-dependent vascular leak as they are of a
different origin and may not express the precise machin-
ery required. Our results suggest that 5-HT and TRPV4
receptors are also expressed by endothelial cells and may
cause protein leak via disruption of the vascular junctions
in mice. In addition to expression by peptidergic afferent
nerves [76] and vascular endothelial cells [77, 78], 5-HT
receptors and TRPV4 are also expressed by immune cells,
including macrophages [79-81]. Given the important
immunomodulatory role of 5-HT, it is possible that the
TRPV4-dependent effects of 5-HT on vascular perme-
ability that we describe are mediated in part through
immune cell activation. Future analysis to better define the
relative contributions of 5-HT receptors and TRPV4 in
endothelial and immune cells and on nerve endings of the
different vascular beds would help to clarify the primary
location of TRPV4-driven edema and the precise
mechanisms involved.

In summary, we have established that TRPV4 mediates
5-HT-induced plasma extravasation in the airways and

SPRINGER NATURE
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Fig. 9 Postulated neurogenic and direct mechanisms through
which 5-HT receptors and TRPV4 may induce tissue edema. 5-HT
activates 5-HT,, receptor subtypes on afferent nerve terminals,
immune cells, and vascular endothelial cells. Activation of peripheral
sensory neurons or local immune cells promotes release of neuro-
peptides including SP and CGRP, activating NK;R and CGRP
receptors expressed by endothelial cells. Signaling downstream of
these receptors leads to retraction of cell-cell junction proteins, leading
to increased vascular leak and to tissue edema. Activation of 5-HT,4
sensitizes or activates TRPV4 through a PLA,- and PKC-dependent
mechanism, leading to enhanced neuropeptide release.

Extravasation

upper GI tract of mice through interaction with the 5-HT,,
receptor subtype. We have provided evidence to support an
indirect, potentially neurogenic mechanism of action
involving the neuropeptides SP and CGRP.

Data availability
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A lipid-anchored neurokinin 1 receptor antagonist prolongs
pain relief by a three-pronged mechanism of action targeting
the receptor at the plasma membrane and in endosomes
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G-protein-coupled receptors (GPCRs) are traditionally
known for signaling at the plasma membrane, but they can also
signal from endosomes after internalization to control impor-
tant pathophysiological processes. In spinal neurons, sustained
endosomal signaling of the neurokinin 1 receptor (NK;R) me-
diates nociception, as demonstrated in models of acute and
neuropathic pain. An NK;R antagonist, Spantide I (Span),
conjugated to cholestanol (Span-Chol), accumulates in endo-
somes, inhibits endosomal NK;R signaling, and causes pro-
longed antinociception. However, the extent to which the
Chol-anchor influences long-term location and activity is
poorly understood. Herein, we used fluorescent correlation
spectroscopy and targeted biosensors to characterize Span-
Chol over time. The Chol-anchor increased local concentra-
tion of probe at the plasma membrane. Over time we observed
an increase in NK;R-binding affinity and more potent inhibi-
tion of NK;R-mediated calcium signaling. Span-Chol, but not
Span, caused a persistent decrease in NK;R recruitment of f-
arrestin and receptor internalization to early endosomes. Using
targeted biosensors, we mapped the relative inhibition of NK;R
signaling as the receptor moved into the cell. Span selectively
inhibited cell surface signaling, whereas Span-Chol partitioned
into endosomal membranes and blocked endosomal signaling.
In a preclinical model of pain, Span-Chol caused prolonged
antinociception (>9 h), which is attributable to a three-
pronged mechanism of action: increased local concentration
at membranes, a prolonged decrease in NK;R endocytosis, and

This article contains supporting information.
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persistent inhibition of signaling from endosomes. Identifying
the mechanisms that contribute to the increased preclinical
efficacy of lipid-anchored NK;R antagonists is an important
step toward understanding how we can effectively target
intracellular GPCRs in disease

G-protein-coupled receptors (GPCRs) are tractable thera-
peutic targets because they have druggable sites on the cell
surface and control most pathophysiological processes (1).
However, many GPCRs can also signal from intracellular
compartments, including endosomes, the Golgi, mitochondria,
and the nucleus (2-5). These intracellular signals dictate
physiological responses that are distinct from those that
emanate from signaling at the plasma membrane (5-10). Drug
discovery efforts typically target GPCRs at the cell surface, and
as a consequence, many drugs targeting GPCRs are not
designed to cross the plasma membrane. This inability to
effectively engage intracellular GPCRs might explain why
some drugs with high efficacy in cell-based assays of plasma
membrane signaling fail in clinical trials.

