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There is a major clinical need for new therapies for the treatment of chronic itch. Many of the molecular compo-
nents involved in itch neurotransmission are known, including the neuropeptide NPPB, a transmitter required for
normal itch responses to multiple pruritogens in mice. Here, we investigated the potential for a novel strategy for
the treatment of itch that involves the inhibition of the NPPB receptor NPR1 (natriuretic peptide receptor 1). Be-
cause there are no available effective human NPR1 (hNPR1) antagonists, we performed a high-throughput cell-based
screen and identified 15 small-molecule hNPR1 inhibitors. Using in vitro assays, we demonstrated that these com-
pounds specifically inhibit hANPR1 and murine NPR1 (mNPR1). In vivo, NPR1 antagonism attenuated behavioral
responses to both acute itch- and chronic itch-challenged mice. Together, our results suggest that inhibiting NPR1

might be an effective strategy for treating acute and chronic itch.

INTRODUCTION

Itch is an unpleasant sensation associated with skin irritation that
elicits the strong urge to scratch. Whereas most itch has a relatively
low prevalence and is easily managed (1), chronic itch has a major
negative impact on quality of life, and current treatments are largely
ineffective (2, 3). The underlying pathophysiological mechanisms
for chronic itch are poorly understood (4, 5). For this reason, clini-
cally chronic itch is categorized on the basis of its apparent origin
with dermatological, systemic, neurological, somatoform, and mixed
pruritus (6). Itch stimuli themselves are thought to be detected in
the skin by dedicated sensory neurons that innervate the skin and
express G protein—coupled, Toll-like, and interleukin receptors (5, 7-11).
Whereas the repertoire of known receptors is large, the number of
itch cell types that detect itch stimuli is small. The itch-sensory neu-
rons comprise two distinct populations: those expressing the mas-related
G protein-coupled receptor A3 (Mrgpra3) and those expressing the
neuropeptide natriuretic polypeptide b (Nppb) (12, 13). Both these
classes of neurons transmit itch through a common spinal cord circuit
dependent on NPPB (14, 15). In addition, sensory neuron-derived
NPPB has recently been suggested to drive inflammation in different
forms of dermatitis, in both humans and mice, thereby enhancing
pruritus (16).

Work from our laboratory identified the spinal cord receptor for
NPPB, natriuretic peptide receptor 1 (NPR1), as a potential target
for the treatment of itch (13). We demonstrated that elimination of
NPPB as well as the ablation of spinal interneurons expressing Npr1
profoundly attenuated scratching responses to many pruritogens in
mice (13). These results indicate that NPPB is a critical component
required for the excitation of spinal cord NprI-expressing interneu-
rons. The NPR1 receptor belongs to a small guanylate cyclase (GC)
family of receptor proteins that are specifically activated by natri-
uretic peptides (NPs) (17). NPR1 binds both NPPB and NPPA with
high affinity and has a much lower affinity for the third NP, NPPC
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(17). Three cyclic peptide analogs of NPPB have been reported to
inhibit NPR1 (18-21). However, one of these, A-71915, was reported
to be ineffective at blocking itch in mice. Specifically, A-71915, when
administered intrathecally, was unable to attenuate acute itch (22).
This result suggests that inhibition of spinal cord NPR1 may not be
an effective method for relieving itch. To investigate this further, we
characterized the properties of A-71915 and found that the com-
pound is a strong partial agonist, not a neutral antagonist, of murine
NPR1 (mNPR1), suggesting a possible explanation for its lack of
potency in relieving itch. Using high-throughput screening (HTS), we
identified human NPR1 (hNPR1) antagonists and show that one of
these compounds can relieve itch in vivo in mouse models of itch.

