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SUMMARY

Although sex dimorphism is increasingly recognized as an important factor in pain, female-
specific pain signaling is not well-studied. Here we report that administration of 1L-23 produces
mechanical pain (mechanical allodynia) in female, but not male mice, and chemotherapy-induced
mechanical pain is selectively impaired in female mice lacking //23 or //23r. IL-23-induced

pain is promoted by estrogen but suppressed by androgen, suggesting an involvement of

sex hormones. IL-23 requires C-fiber nociceptors and TRPV1 to produce pain but does not
directly activate nociceptor neurons. Notably, IL-23 requires IL-17A release from macrophages
to evoke mechanical pain in females. Low dose IL-17A directly activates nociceptors and

Correspondence should be addressed to: Ru-Rong Ji (Tel: 919-684-9387), Center for Translational Pain Medicine, Department

of Anesthesiology, Duke University Medical Center, Durham, North Carolina, NC 27710, USA, ru-rong.ji@duke.edu, Xin Luo:
xin.luo21@hotmail.com.

AUTHOR CONTRIBUTIONS

X.L. and R.R.J developed the project. X.L, O.C., Z.W., S.B., J.J., K.F,, Q.H., X.T., A.B. conducted experiments and analyzed

data; S.L. conducted gPCR experiment under supervision of T.B. M.C.K provided monkey DRG tissue. T.B., C.R.D., A.N., Y.C.
participated in project discussion. X.L. and R.R.J. wrote the manuscript; Y.H., C.R.D., A.B., T.B., AN, Y.C. and M.C.K and other
co-authors edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo etal. Page 2

induces mechanical pain only in females. Finally, deletion of estrogen receptor subunit a. (ERa.)
in TRPV1* nociceptors abolishes IL-23- and IL-17-induced pain in females. These findings
demonstrate that the IL-23/IL-17A/TRPV1 axis regulates female-specific mechanical pain via
neuro-immune interactions. Our study also reveals sex dimorphism at both immune and neuronal
levels.

eTOC blurb

In this issue of Meuron, Luo et al., describe how IL-23, produced by macrophages, regulates
mechanical pain in female mice, via IL-17 release, and subsequent activation of IL-17 receptor
and TRPV1 in nociceptors, and therefore, offer a mechanistic insight into sex dimorphism in
female pain through immune and neuronal regulations.
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Dorsal root ganglion; estrogen receptor a; IL-17; IL-23; macrophage; mechanical allodynia;
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INTRODUCTION

Sex dimorphism in chronic pain is a well-recognized clinical phenomenon, as females

are more likely to suffer from chronic pain conditions, such as neuropathic pain, chronic
fatigue syndrome, and fibromyalgia (Fillingim et al., 2009; Maixner and Humphrey, 1993).
Emerging studies suggest sex differences in neuroimmune modulation of pain (Mogil,
2020). For example, spinal microglia regulate neuropathic pain selectively in male mice
(Sorge et al., 2015), and microglia exhibit male-specific regulation of pain through Toll-like
receptor 4, P2X4 receptor, and p38 MAP kinase (Chen et al., 2018b; Mapplebeck et al.,
2018; Sorge et al., 2011; Taves et al., 2016). Macrophages are increasingly appreciated to
play important roles in the pathogenesis and resolution of pain (Bang et al., 2018; Chen

et al., 2020a). Macrophage activation in dorsal root ganglion (DRG) promotes pain in both
sexes (Lopes et al., 2017; Luo et al., 2019c; Yu et al., 2020). However, emerging evidence
suggests that male and female macrophages may use distinct pathways to modulate pain.
In a mouse model of chemotherapy-induced peripheral neuropathy (CIPN), macrophage
Toll-like receptor 9 (TLR9) signaling drives mechanical pain only in male mice (Luo et
al., 2019c). Yu et al. showed that neuronal colony-stimulating factor-1 (CSF-1) regulates
macrophage expansion in DRGs in male mice in the spared nerve injury model (Yu et al.,
2020). However, the mechanism by which macrophages contribute to pain pathogenesis in
females remains unknown.