For the GPCR for substance P (SP), the neurokinin 1 re-
ceptor (NK;R), multiple NK;R antagonists have failed in
clinical trials of chronic neurological diseases, including pain
(11-13). Activation of the NK;R causes two spatially and
temporally distinct rounds of signaling (Fig. S1). At the cell
surface, SP-bound NK;R rapidly activates Gagq G proteins to
increase Ca?* mobilization, protein kinase C (PKC) activity,
and cyclic adenosine monophosphate (cCAMP) formation in the
vicinity of the plasma membrane (5, 14). Stimulation of the
NK;R also leads to transactivation of the epidermal growth
factor receptor (EGFR) to increase extracellular signal-
regulated kinase (ERK) activity in the cytoplasm. These sig-
nals are all relatively short-lived (<15 min) (14). During this
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Lipid conjugation for targeting endosomal GPCRs

time, GPCR kinases rapidly phosphorylate the NK;R leading to
association with B-arrestins and receptor endocytosis to early
endosomes (<2 min) (5). Within endosomes, the SP-NK;R
complex continues to signal causing increased PKC activity
and cAMP in the cytosol and increased ERK activity within the
nucleus (5, 14). These signals from the endosomally localized
receptor are longer-lived (>20 min). It is these sustained sig-
nals from the intracellular NK;R that mediate persistent
excitation of spinal neurons and sustained central pain trans-
mission (7, 14, 15).

Ligands can have spatially specific or “location biased”
pharmacological actions in cells (16). We have previously
assessed the potential for drug delivery strategies to locally
deliver NK;R antagonists to endosomes. This includes pH-
responsive nanoparticles that deliver and release the NK;R
antagonist aprepitant directly into the endosomes (17) and
lipid-anchored NK;R antagonists that accumulate in endo-
somal membranes (5). Both of these approaches improved
drug efficacy in preclinical models of pain (2-5-fold more
effective antinociception, 2—4-fold longer duration of action
compared with free drug) (5, 17). The localized delivery of an
NK;R antagonist to endosomes using nanoparticles is a se-
lective approach that bypasses any effects on receptors at the
cell surface. In contrast, lipid-anchored NK;R antagonists first
partition into the plasma membrane, before they are trafficked
to endosomes (5). It is therefore possible that lipid-anchored
antagonists also affect the signaling and trafficking of plasma
membrane-localized NK;R, in addition to their later antago-
nism of endosomal receptors. This dual antagonism—initial
blockade of plasma membrane receptors during partitioning
into the plasma membrane and then prolonged blockade of the
pathophysiologically relevant signal from endosomes—could
enhance therapeutic efficacy.

In the current investigation, we used live cell imaging and
biophysical approaches to assess NK;R signaling and traf-
ficking in subcellular compartments, in conjunction with
behavioral assays of nociception to investigate the mechanisms
by which a cholestanol-anchored antagonist, Spantide I (Span-
Chol), inhibits endosomal signaling. We used a cholestanol-
anchored fluorescent probe (Cy5-Chol) to model the lipid-
dependent translocation of the antagonist. We observed that
the lipid anchor allows an initial enrichment of probe con-
centration at the plasma membrane, which correlates with an
increased antagonist potency at proximal signaling pathways
(i.e., Ca®>* mobilization). The lipid-anchored antagonist also
inhibits cell surface NK;R-B-arrestin recruitment and NK;R
endocytosis. Over time, Cy5-Chol travels from the plasma
membrane to early and late endosomes. This movement
deeper into the endosomal network correlates with inhibition
of endosomal-selective NK;R signaling pathways (5) by Span-
Chol, including sustained cytosolic cAMP and cytosolic PKC
activity. Consistent with these findings, the lipid-anchored
antagonist has long-lasting antinociceptive actions in preclin-
ical models of pain (>9 h).