RESULTS

Similar expression of NPPB in human and mouse dorsal root
ganglia neurons

Research on the basic mechanism for itch has been predominantly
performed in the mouse animal model (4). The molecules for many
pathways in sensory neurons in humans and mice have been assumed
to be similar to each other, although in some instances the mole-
cules may not be the same (23-25). Therefore, as a starting point, to
motivate the investigation of NPPB as a target for development of
itch therapies, we examined whether human dorsal root ganglia
(DRG) express NPPB. We detected, by quantitative polymerase chain
reaction (qPCR), similar amounts of NPPB transcripts in comple-
mentary DNA (cDNA) from human and mouse DRG (Fig. 1A). In
concordance with this result, using double-label in situ hybridization
(ISH), we found that the numbers of NPPB neurons (9.8 + 1.9%;
200 of 2086 neurons, n = 4 donors) in human DRG are approxi-
mately the same as previously reported in mice (26), and human NPPB
neurons likewise have small to medium diameter (Fig. 1, B and C).
In mice, Nppb is coexpressed with TrpV1 (13). Therefore, if NPPB
has a comparable role in humans, then it should have a similar dis-
tribution in human DRG. ISH revealed, similar to mouse (26), that
all NPPB-positive human DRG neurons coexpress TRPVI (150
neurons, n = 4 donors) and that these neurons are a fraction of the
TRPV1I neurons (Fig. 1, D and E). In addition, for NPPB to function
in a similar way in humans to that reported in mice (13), its receptor
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Fig. 1. The NPPB-NPR1 itch signaling pathway is conserved between mice and humans. (A) qPCR-based quantification of expression did not show a significant
difference in amounts of NPPB transcripts between human and mouse DRG (P = 0.1241, unpaired t test; n = 3). (B) Representative double ISH images of a field of human
DRG with neurons stained for NPPB (cyan) and TUBB3 (magenta). NPPB-positive and NPPB-negative neurons are outlined with cyan and magenta dots, respectively. DAPI
(4',6-diamidino-2-phenylindole) counterstain is displayed in gray. (C) Quantification of the soma size of NPPB-stained (red) compared to TUBB3-stained (black) neurons
(n = 4). Representative double ISH images of fields of human (D) and mouse (E) DRG reveal that NPPB (cyan) and TRPV1 (magenta) are coexpressed. In human and mouse
DRG, NPPB is expressed in a subset of TRPV1 neurons (cyan dotted profiles) and single-labeled TRPVT neurons are indicated with magenta dotted profiles. (F) qPCR-based
quantification of expression did not show a significant difference in amounts of NPR1 transcripts between human and mouse spinal cord (SC) [not significant (ns), P> 0.9999,
Mann-Whitney; n = 4 (human) and 3 (mouse)]. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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NPRI should be expressed in spinal cord. To test this, we compared
expression of human and mouse Npr1I in spinal cord using qPCR
and found that NPRI is expressed in similar amounts (Fig. 1F).
Together, these results suggest that mouse and human itch neuro-
transmission likely uses the same signaling molecules.

A-71915, a mixed NPR1 antagonist/agonist

When the gene for Nppb is eliminated in knockout mice or NprlI-
expressing spinal neurons are ablated, itch responses are attenuated,
suggesting that NPR1 signaling is critical for itch responses (13).
However, it was reported that A-71915, a relatively potent hNPR1
antagonist (18), does not block acute itch responses (22). An expla-
nation for this may be that A-71915 does not effectively block itch
in vivo. As the pharmacodynamic interactions of A-71915 with mNPR1
have not been tested, we developed a method to measure inhibition
of mNPR1 by A-71915.

Given that the NPRI1 receptor is a ligand-dependent GC (17), we
reasoned that monitoring agonist-induced changes of intracellular
cyclic guanosine monophosphate (cGMP) amounts would be a
straightforward way to examine NPRI1 inhibition. To measure the
production of cGMP by NPR1, we used a circular permutated Firefly
luciferase molecule that was functionally linked to the cGMP binding
domain of human phosphodiesterase 5 [GloSensor technology pGS-40F,
(27)]. This reporter, together with a luciferase substrate (GloSensor
reagent) and a sensitive method for detection of luciferase activity
(light emission), permitted us, in real time, to measure cGMP in
cells (Fig. 2A). We expressed the cGMP sensor in human embryonic
kidney (HEK) 293 cells and examined luciferase activity after stim-
ulation with the nitric oxide donor sodium nitroprusside (SNP),
which activates ubiquitously expressed soluble GC (Fig. 2B). As ex-
pected, SNP generated a long-lasting increase in luciferase activity.
In contrast, stimulation of cGMP reporter cells with hANPPA, hNPPB,
and NPPC did not increase cGMP (Fig. 2B), indicating that HEK-293
cells do not express detectable endogenous NP receptors. Next, we
transiently expressed mNprl and cGMP sensor in HEK-293 cells
and examined receptor activation. As expected, mNPPA, mNPPB,
and NPPC dose-dependently increased reporter activity and had
stimulation potencies similar to those previously reported (Fig. 2C)
(17), and as previously reported for hNPR1 (18), A-71915 inhibited
NP-induced mNPRI activity (Fig. 2D). In addition, our results showed
that A-71915, in the absence of NP, evoked a dose-dependent acti-
vation of mNPR1, indicating that, instead of being a neutral antag-
onist as described for hANPR1 (18), A-71915 acted as a partial agonist
(Fig. 2E).