It is generally believed that macrophages induce pain through interactions with peripheral
nociceptor neurons (Chen et al., 2020a). Nociceptors represent a heterogeneous population
of unmyelinated C-fibers and myelinated A-§& fibers (Woolf and Ma, 2007). Transient
receptor potential vanilloid type 1 (TRPV1) channels are mainly expressed on C-fiber
nociceptors and integrate thermal, chemical, and other noxious stimuli into pain signals
(Basbaum et al., 2009; Caterina and Julius, 2001). Macrophage-produced pro-inflammatory
cytokines/chemokines such as TNF-a and CCL-2 act directly on nociceptors to elicit
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nociceptor sensitization (peripheral sensitization) and trigger pain hypersensitivity via
TRPV1 activation (Chen et al., 2020a). Notably, prolactin produces female-specific pain
signaling via prolactin receptor expressed by nociceptors (Chen et al., 2020b; Patil et

al., 2019). Prolactin modulates TRPV1 activity in female sensory neurons in an estrogen-
dependent manner (Diogenes et al., 2006). A recent study also demonstrated sex differences
in nociceptor translational regulations (translatomes) (Tavares-Ferreira et al., 2020).

Interleukin 23 (IL-23) is a pro-inflammatory cytokine member of the interleukin 12 (1L-12)
family and is released by antigen-presenting cells such as dendritic cells and macrophages
(Gaffen et al., 2014). I1L-23 exerts its functions through 1L-23 receptor (IL-23R) in immune
cells (e.g., T helper 17 cells) and drives the release of interleukin 17A (IL-17A) (Gaffen

et al., 2014). Of note, the IL-23/IL-17 axis is essential for the pathogenesis of multiple
inflammatory diseases, such as psoriasis and inflammatory bowel disease (van der Fits

et al., 2009). Recently, IL-23 was found to induce a unique phenotype of macrophages
(M-1L-23) that is distinct from conventional proinflammatory M1 and anti-inflammatory
M2 phenotypes by unique production of IL-17A (Hou et al., 2018). IL-17A is a pro-
inflammatory cytokine member in the 1L-17 family and mediates pain through IL-17
receptor A (IL-17RA) that is known to be expressed by nociceptors (Luo et al., 2019a;
Richter et al., 2012). In the present study, we investigated how peripheral IL-23 signaling
modulates pain in male and female mice. Our findings demonstrate that IL-23 is necessary
and sufficient to produce mechanical pain only in female mice. Furthermore, IL-23 signaling
drives macrophage release of IL-17A, which enhances nociceptor excitability via IL-17RA
to promote mechanical pain in females. These findings provide new insights into multi-level
sex dimorphism arising from macrophage-neuron crosstalk in persistent pain states.

RESULTS

IL-23 drives female-specific mechanical allodynia in naive mice

We first measured the behavioral effects of intraplantar (1.PL.) injections of IL-23 at various
doses (1, 10 and 100 ng) in naive male and female mice. Von Frey testing showed that I.PL.
IL-23 produced mechanical allodynia in females in a dose-dependent manner, as indicated
by decreased paw withdrawal threshold (PWT) compared to PBS vehicle (Figure 1A): 1

ng IL-23 did not alter PWT to produce mechanical pain; 10 ng IL-23 induced transient
mechanical pain at 0.5h; but 100 ng IL-23 evoked persistent mechanical pain for > 5h
(Figure 1A). In contrast, these doses (1-100 ng) of IL-23 failed to produce mechanical pain
in male mice (Figure 1A). The area under curve (AUC) analysis also revealed striking sex
differences in 1L-23-elicited mechanical pain (Figure S1A). Hargreaves and acetone tests
showed that I.PL. IL-23 (1-100 ng) failed to evoke thermal or cold hypersensitivity in
either sex, (Figures 1B-1C). I1L-23 receptor (IL-23R) is the only known receptor of I1L-23
(Gaffen et al., 2014). Notably, IL-23-evoked mechanical allodynia was abolished in /2377~
female mice (Figure 1D), suggesting a specific effect of IL-23 that is mediated by IL-23R.
Furthermore, IL-23-induced mechanical pain in female mice was reversed by I.PL. injection
of IL-23R antagonist P2305 (Quiniou et al., 2014) (Figure 1E). In contrast, IL-12, a family
member of IL-23, evoked mechanical allodynia in both sexes, suggesting a distinct action of
IL-23 in mediating female-specific mechanical pain (Figure S1B).
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We further investigated whether IL-23 administration produced signatures of ongoing pain
using a two-chamber conditioned place aversion (CPA) assay. Following pre-conditioning,
mice were pretreated with I.PL. IL-23 (100 ng) or vehicle 1 h before testing, followed by
repeated stimulation with a sub-threshold von Frey fiber (0.04 g) applied to the ipsilateral
hindpaw of both male and female mice. While this stimulus is normally innocuous to naive
mice, von Frey fiber stimulation produced marked aversion in IL-23-treated female mice
compared to the vehicle group. The same stimulation failed to produce aversion in male
counterparts (Figures 1F-1H).