We find that lipid anchors increase the local membrane
concentration of GPCR antagonists, cause inhibition of re-
ceptor trafficking from the plasma membrane, and prolong the

2 J Biol. Chem. (2021) 296 100345

inhibition of signaling from endosomes. This three-pronged
mechanism allows lipid-anchored antagonists to very effec-
tively target endosomally derived GPCR signaling pathways of
pathophysiological importance.

Results

Lipid anchors increase the available concentration of drug at
the cell surface

Inspired by prior studies using lipid—drug conjugates
(18, 19), we previously synthesized a series of lipid-anchored
probes comprising the sterol cholestanol as a lipid conjugate
for anchoring a cargo to membranes via a flexible polyethylene
glycol linker (PEG4-PEG3-PEG4) (5). For the cargo we used
Cyanine 5 (Cy5), to generate a fluorescent reporter of lipid-
anchor location (Cy5-Chol), or the NK;R antagonist, Span-
tide I, to generate a lipid-anchored antagonist (Span-Chol)
(Fig. S2). We also generated control probes including a non-
lipidated fluorescent probe (ethyl-ester group, PEG linker, Cy5;
Cy5-OEt) and a lipid anchor control probe (cholestanol group,
PEG linker, biotin; Chol).

Fluorescence correlation spectroscopy (FCS) enables mea-
surement of the concentrations of fluorescent molecules within a
small defined volume (<0.2 fl) (20, 21). We used this approach to
determine the concentration of Cy5 probes (Cy5-Chol or the
control, Cy5-OEt) in the extracellular fluid immediately above
the plasma membrane and at increasing distances above the cell
(30-200 um). We chose the Cy5 probes as the simplest example
of how a lipid anchor could affect the plasma membrane con-
centration of a cargo, independent of any receptor-dependent
effects on ligand distribution (22). Consistent with our previ-
ous studies (5), brightfield and fluorescence confocal imaging
confirmed that Cy5-Chol rapidly incorporated into the plasma
membrane of HEK293 cells (Fig. 14), but Cy5-OEt remained in
extracellular fluid (Fig. 1B). We then used FCS to quantify the
concentration of Cy5 fluorescence at the plasma membrane of
cells incubated with a nominal concentration of probe (10 nM).
The concentration of Cy5-Chol in the extracellular fluid at 5 um
above the plasma membrane was 23.8 + 7.1 nM, which decreased
more than fourfold to 5.6 + 1.4 nM at 30 um (mean + SEM from
n =4) (Fig. 1, Cand E). In contrast, the measured concentration
of Cy5-OEt was 6.5 + 1.1 nM at 5 um above the plasma mem-
brane, which increased more than threefold to 21.8 + 3.8 nM at
200 pm (mean = SEM from n = 4) (Fig. 1, D and E). A comparison
of probe concentrations at increasing distances (5 pm intervals)
above the plasma membrane suggested that there was an
enrichment of Cy5-Chol proximal to the plasma membrane,
while the Cy5-OEt reporter molecule could freely diffuse
through the extracellular fluid (Fig. 1E). Therefore, the addition
of a lipid anchor results in an enhanced association of a probe
with cell membranes. This creates a high local concentration of
probe at the cell surface.