Identification of novel hNPR1 antagonists

Next, we searched for molecules with good antagonistic properties
to investigate whether inhibition of NPR1 is a viable approach for
alleviating itch. We used a quantitative high-throughput screening
(qHTS) method to identify candidate molecules able to inhibit NPR1
from a large chemical library. With a few modifications, we used the
same cell-based approach to perform qHTS as we used to determine
the properties of A-71915. To increase sensitivity and allow minia-
turization to a 1536-well format, we developed a stable cGMP sensor
cell line expressing hNRP1, a control cell line with stable expression
of cGMP sensor, and a hNPR2 cell line (fig. S1). hNPR1-cGMP
reporter cells responded to hNPPA, hNPPB, and NPPC with appro-
priate potencies (Fig. 3, A and B), whereas cGMP reporter cells
lacked responses to hNPPA, hNPPB, and NPPC but were strongly
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activated by SNP in a dose-dependent fashion (Fig. 3, C and D). To
enable assessment of the inhibition of agonist-induced hNPR1
activity and effects of compounds on basal hNPRI activity, we per-
formed reads before addition and 30 min after application of ago-
nist (Fig. 3E). To improve identification of active compounds and
to assist in ranking compounds, we also conducted primary screens
at six log concentrations (28). Our final hNPRI sensor assay was
highly consistent; screening of the LOPAC1280 (1280 compounds)
and BU-CMD (1838 compounds) libraries gave Z’ factor scores of
0.73 +0.07 and 0.72 + 0.2, respectively. Our assay also had a low hit
rate with these small libraries of compounds, and none of the mole-
cules identified as inhibitors from these small libraries passed
counterscreens (data file S1).

For the main qHTS, we used an automated robotic system (29)
and the National Center of Advancing Translational Sciences Genesis
library that consists of a chemically and structurally diverse set of
small molecules suited for rapid chemical modification (86,437
compounds screened, data file S2). Compounds that inhibited ac-
tivity (Fig. 3F) were identified using automated software (28). The
overall hit rate of our screen was 3.9%. These candidate compounds
were prioritized based on their potency, efficacy, and structural
relationships, and from all positive compounds, 1408 were judged
to be strong candidates for further study (see Materials and Methods
for details).

Although we identified compounds on the basis of their inhibi-
tion, these compounds might be interfering with components of the
assay instead of directly inhibiting hNPR1. Therefore, we used
overlapping strategies to eliminate false positives and identify bona
fide hNPRI inhibitors. First, we repeated, at eight concentrations,
qHTS assays on all selected compounds, confirming all the selected
compounds from our primary screen. Second, we subtracted com-
pounds that interfered directly with luciferase or molecules that
were cytotoxic (see Materials and Methods) (30). Third, to elimi-
nate compounds that directly block the activity of the cGMP sensor or
sequester GloSensor reagent, we tested for the inhibition of luciferase
activity upon activation of soluble GC in HEK-cGMP sensor cells
(using SNP). These counterscreens eliminated most of the initial
candidate compounds (data file S3). Only 15 candidates remained
after counterscreens were completed (tables S1 and S2). Figure 4
shows three of these candidates that potently inhibit h(NPRI1 activity.
These compounds inhibited hNPR2 and hNPR1 with similar po-
tency (fig. S2). The compounds JS-5, JS-8, and JS-11 show structural
similarity, suggesting a possible common mode of action and po-
tentially a shared binding site for this class of antagonists. To exam-
ine cross-reactivity of hNPR1 antagonists further, we investigated
whether JS-11 could inhibit the cyclase domain of the structurally
similar adenylate cyclase (AC) family of enzymes (31). Endogenously
expressed in HEK-293 cells, ACs were stimulated with forskolin
and amounts of cyclic adenosine monophosphate (cAMP) were mea-
sured using a cAMP biosensor [GloSensor technology pGS-22F,
(27)], using a similar approach to the one we used to measure
c¢GMP. Despite using a dose range of JS-11 that completely inhibited
NP-induced hNPRI activity, ACs were not inhibited (fig. S3). In
addition, a screen of the SafetyScreen44 panel of off-target G protein-
coupled receptors, transmitter transporters, ion channels, nuclear
receptors, and enzymes with clinical reference (32) only exposed
inhibition of CCKAR and HTR2A, two receptors without clearly
defined roles in itch sensation (table S3). Therefore, JS-11 is likely a
fairly selective antagonist of NPR1.
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Fig. 2. A-71915 is a partial agonist of mNPR1. (A) Schematic depicting
our strategy to measure NPR1 activity. NPR1 is stimulated by NP to increase
synthesis of cGMP; in turn, increased cGMP alters the conformation of a
PDE5—Firefly luciferase-based sensor (cGMP sensor), which results in hydrol-
ysis of GloSensor reagent and production of light. (B) Time-course experi-
ments quantifying luminescence of HEK-293 cells transiently expressing
cGMP sensor stimulated with the soluble GC activator SNP (333 uM; magenta),
media (black), hNPPA (blue), hNPPB (green), and NPPC (purple) (10 nM
each). (C) Quantification of activity of HEK-293 cells transiently expressing
mNPR1 and cGMP sensor stimulated with mNPPB (green), mNPPA (blue),
and NPPC (purple). Cl, confidence interval. (D) Quantification of inhibi-
tion of mMNPR1-cGMP sensor cells with A-71915 (5 min after addition of
A-71915, cells were treated with 1 nM mNPPB). (E) Quantification of mMNPR1-
cGMP sensor cells shows partial agonist activity for A-71915. Data represent
means +SEM of triplicate (B) or duplicate (C to E) measurements.
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Fig. 3. Cell-based screen identifies candidate small-molecule inhibitors of hNPR1. (A and C) Time-course experiments quantifying luminescence of stable cell lines
expressing pGS-40F and hNPR1 (A) and pGS-40F alone (C) stimulated by media (black), hNPPA (blue), hNPPB (green), NPPC (purple) (10 nM each), and SNP (333 uM, magenta).
(B and D) Quantification of activity of HEK-hNPR1-cGMP sensor cells (B) and HEK-cGMP sensor cells (D) with hNPPA (blue), hNPPB (green), NPPC (purple), and SNP (magenta).
(E) Schematic depicts the time course of our qHTS assay. (F) Representative three-axis plot of concentration-response curve profiles for compounds from the Genesis
chemical library; 519,417 concentration response values are displayed in gray (1574 outlier values were not plotted). Out of the 3.9% active compounds, 105 compounds
with greatest efficacy (maximum antagonism, >90%) are displayed (black traces). Curves were fit using a four-parameter logistic regression. Data represent means +SEM
of duplicate (A to C) or triplicate (D) measurements.
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Validation of candidate hNPR1 inhibitors