We also tested the intrathecal (I.T.) injection of IL-23, as this injection route can target cells
in the spinal cord and DRGs (Donnelly et al., 2021). The result showed that I.T. injection of
100 ng of IL-23 also produced female-specific mechanical pain (Figure 11). Taken together,
our results suggest that 1L-23 signaling drives mechanical pain through IL-23R in female
mice.

IL-23 and IL-23R regulate chemotherapy-induced mechanical pain in females

To investigate the role of IL-23 signaling in chronic pain, we used a mouse model of CIPN
in both sexes, produced by injection with the chemotherapeutic agent paclitaxel (PTX).
This CIPN model allowed us to collect DRGs at all the spine levels for various analyses
including flow cytometry analysis (Liu et al., 2014). We employed different approaches

to determine the contribution of IL-23/IL-23R axis to CIPN. First, we collected serum

and DRGs from naive mice and PTX-treated mice on day 7, when neuropathic pain is
fully developed in association with marked immune cell infiltration in DRGs (Luo et al.,
2019c). ELISA data revealed a significant increase of IL-23 in serum and DRGs of female
CIPN mice as compared to female naive mice (Figures 2A-2B). By contrast, we did not
observe IL-23 increases in serum and DRGs of male mice following CIPN (Figures 2A—
2B). These data suggest that CIPN results in both systemic and local upregulations of
IL-23 in females. Second, we examined PTX-induced mechanical pain in wildtype (WT)
mice and knockout (KO) mice lacking either the ligand (/237 or receptor (//23r") of
the 1L-23/IL-23R axis. Notably, the baseline mechanical pain was unaltered in //23/~and
112377~ mice of either sex, compared to corresponding WT controls (Figures 2C-2D). PTX
produced mechanical pain in WT mice of both sexes, but //23 or //23r deficiency reduced
PTX-induced mechanical pain in female but not male mice (Figures 2C-2D). Of interest
1123 or 1/23r deficiency reduced mechanical pain in the early-phase (day 3) and late-phase
(2-3w) of PTX-treated females, without changing mechanical pain in the mid-phase (7d and
10d) (Figures 2C-2D). PTX also evoked cold pain (cold allodynia) in both sexes, which
was not affected by //23or //23r deficiency (Figures S2A-S2B). Third, we assessed the
sex effects of IL-23R antagonist P2305 in different pain models. Mechanical pain after
CIPN was reversed by I.PL. or I.T. administration of the IL-23R antagonist P2305 in
female but not male mice (Figures 2E-2F). Additionally, 1.PL. injection of P2305 reduced
neuropathic pain (mechanical allodynia) in females after nerve injury (chronic constriction
injury, CCI) and diabetic neuropathy, induced by streptozotoxin (STZ) (Figures 2G-2H).
We also tested formalin-induced acute inflammatory pain in both sexes and found that
I.PL. P2305 reduced Phase Il spontaneous pain in the formalin model in female mice
(Figures 21-2J). Collectively, these results suggest that 1L-23/IL-23R axis is required for
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generating female-specific mechanical allodynia (neuropathic pain) and spontaneous pain
(inflammatory pain).

Sex hormones differentially regulate IL-23-mediated mechanical pain

To further understand the mechanisms underlying sex dimorphism of 1L-23 signaling in
pain, we used multiple surgical and pharmacological approaches to investigate the impact
of estrogen signaling in this process. Estrogen deficiency by ovariectomy (OVX) largely
prevented IL-23-induced pain in female OVX mice vs. sham control mice (Figure 3A).
Concordantly, systemic pretreatment of estrogen (2 mg/kg, subcutaneously) enabled I1L-23-
induced pain in males (Figure 3B). This effect was mediated by estrogen receptor a. (ERa.)
but not estrogen receptor B (ERp), because subcutaneous treatment of ERa agonist PPT but
not ERB agonist AC186 (2 mg/kg) could enable IL-23-induced pain in males (Figure 3B).
Estrogen deficiency also relieved PTX-induced mechanical pain at 3 d and 2 w in females
(Figure S3A), as mechanical allodynia at these time points was dependent on IL-23/IL23R
signaling (Figures 2C-2D). Consistently, we found that co-intraplantar injection of the ERa
antagonist MPP (30 ug) with IL-23 prevented IL-23-induced mechanical pain in female
mice (Figure 3C).