Lipid anchoring increases the affinity and potency of an NK;R
antagonist

To determine whether the addition of a lipid anchor in-
fluences the affinity and potency of an NK;R antagonist, we
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Figure 1. A cholestanol lipid anchor increases the concentration of Cy5 immediately above the plasma membrane. A and B, Confocal images of
HEK293 cells after incubation with 1 uM Cy5-Chol (A) or Cy5-OEt (B). Arrows indicate intracellular Cy5 fluorescence, and arrow heads indicate Cy5 fluo-
rescence at the plasma membrane. Scale bar, 20 um. C and D, the concentration of 10 nM solution of Cy5-Chol (C) or Cy5-OEt (D) at increasing distances
above the plasma membrane of HEK293 cells was calculated using FCS. Data points show the concentrations measured at six distance intervals averaged
from 3 to 4 independent experiments. The nominal concentration of the added solution (10 nM) is shown by a dashed line. E, the concentration of Cy5-Chol
and Cy5-OEt binned at increasing 5 pm intervals above the plasma membrane. Bars show the mean, error bars show the standard error of the mean (S.E.M.),
and data points show the average concentrations obtained from each individual experiment (n = 4). *p < 0.05, **p < 0.01 Cy5-OEt vs Cy5-Chol; two-way

ANOVA with Sidak’s multiple comparison test.

compared unconjugated (“free”) Spantide I (Span) and Span-
Chol. A high-content imaging competition binding assay
was used to evaluate the capacity of these antagonists to
disrupt the binding of SP labeled with fluorescent tetrame-
thylrhodamine (SP-TAMRA) to the NK;R stably transfected

SASBMB

in HEK293 cells. Cells were analyzed using an established
granularity algorithm to provide a measure of total cell
binding (includes both cell surface and intracellular)
(21, 23). We assessed antagonist affinity at two time points
following antagonist addition: 30 min, when FCS data show
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Cy5-Chol enrichment at the plasma membrane (Fig. 1); and
4 h, when Span-Chol accumulates, and is pharmacologically
active, within endosomal compartments (5).

To assess competition binding after 30 min, HEK-
NK;R cells were coincubated with an ECsy concentration of
SP-TAMRA (0.5 nM) and increasing concentrations of Span
or Span-Chol and equilibrated for 30 min. The affinity of
Span-Chol and Span for NK;R was similar with pICs, values of
6.28 + 0.09 and 5.99 + 0.13, respectively (Fig. 24). Therefore,
peptide modification by attachment of a PEG;, linker and
cholestanol anchor does not diminish the affinity of Spantide
for the NK;R.

To assess ligand binding after 4 h, HEK-NK;R cells were
preincubated with antagonist for 3.5 h, then with SP-TAMRA
for a further 30 min (4 h total). The affinity of Span for the
NK;R was significantly reduced compared with that of Span-
Chol (pICsp 5.55 + 0.17 vs 6.50 + 0.12, p = 0.0018, unpaired
t-test) (Fig. 2B). However, there was no significant change in
the relative affinities of Span or Span-Chol for the NK;R over
time (p = 0.1121 and p = 0.6378, respectively; one-way ANOVA
with Tukey’s multiple comparisons test). This suggests that the
addition of a lipid anchor improves the kinetic properties of
Span by sustaining its ability to compete with SP-TAMRA at
the NK R over a 4 h period. Our previous studies indicated no
difference in stability of these ligands in spinal cord membranes
(5). We therefore propose that this apparent improvement in
affinity of Span-Chol for the NK;R is due to the accumulation
of Span-Chol in endosomes, allowing Span-Chol to access both
plasma membrane and endosomal pools of NK;R.
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To determine if lipid conjugation influenced the potency of
Span, we compared the ability of Span and Span-Chol to
inhibit SP-stimulated Ca** signaling in HEK-NK;R cells at
different time points after addition. In initial experiments,
HEK-NK;R cells were preincubated with increasing concen-
trations of Span or Span-Chol for 30 min, prior to challenge
with an ECgq concentration of SP (1 nM). Ca®* transients were
measured for 90 s poststimulation. Preincubation of cells with
Span or Span-Chol caused a concentration-dependent inhibi-
tion of Ca®* flux (Fig. 2C). A comparison of the pICs, values of
Span and Span-Chol (4.87 + 0.33 and 6.25 + 0.19, respectively)
revealed a significant increase in the potency of the lipidated
antagonist (p = 0.0112). This is consistent with FCS experi-
ments (Fig. 1) and may be due to the lipid anchoring of the
antagonist to the plasma membrane, thereby effectively
increasing the local concentration of the antagonist near the
receptor even at acute time periods (24, 25).