To study candidate compounds further, we selected 12 molecules
from those identified initially that we could obtain in large amounts
and at high purity, and we developed an independent strategy to
confirm their direct inhibition of hNPR1. The approach we used
was to directly determine cGMP production by stimulated hNPR1
in an in vitro assay (Fig. 5A). As expected, we found that the activa-
tion of hNPR1 with hNPPA increased cGMP amounts, whereas
activation of membranes with SNP did not (Fig. 5B). All tested
hNPR1 antagonists blocked cGMP production by hNPR1 (table S4
and Fig. 5C). The recorded potencies of inhibition in the in vitro
and cell-based assays, when corrected for differences in assay sensi-
tivity, were very similar (table S5).

We found that both the basal and agonist-induced hNPR1 activi-
ties were inhibited by antagonists (Fig. 6A). Because A-71915 does
not inhibit basal hANPRI activity, this suggested to us that the antag-
onists we identified inhibit hNPRI1 activity via a different mechanism.
To explore this further, we measured, with fixed concentrations of
A-71915, JS-5, JS-8, and JS-11, receptor activity to increasing con-
centrations of hANPPA. Whereas A-71915 induced a right shift in
hNPPA potency without any effect on maximal efficacy, our antago-
nists reduced maximal responses even at extremely high hNPPA
concentrations [10°-fold higher than the half maximal effective con-
centration (ECsp)] (Fig. 6B). This apparent lack of effect of increased
agonist concentrations could either indicate a noncompetitive inhibition
of hNPRI or be explained by slow dissociation of antagonists from
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Fig. 5. Cell-free membrane cyclase assay confirms that candidate compounds are specific antagonists of hNPR1. (A) Schematic depicts our strategy to measure
hNPR1 activity with an in vitro assay. A crude membrane fraction was prepared from HEK-hNPR1-cGMP sensor cells. Incubation of hNPR1T membranes with guanosine
triphosphate (GTP) and NP results in production of cGMP, and cGMP was measured using an enzyme-linked immunosorbent assay (ELISA) test. (B) Quantifications of
c¢GMP production by hNPR1 membranes, stimulated by hNPPA (blue) and SNP (red). (C) Quantification of inhibition of hNPPA-stimulated (1 nM) hNPR1 activity by JS-5
(blue), JS-8 (green), or JS-11 (purple). Data represent means +SEM for triplicate (B, ANPPA), duplicate (B, SNP), and duplicate measurements (C).
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Fig. 6. hNPR1 antagonists inhibit receptor activity through a noncompetitive
mechanism. (A) Quantification of the inhibition of basal hNPR1 activity by antago-
nists, JS-5 (blue), JS-8 (green), and JS-11 (purple). (B) Quantification of hNPR1 activity
to increasing concentrations of hNPPA in the presence of a fixed concentration of
antagonists (5 uM): JS-5 (blue), JS-8 (green), JS-11 (purple), A-71915 (magenta), and saline
(black). (C) Quantification of antagonist dissociation from hNPR1. HEK-hNPR1-cGMP sensor
cells were treated with JS-8 and either were given a 5-min washing step (red) or
were not treated (black). Next, cells were stimulated with hNPPA (60 pM) to test
whether JS-8 dissociates rapidly from hNPR1. Data represent means + SEM of trip-
licate (A and C) and duplicate (B) measurements.
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hNPRI. The latter explanation would mean that washing hNPR1
membranes, after incubation with antagonist, should have little
effect on receptor inhibition. To examine this possibility, we added
the antagonist JS-8 and measured inhibition of hNPPA-induced
hNPRI1 activation before and after washing. We found that even a
single 5-min washing step was sufficient to completely recover hNPR1
activity (Fig. 6C), suggesting that the antagonists we identified have
fast dissociation rates. Therefore, the antagonists we identified probably
block hNPR1 via a noncompetitive mechanism.