We then asked why male mice are insensitive to 1L-23. We observed that androgen
deficiency by orchiectomy (ORX) enabled IL-23-produced mechanical pain in ORX
males vs. sham-operated mice (Figure 3D). Furthermore, testosterone treatment (2 mg/kg,
subcutaneous) inhibited IL-23-induced pain in female mice (Figure 3E). Co-intraplantar
injection of the androgen receptor (AR) antagonist Ailanthone (30 pg) with IL-23 enabled
IL-23-induced mechanical pain in male mice (Figure 3F). In the CIPN model, androgen
deficiency did not alter mechanical pain (Figure S3B). IP.L. IL-23R antagonist P2305 (10
ug), however, did reduce paclitaxel-induced mechanical pain in male ORX mice but not
female OV X mice (Figure 3G). Additionally, I.PL. injection of the ERa antagonist MMP
(30 pg) decreased PTX-induced mechanical allodynia in females but not males (Figure
S3C), showing no effects on cold allodynia (Figure S3D). Together, these findings suggest
crucial roles of 1) estrogen in promoting IL-23-mediated mechanical pain via ERa and 2)
androgen (testosterone) in suppressing this pain.

IL-23-induced mechanical pain requires macrophages and C-fiber nociceptors

We further assessed the cellular mechanisms underlying IL-23-induced pain. Ablation

of macrophages/monocytes by intravenous injection of macrophages/monocytes toxin,
clodronate liposomes (Bang et al., 2018), completely prevented IL-23-evoked mechanical
pain (Figure 4A). As macrophages are an important biological source of IL-23 (Gaffen
etal., 2014; Hou et al., 2018), we measured IL-23 release in peritoneal macrophage
cultures by ELISA assay. We found that female macrophages displayed higher levels

of 1L-23 release in culture medium following PTX incubation (1 pg/ml, 16h) compared

to male macrophages (Figure 4B). Chemotherapy-activated macrophages are sufficient to
evoke mechanical pain by adoptive transfer of macrophages (Luo et al., 2019c). Figure

4C shows mechanical pain following I.PL. injection of PTX-activated macrophages in both
sex-matched manner (male to male and female to female) and cross-matched manner (male
to female and female to male). We observed that female macrophages produced more
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potent and persistent mechanical pain in female vs. male recipients, whereas male recipients
displayed greater mechanical pain from male donors than female donors (Figure 4C), in
support of a sex-based macrophage-mediated pain. Flow cytometry analysis revealed that
female DRGs displayed larger IL-23* subset of macrophages than male DRGs under both
naive and CIPN conditions (Figures S4A-4B, Table S1). Female DRGs also displayed
larger subset of 1L-23R* macrophages under both naive and CIPN conditions (Figures
S4C-4D). In peritoneal macrophage culture, PTX incubation (1 pg/ml, 16 h) significantly
increased the population of 1L-23* macrophages in both females and males (Figures
S4E-4F). IL-23R™* population of macrophages was significantly larger in female vs. male
peritoneal macrophages after PTX treatment (Figures S4G-4H). We also performed transfer
of PTX-activated macrophages from WT, /237~ and //23r'~ mice. WT macrophages
evoked sustained mechanical pain in both sexes for > 3 days (Figure 4D). However, //237~
macrophages failed to produce mechanical pain in female recipients at 2d and 3d time
points (Figure 4D). There was no difference between WT and //237~ macrophage-induced
mechanical pain in male recipients (Figure 4D). Consistently, //237/~ macrophages also
produced less and more transient mechanical pain compared to WT macrophages only in
females (Figure 4E). Given a critical role of T cells in mediating 1L-23 signaling in disease
conditions such as psoriasis (Riol-Blanco et al., 2014), we also tested IL-23-evoked pain in
T cell deficient nude mice and RagZ~/~ mice. Strikingly, I.PL. IL-23 was fully capable of
inducing mechanical allodynia in both lines of immune-deficient mice (Figure 4F), arguing
against an involvement of T cells. These results suggest that macrophages are both required
and sufficient to mediate 1L-23-produced mechanical pain in females.