While lipid-anchored fluorescent probes initially partition
into the plasma membrane, they are then quickly trafficked
into endosomal compartments (5). As such, the continuous
removal of lipidated antagonists from the plasma membrane
by constitutive endocytosis could affect the relative potency of
Span-Chol compared with soluble Span over time. To assess
this possibility, we compared continuous exposure to the an-
tagonists for 4 h to a “pulsed” administration whereby the cells
were preincubated with antagonist for 30 min, washed to
remove any excess ligand, and then left at 37°C for 3.5 h (4 h
total). In both protocols, cells were challenged with 1 nM SP
4 h after the initial antagonist addition. There was no change
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Figure 2. A cholestanol lipid anchor increases the relative affinity and potency of an NK;R antagonist. A and B, the affinity of Span compared to Span-
Chol was assessed by competition with fluorescent SP-TAMRA in HEK-NK;R cells by high-content imaging (n = 5). HEK-NK;R cells were preincubated with
vehicle (0.1% v/v DMSO; total binding) or increasing concentrations of Span or Span-Chol for a total of 30 min (A) or 4 h (B) at 37°C prior to addition of
0.5 nM SP-TAMRA. Data are expressed as a percentage of the fluorescent intensity measured in the presence of 10 nM Span or Span-Chol (%FLUORa,)-
Symbols show means, and error bars S.E.M. of five independent experiments performed in triplicate. C and D, Calcium transients were measured in HEK-
NK;R cells in response to 1 nM SP following short (30 min; C) or long (4 h; D) preincubation with increasing concentrations of Span or Span-Chol (n = 3).
Four-h preincubation experiments compared continuous exposure to antagonist (4 h) versus a “pulsed” exposure (0.5 h exposure, wash [W], 3.5 h rest).
Symbols show means, and error bars S.E.M. of three independent experiments performed in triplicate.
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in the pICs, of the antagonists when the cells were continu-
ously incubated with Span or Span-Chol for 4 h (5.11 + 0.76
and 6.36 + 0.17, respectively) compared with the 30 min
preincubation (Fig. 2D).

After pulsed administration, only Span-Chol retained its
ability to antagonize SP-stimulated Ca** signaling at 4 h (pICs
6.15 + 0.11) (Fig. 2D). This is likely due to the wash step (after
the initial 30 min incubation with antagonist) decreasing the
available concentration of free Span in the extracellular fluid.
In contrast, the potency of Span-Chol was not lost following
the wash, confirming that lipidation causes an increased as-
sociation of the antagonist with the cell membrane. Notably,
the potency of Span-Chol was sustained over 4 h despite the
increasing internalization of lipid-anchored probes over time
(5). This could indicate a prolonged retention of the lipid-
anchored antagonist at the plasma membrane (in addition to
internalization into the endosomal network).

Lipid conjugation for targeting endosomal GPCRs

Together, these data demonstrate that cholestanol conju-
gation can enhance the potency and affinity of antagonists by
increasing their retention in the plasma membrane and
therefore their effective local concentration.

A lipid-anchored antagonist decreases endocytosis of the
activated NK;R

Span-Chol has a high local concentration at the cell surface
(Fig. 1) and maintains antagonistic activity at cell surface re-
ceptors even after 4 h (Fig. 2). It is therefore possible that
lipidated antagonists continually act at the plasma membrane
to inhibit SP-induced endocytosis of the NK;R, which could
contribute to their long-lasting therapeutic efficacy. To assess
this possibility, we measured the proximity between NK;R-
RLuc8 and p-arrestin2-YFP, KRas-Venus (marker of the
plasma membrane), or Rab5a-Venus (marker of early endo-
somes) in HEK293 cells using BRET. We compared the

A NK,R-RLuc8 + p-ar