Inhibition of itch in vivo by NPR1 antagonists

As we finally wanted to test whether inhibition of NPR1 can allevi-
ate itch in mouse models, we next examined the potencies of inhibi-
tion of compounds on mNPR1 (table S6). Comparison of inhibition
of hNPR1 and mNPRI revealed, when corrected for differences in
assay sensitivity, that most of the identified compounds had similar
inhibitory properties at mouse and human receptors (table S5), sug-
gesting that they might block behavioral responses to itch-inducing
agents in vivo in mice.

Because NPR1 signaling has been suggested to be critical for acute
itch (13), we first sought to investigate the ability of NPR1 antago-
nists to inhibit acute itch responses. We determined that compound
JS-11 might be suited to block itch in vivo because it has a relatively
high water solubility and membrane permeability and a reasonable
half-life (table S7). Next, we examined the pharmacokinetic proper-
ties of JS-11 in vivo. We found that, after intraperitoneal deliv-
ery (5 mg/kg), JS-11 concentrations decayed with first-order kinetics
in plasma and central nervous system (CNS) tissues with half-life of
about 30 min and JS-11 readily crossed the blood-brain barrier (fig. S4)
(33). Amounts of JS-11 in the CNS reached concentrations that
should, based on the calculated K; (inhibition constant), inhibit mNPRI.
JS-11 did not have major untoward effects on mouse behavior when
administered intraperitoneally (163 pg, ~7.5 mg/kg), did not alter
spontaneous locomotor activity, and did not change rotarod perform-
ance (fig. S5, A to C). Next, we tested whether scratching responses
induced by intradermal injections of histamine were attenuated by
JS-11 (Fig. 7A). Treatment with JS-11 reduced scratching responses
to histamine by more than a half (Fig. 7B and fig. S5D). To corrob-
orate this result, we assayed whether JS-11 can inhibit itch responses
induced by a second agent that elicits scratching in mice, CYM5442,
which activates sphingosine-1-phosphate receptor 1 (26). Our re-
sults showed that JS-11 attenuates CYM5442-induced scratching
(Fig. 7C and fig. S5E).

Previously, we showed that itch can be attenuated by ablation of
spinal cord NprI neurons (13). To examine whether JS-11 inhibits
itch through a spinal cord pathway, we examined pruritogen-activated
¢-FOS expression in spinal cord neurons (34). Corroborating that
JS-11 likely inhibits this pathway, JS-11 substantially reduced the
number of c-FOS-positive neurons to intradermal histamine chal-
lenge (Fig. 7, D to F). In addition, intrathecal delivery of JS-11 (16.3 ug,
~0.75 mg/kg) strongly reduced scratch responses of histamine-
challenged mice (Fig. 7G and fig. S5F).

For NPR1 antagonists to have translatable potential, NPPB should
also be required for human itch. Although it is not formally possible
to directly test this requirement in humans (at this stage), a precon-
dition for NPPB to have a role in human itch neurotransmission
would be that it should be expressed in the appropriate sensory
neurons. We showed that NPPB is expressed in a subset of human
TRPV1 sensory neurons (Fig. 1), but we wondered if it is also coexpressed
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Fig. 7. NPR1 antagonist inhibits acute itch behavior. (A) Schematic depicting the strategy used to test effects of JS-11 in a mouse model of acute itch. i.p., intraperito-
neal; i.t,, intrathecal; s.c., subcutaneous. (B and C) Quantification of scratching responses to histamine (B, n = 8) and CYM5442 (C, n = 10) (B, *P = 0.0221; C, *P = 0.0128,
paired t test). Mice were intraperitoneally injected with 163 ug of JS-11 or vehicle and, 10 min later, injected into the nape of the neck with pruritogens (100 ug of hista-
mine and 8.9 ug of CYM5442). (D and E) Representative images of c-FOS immunostaining in the spinal cord after intradermal calf injection of histamine (100 ug) and
previous administration of JS-11 (163 nug) or vehicle [20% dimethyl sulfoxide (DMSO)]. (F) Quantification of the number of c-FOS-positive neurons (average from six sec-
tions for each animal; n = 4 mice per treatment). Significant differences were assessed using one-way ANOVA and Sidak’s multiple comparisons post hoc test. JS-11 re-
duced the number of spinal c-FOS-positive neurons ipsilateral (ipsi) to the histamine injection (*P < 0.0001) without affecting basal activity on the contralateral (contra)
side (ns, P = 0.9953). Histamine significantly increased numbers of c-FOS neurons ipsilateral to the injection side in both treatment groups (JS-11, *P = 0.0058; vehicle,
*P < 0.0001). (G) Quantification of the effect of intrathecal delivery of JS-11 (16.3 ug) and vehicle (20% DMSO) on numbers of scratching bouts to histamine (100 ug into
the nape of the neck). Itch responses were significantly reduced by administration of JS-11 (*P = 0.0030, paired t test; n = 8). (H and I) Representative double ISH images
of human DRG sections revealed neurons stained for NPPB (H and |, magenta), HRH1 (H, cyan), and MRGPRX1 (1, cyan). Neurons positive for NPPB and itch receptors are
highlighted with white dotted profiles.
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with known itch receptors. Therefore, we performed double-label
ISH on human DRG sections with NPPB and the histamine recep-
tor HRH1 (35) and chloroquine receptor MRGPRX1 (12, 36). We
found that HRHI is largely coexpressed with NPPB [Fig. 7H; 99 +
0.5% of HRHI neurons express NPPB (106 of 107 neurons, n = 4
donors); all NPPB neurons express HRHI] and that all MRGPRX1-
positive cells coexpress NPPB (Fig. 71; 121 MRGPRX1I neurons
express NPPB, n = 4 donors), although some NPPB-expressing cells
were MRGPRX1 negative (17.3 + 3%; 29 neurons; n = 4 DRG donors).