C-fiber and A-fiber sensory neurons mediate mechanical pain via distinct mechanisms (Hill
and Bautista, 2020). Ablation of TRPV1* C-fibers by resiniferatoxin (RTX, subcutaneous
injection for 3 continuous days at escalating doses of 30, 50 and 100 pg/kg) completely
abolished mechanical pain induced by IL-23 (Figure 4G). We also blocked C-fibers or A-
fibers (Ap fibers) using QX-314 (6 mM) together with C-fiber activator capsaicin (Binshtok
et al., 2007) and AB-fiber activator flagellin (Xu et al., 2015). I.PL. pre-treatment with
QX-314 plus 5 pg capsaicin, but not QX314 plus 0.3 pg flagellin, prevented the 1L-23
evoked mechanical pain in female mice when compared to control mice treated with QX314,
suggesting the involvement of C-fibers but not A fibers in this process (Figure 4H).
However, ablation of non-peptidergic nociceptors (IB4-binding) with IB4-saporin had no
effect on IL-23-evoked mechanical pain (Figure 41).

Our results indicated that IL-23-induced pain requires TRPV1* C-fiber nociceptors and

led us to investigate whether 1L-23 would directly modulate nociceptor activities to evoke
pain. We used Ca?* imaging to measure acute effect of IL-23 on dissociated DRG sensory
neurons from male and female Advillin®"¢/GCamp6fmice (Wang et al., 2020a). Our results
showed that 1L-23, even at a high concentration (100 ng/ml, 2 min), had no effect on Ca2*
signaling in sensory neurons from either females or males. As positive control, capsaicin
(300 ng/ml, 2 min) caused robust Ca%* influx in ~20% DRG neurons without sex difference
(Figures 4J-4K). 1L-23 may excite nociceptors via mechanisms other than Ca2* signaling.
To address this question, we used electrophysiology to test the effects of IL-23 in dissociated
small-sized mouse DRG neurons from females. Whole-cell patch-clamp recording revealed
that 1L-23 bath application (100 ng/ml) did not alter the number of action potential (AP)
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discharges in response to suprathreshold current injection (Figures 4L—4M). Taken together,
our evidence indicates that DRG sensory neurons are not directly activated by 1L-23.

IL-17A is the downstream effector of macrophage IL-23 signaling in pain

IL-17A expression is a downstream effector of I1L-23 signaling in T cells (Gaffen et al.,
2014) and macrophages (Hou et al., 2018). We observed that PTX (1 pg/ml, 16h) increased
IL-17A levels in both male and female macrophages. Notably, /23~ suppressed I1L-17A
production only in female PTX-treated macrophages as compared to male counterparts
(Figures 5A). Importantly, IL-23 incubation (100 ng/ml, 16h) was sufficient to induce
IL-17A secretion in female but not male peritoneal macrophage cultures (Figure 5B).

Previous studies have shown pro-nociceptive effects of I.PL. IL-17A in rodents (Kim and
Moalem-Taylor, 2011; Meng et al., 2013). However, only male animals were tested in these
studies. We found IL-17A evoked mechanical pain in female mice in a dose (1-100 ng) and
time (0.5-3h) dependent manner (Figure 5C). In contrast, only IL-17A at 100 ng produced
a transient mechanical pain (1h) in males (Figure 5C). The area under curve (AUC) analysis
also revealed striking sex differences in IP.L. IL-17A-elicited mechanical pain (Figure

5F). Like IL-23, IL-17A (1-100 ng) failed to produce thermal or cold hypersensitivity

in mice of either sex (Figures 5D-5E). Co-intraplantar injection of IL-17A or IL-17RA
neutralizing antibodies (2 ug) with 1L-23 (100 ng) blocked the IL-23-induced mechanical
pain in females (Figure 5G). Interestingly, ablation of macrophages by intravenous injection
of clodronate had no effect on IL-17A-induced mechanical pain in females (Figure 5H).
IL-17A-induced mechanical pain was not altered in /23~ mice (Figure 51). Additionally,
estrogen deficiency after OV X prevented IL-17A-induced pain in females, whereas ORX
enabled low dose IL-17A-induced pain in males (Figures 5J and 5K). There results suggest
1) IL-17 is a downstream event of I1L-23 signaling in mechanical pain and 2) IL-17 -induced
mechanical pain also depends on sex hormones.

Next, we investigated the contribution of IL-17A to mechanical pain after CIPN in both
sexes. PTX enhanced serum IL-17A in both sexes with a slightly higher level in females
(Figure 5L). However, PTX increased DRG levels of IL-17A only in female mice (Figure
5M). Flow cytometry revealed that female DRGs exhibited a larger population of 1L-17A*
and IL-23R*IL-17A* macrophages than male DRGs under CIPN (Figures SSA-5D, Table
S1). In peritoneal macrophage cultures, PTX increased ratios of IL-17A* subset and
IL-23R*IL-17A* subset in female macrophages but not male counterparts (Figures SSE—
5H). Collectively, these data suggest (1) IL-17A production and release in macrophages
requires 1L-23/IL-23R axis in females and (2) IL-17A is the downstream effector of
macrophage IL-23 signaling in female mechanical pain.

Low dose of IL-17A activates mouse and NHP DRG nociceptor neurons

Previous electrophysiological studies in male animals showed that IL-17A (50 and 100
ng/ml) increased nociceptor excitability in DRG neurons (Richter et al., 2012). We
performed Ca?* imaging to examine nociceptor activation by IL-17A in DRG sensory
neurons dissociated from male and female Aavillin“¢/GCamp6fmice (Wang et al., 2020a).
Acute incubation of IL-17A (10 ng/ml, 2 min) evoked Ca?* influx in 5.7% of sensory
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neurons in females but none in males (Figures 6A-6C). High concentration of IL-17A

(100 ng/ml) evoked Ca?* increase in 11.9% female DRG neurons but only 6.1% male
sensory neurons (Figures SBA-S6C). These findings suggest a sex-dependent activation of
nociceptors by IL-17A. We also applied whole-cell patch clamp recording to test the effects
of a very low concentration of IL-17A (1 ng/ml, 2 min) on the excitability of dissociated
small-sized DRG neurons (<25 um in diameter, presumed nociceptors, 16—-40h in culture)
from male and female mice. Strikingly 1 ng/ml of IL-17A only increased action potential
firing in female DRG neurons (Figures 6D-6E) not in male DRG neurons (Figures 6F-6G).
Thus, IL-17A activates mouse sensory neurons in a sex-dependent manner.

To enhance the translational potential of these findings, we also investigated the action

of IL-17A in nonhuman primate (NHP) DRG neurons from 3 rhesus macaques (Macaca
muletta, one male and two female). Low dose of monkey IL-17A (1 ng/ml) increased action
potential firing in small-sized DRG neurons (<50 pm in diameter) from the female rhesus
macaque (Figures 6G—-6H), but failed to do so in DRG neurons of the male rhesus macaque
(Figures 6H-6K).

Furthermore, we tested IL-17A actions in human DRG neuron cultures we prepared from
disease-free donors (Chang et al., 2018). At a dose of 10 ng/ml, human IL-17A increased
action potential discharges in small-sized human DRG neurons (<55 um in diameter)

from both male and female donors (Figures S6D-S6F). Human IL-17A (10 ng/ml) also
altered resting membrane potential but not rheobase in these neurons (Figures S6G-S6H).
Strikingly, at the dose of 1 ng/ml, IL-17A also increased nociceptor excitability in a female
donor (Figures S61-S6J).

TRPV1 is required for mediating IL-23 and IL-17A produced mechanical pain in females

TRPV1 and TRPAL1 are critical Ca?* channels for generating pain (Caterina and Julius,
2001; Patapoutian et al., 2009). We asked whether these channels are required for IL-23-
induced nociception using genetic and pharmacological approaches (Figures 7A-7D).
Notably, 7rpv1 deletion abolished mechanical pain induced by I.PL. and I.T. injection of
100 ng 1L-23 in females (Figures 7A), and I.PL. IL-23R antagonist (P2305, 10 ug) failed
to reduce PTX-induced mechanical pain in 77ovZ~/~ mice in both sexes (Figure 7B). By
contrast, I.PL or I.T. injection of 1L-23 effectively evoked mechanical pain in 7rpal’~
female mice (Figure 7C), and furthermore, P2305 reduced PTX-evoked mechanical pain
only in 7rpal™'~ female mice (Figure 7D). These findings suggest that TRPV1 but not
TRPAL1 is indispensable for IL-23-induced mechanical pain in females.