A potential concern with NPR1 antagonists is the known vasodi-
latory effects of these receptors (37), which could potentially pro-
duce unwanted cardiovascular effects. To investigate this possible
side effect, we examined effects of acute intraperitoneal injection of
JS-11 on blood pressure and heart rate. Figure S6 shows that, except
for a slight change in the kinetics of a transient (<5 min) drop in
blood pressure directly after injection, we could not detect drug-
induced changes in either blood pressure or heart rate.

Clinically, most acute itch can be controlled with antihistamines
(1); however, antihistamines lack effectiveness against persistent forms
ofitch (2, 3). In different skin disorders associated with persistent itch,
including atopic and contact dermatitis, T cell-derived interleukin-31
(IL-31) has been postulated to be a mediator for disease progression
and correlated with disease severity in humans (38-41). Therefore,
we examined the expression of NPPB with IL31RA. Like for HRHI
and MRGPRX1 itch receptors, ISH revealed that most of the human
NPPB neurons coexpress IL31RA [Fig. 8A; 90 + 3% of IL31RA neu-
rons express NPPB (119 of 126, n = 4 donors); all NPPB neurons
express IL31RA]. To further investigate the significance of this
coexpression in vivo, we tested the potential for blocking IL-31-
mediated itch (42) with a NPR1 antagonist in a model of contact
hypersensitivity (Fig. 8B). If NPPB is an important mediator of this
type of itch, then we anticipated that a NPR1 antagonist would atten-
uate scratching. In this model, scratching, but not skin inflamma-
tion, is dependent on IL-31 (42). In line with this notion, as assessed
by measuring ear thickness after hapten challenge, acute blockade
of NPR1 with JS-11 had no effect on skin inflammation (Fig. 8C).
By contrast, JS-11 attenuated hapten-induced scratching responses
by about a half (Fig. 8D and fig. S7). This result indicates that ongo-
ing peripheral drive contributes to pruritus in a model of persistent
inflammatory dermatitis and suggests that antagonism of NPR1
might be an approach to treat chronic itch.

DISCUSSION

Chronic itch is a major concern for large numbers of people, partic-
ularly because most available treatments are, at best, only partially
effective (3). Scratching associated with itch is often the principal
relief for patients, and this leads long term to severe skin damage. In
addition, these skin abrasions are disfiguring and can lead to infec-
tions, and this itch scratch cycle seriously reduces quality of life for
sufferers. The underlying molecular and cellular mechanisms for
itch have started to be understood in mice and other model organisms
(4, 7, 43). In turn, this has led to the possibility of targeting, for the
development of new treatments, key signaling molecules. For in-
stance, small-molecule antagonists for gastrin-releasing peptide recep-
tor, a neurotransmitter receptor required for itch (44), have been
developed (45, 46). Here, in proof-of-principle studies, we examined
whether inhibition of the signaling through another crucial neu-
rotransmitter, NPPB, might be a viable method to reduce itch.
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The initial rationale for choosing NPPB as a target for the treat-
ment of itch was based on the knowledge of its critical importance
for acute itch responses to multiple itch-inducing compounds in
mice (13). In addition, the expression of Nppb in the skin was shown
to be markedly increased in models of itch (16, 47, 48) as well as in
patients diagnosed with atopic dermatitis or psoriasis (16, 49), sug-
gestive of involvement of NPPB in persistent itch. Furthermore, in
renal failure, a condition known for a high incidence of itch (50),
blood NPPB concentrations were found to be elevated in human
subjects and correlated with itch ratings (51). We show that NPPB
is expressed in a subset of TRPV1-expressing human DRG neurons
and is coexpressed with the itch receptors HRIR and MRGPRX1
(36, 52). In addition, we find that IL31RA, a key player for the develop-
ment of inflammatory skin diseases associated with chronic itch
(38-41), is coexpressed with NPPB in human DRG neurons. For the
most part, this expression pattern and other characteristics of human
NPPB neurons are reminiscent of those in mouse, suggesting that
NPPB probably plays a similar function in humans and mice (13).
Our data also point to an interesting distinction between mice and
humans; whereas in mice Mrgpra3 and Mrgprcl1, receptors that share
some pharmacological similarities with the human MRGPRX1 (25),
are not coexpressed with Nppb (15), MRGPRX1 and NPPB are coex-
pressed in humans.

Given that NPPB is a potential target for development of treat-
ments of itch, we searched for potent NPR1 antagonists. Initially,
we tested the previously identified NPR1 inhibitor A-71915 and
found that it is a strong partial agonist, not a neutral antagonist, of
mNPRI. Because A-71915 is structurally related to NP (18), it likely
competes with NP for the same binding site. This domain is the
least conserved region of murine and hNPR1, potentially explaining
this species-specific difference in pharmacodynamics. The fact that
A-71915 is not a neutral antagonist, but is instead a strong partial
agonist, suggests a potential explanation for the lack of efficacy of
A-71915 on itch behavior in vivo (22). Also, A-71915 may have a very
short half-life in humans (53-56). For these reasons, we embarked
on HTS to identify novel NPR1 antagonists that can better inhibit
NPRI1 activity. Our HTS identified 15 new hNPR1 antagonists.
Although these molecules efficiently inhibited both human and
mNPRI, they also inhibited hNPR2 and, at least for JS-11, inhibited
CCKAR and HTR2A. In future studies, this information may be
helpful in identifying more specific NPR1 antagonists. Pharmaco-
logical analysis of antagonists revealed that they likely act as non-
competitive inhibitors of NPR1. Similar but oppositional allosteric
effects on NPR1 activity have been described before (57, 58). In par-
ticular, binding of a chloride ion to a region of the extracellular
domain that is not directly involved in ligand binding favored NPPA
binding to NPR1 (58), and binding of adenosine triphosphate to the
intracellular kinase homology domain increased NPPA-induced NPR1
activation (57). Although the exact molecular mechanism of NPR1
inhibition by our antagonists is unknown, it might involve interfer-
ence with one or more steps of the sequential ligand-induced NPR1
activation cascade. Upon binding of NP to the orthosteric binding
site, which is built asymmetrically by two NPR1 molecules, a twisting
motion is thought to be induced (59). This, in turn, leads to activa-
tion of the intracellular GC domain (59). However, because struc-
tural data are lacking for the intracellular domains of NPR1 (60, 61),
it is unclear which exact structural reconfigurations of the NPR1
intracellular domains are involved. We note that there are some common
structural elements to the inhibitors we identified. For example, the
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Fig. 8. NPR1 antagonism inhibits itching in a mouse model of contact dermatitis. (A) Representative double ISH image of a human DRG section reveals that NPPB
(magenta) and IL37RA (cyan) are coexpressed. Neurons coexpressing NPPB and IL31RA are highlighted with white dotted profiles. (B) Schematic depicts the experimental
strategy to examine the effects of JS-11 on a mouse model of contact hypersensitivity-induced itch. (C) Quantification of the effects of JS-11 treatment on contact dermatitis—
induced changes in ear thickness. There were no significant differences between JS-11 (pink, 163 ug) and vehicle (blue, 20% DMSO) groups (n = 10). Ear thickness was
analyzed using one-sample t test against a theoretical mean of 100% (vehicle: ns, P = 0.8020 and JS-11: ns, P = 0.4384), and differences between treatment groups were
assessed using unpaired t test (ns, P = 0.5283). (D) Quantification of the effects of JS-11 treatment on contact dermatitis—induced changes in scratching responses. Itch
behavior was significantly reduced by administration of JS-11 (pink, 163 ug) compared to vehicle (blue, 20% DMSO) (n = 10). Scratching responses were analyzed using
one-sample t test against a theoretical mean of 100% (vehicle: ns, P = 0.3951 and JS-11: *P < 0.0001), and differences between treatment groups were assessed using
unpaired t test (*P = 0.0193).

nitrogen-containing indene cores in JS-5, JS-8, and JS-11 may em-
body structural features of adenosine or guanosine triphosphate
sufficient for occupancy of the nucleotide-binding site(s) conserved
in NPR1 and NPR2, thus explaining the noncompetitive nature of
NP antagonism and equivalent NPR subtype selectivity observed.
However, our findings that ACs are not inhibited by JS-11 suggest
that these antagonists are not broad cyclase inhibitors (31).

Solinski et al., Sci. Transl. Med. 11, eaav5464 (2019) 10 July 2019

In the present study, we found that blocking NPR1 not only is
effective in attenuating acute itch but also reduced scratching in a
model for persistent inflammatory dermatitis that is associated with
chronic itch. At this point, we cannot exclude the possibility that the
itch-reducing effects of JS-11 may, at least in part, be caused by in-
hibition of off-targets. However, this is very unlikely, as NPR2,
CCKAR, and HTR2A have not been associated with histamine- or
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CYM5442-induced itch or with spontaneous itch in persistent in-
flammatory dermatitis. Based on previous reports of the mecha-
nism by which NPPB acts (13), we propose that the site of action of
JS-11 is the Nprl-expressing interneurons in the spinal cord. Con-
sistent with this, JS-11 readily crosses the blood-brain barrier and
reaches concentrations that, based on our in vitro characterization,
predict mNPR1 inhibition. Also, we found that intrathecal delivery
of JS-11 phenocopied the same itch-attenuating effects of systemic
administration, and pruritogen-induced activation of spinal dorsal
horn neurons was likewise reduced by JS-11.

As well as being expressed in spinal interneurons, NPR1 is ex-
pressed in other tissues, including the kidney and vasculature (37),
raising concerns about potential unwanted side effects of NPR1 in-
hibition. We measured cardiovascular effects of JS-11 after acute
delivery as a test of preclinical safety. In this acute setting, we did
not find major effects on blood pressure or heart rate. This lack of
effect may be because the JS-11 dose we used did not suppress cardio-
vascular effects of NPPA, the most potent agonist of NPR1, as effi-
ciently as the pruritic effects of NPPB. Future studies are needed to
systematically examine all possible potential side effects of NPR1
antagonists, especially under chronic NPR1 inhibition. However,
NPR1 inhibition may still be practical in renal failure patients be-
cause one of the major sites of action of NP is the kidney. Because
uremic itch affects a large percentage of kidney failure patients and
there are few effective treatments, an anti-itch drug would considerably
improve the quality of life for this growing patient population (50).

There are limitations of translatability to the clinic of NPR1 antago-
nism and using JS-11 to alleviate itch. The investigational inhibitor
JS-11 is not suitable for use in the clinic because of its relatively low
affinity, issues of cross-reactivity, and insufficient physicochemical
properties. Furthermore, NPR1 inhibition may remain problematic
because of unwanted on-site effects. In addition, preclinical tests in
large animals that include a thorough mechanistic investigation of
JS-11 effects need to be conducted. However, although there are ad-
ditional steps and hurdles before NPR1 antagonists might be used
for the treatment of itch, our data suggest that NPR1 might be a
potential target for treating acute and chronic itch.

MATERIALS AND METHODS

Study design

The primary research objective was to determine if itch could be
reduced by antagonism of the NPPB receptor NPR1. All other hy-
potheses were related to this objective. The research subjects and
units of investigation were cell culture cells, DRG and spinal cord
tissue from human donors, and mice in controlled laboratory ex-
periments. Animals were randomly assigned to two groups, and the
experimenter was not blinded. Sample sizes for in vitro and cell-
based assays were those used by other laboratories in the field. For
animal experiments, sample sizes were based on experience and were
of a size generally used in the itch field. Data from two mice (Fig. 7B)
were excluded, as these mice did not complete testing because they
were euthanized for reasons unconnected with the experiment.

Statistical analysis

All data are shown as the mean + SEM, and statistical analyses were
performed with Prism 7.0. To determine whether samples were
normally distributed, D’Agostino & Pearson (n > 7) or Shapiro-Wilk
(n < 7) tests were performed. Differences between mean values of
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two groups were analyzed using unpaired or paired two-tailed t test
or two-tailed Mann-Whitney or Wilcoxon test. Mean differences of
more than two groups were analyzed using one-way analysis of
variance (ANOVA) with Sidak’s multiple comparisons post hoc test
or Friedman’s test with Dunn’s multiple comparisons post hoc test.
Differences in scratching time-course experiments were analyzed
with two-way ANOVA and Sidak’s multiple comparisons post hoc
test. Differences were considered significant for *P < 0.05. Exact
P values and definition and number of replicates are given in the
respective figure legend.
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Let him that itches block NPR1

Chronic itch is an uncomfortable sensation with major impact on the quality of life. The pathophysiology of
itch is not clearly elucidated, and the few available treatments are mostly ineffective. The natriuretic peptide
receptor 1 (NPR1) has been recently shown to promote itch in mice; however, a peptide NPR1 inhibitor showed
poor effects in mice. Investigating the reason for these negative results, Solinski et al. now show that the reported
NPR1 inhibitor acted as partial agonist of the receptor, thus explaining the failure in relieving itch. Using
high-throughput screening, the authors identified small-molecule human NPR1 antagonists. The molecules were
able to relieve chronic itch in mice without inducing adverse effects.
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