Capsaicin produces spontaneous pain, thermal hyperalgesia, as well as primary and
secondary mechanical hyperalgesia/allodynia in rodents and humans (Caterina and Julius,
2001; Simone et al., 1989) (Figures S7A and S7B). I.PL. capsaicin evoked dose-dependent
mechanical pain in males and females, but female mice exhibited greater and more persistent
mechanical pain (Figure 7E and Figure S7B). Interestingly, very low dose of capsaicin

(50 ng) produced mechanical allodynia only in females (Figure 7E). We did not see
significant sex differences in capsaicin-evoked spontaneous pain, although there was a trend
of greater pain in females (Figure S7A). Capsaicin-induced mechanical pain in females was
abolished after C-fiber ablation by RTX (Figure S7C) and also abrogated in OV X mice
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with estrogen deficiency (Figure 7F). Conversely, ORX with androgen deficiency enabled
low-dose capsaicin to induce mechanical pain in males (Figure 7G).

We next examined whether IL-17A requires C-fibers and TRPV1 to produce mechanical
pain in females. /n situ hybridization using RNAscope revealed that ~40% mouse DRG
neurons expressed 7rpvZor //17rmRNA, with comparable expression in both sexes (Figures
71-7J). TrovI mRNA and //217rmRNA were highly co-localized in nociceptors, and ~70%
/117r" neurons express 7rpvI mRNA in both sexes (Figure 7K). Notably, mechanical
allodynia at 0.5h by I.PL. IL-17A in female mice was transiently reduced after C-fiber
ablation and 7rpvI deficiency (Figures 7L and 7M). Compared to female mice, male mice
exhibited less mechanical pain following I.PL. IL-17A (Figure 5C) and this mechanical
pain in male mice was not affected after C-fiber ablation and 7rpvZ deficiency (Figures
S7D-STE), suggesting that IL-17A signaling links to TRPV1 only in female nociceptors.
Ca?* imaging indicated that 4.67% and 10.59% sensory neurons responded to 10 and 100
ng/ml of IL-17A, respectively, and these neurons also responded to 300 nM capsaicin in
female neurons, implicating that IL-17A sensitized TRPV1 in a dose-dependent manner
(Figure 7N-70). Of note, TRPV1 antagonist AMG9810 (3 uM) blocked the IL-17A-evoked
Ca?* response in female DRG neurons (Figures S7TF-S7G). Trpva deletion also abolished
the IL-17A potentiation of action potential firing in female DRG neurons (Figure 7P).
Collectively, these data indicate that TRPV1 is crucial for IL-17A-induced nociceptor
activation and mechanical pain in females.

ERa receptor in C-fiber nociceptors regulates IL-23 and IL-17 induced pain in females

RNA-seq analyses demonstrated that mouse DRG neurons express both ERa and ERB
subunits of estrogen receptors (Tavares-Ferreira et al., 2020; Zheng et al., 2019). Because
IL-23-induced mechanical pain required ERa but not ERB (Figure 3B), we investigated how
ERa in nociceptors regulates mechanical pain in females. /n situ hybridization revealed Era
expression in >40% of mouse DRG neurons in both sexes (Figures 8A-8B). In particular, we
observed co-localization of //17ra, Tprvi, and Ercc mRNASs in 10.45% female DRG neurons
and 10.28% male DRG neurons (Figure 8C). These nociceptors had average diameters of <
20 pm in both sexes (Figure 8D). Thus, TRPV1* nociceptors co-express IL-17R and ERa
providing a cellular base for interactions among these receptors.

To determine the role of ERa in TRPV1* nociceptors for mechanical pain, we generated
Era conditional knockout mice (cKO) by crossing Era-floxed mice with 7rpvZ-Cre mice.
Compared to 7rpvI-Cre female mice, cKO female mice displayed a partial reduction in
capsaicin-induced spontaneous pain (Figure 8E) but a complete blockade of I.PL. IL-23-
elicted mechanical allodynia (Figure 8F). Furthermore, this conditional deletion abolished
I.PL. IL-17A- and capsaicin-induced mechanical pain in females (Figures 8G-8H). In
male cKO mice, capsaicin-induced spontaneous pain was unaltered (Figure S8A). Estrogen
enabled IL-23 (100 ng) and IL-17A (10 ng) to induce mechanical pain in 7rpvi-Cre male
mice, but these effects were lost in male cKO mice (Figures S8B and S8C). Additionally,
ERa agonist PPT (1 ng/ml, 16h) enables IL-17A (10 ng/ml) to evoke Ca2* influx in
dissociated DRG sensory neurons from male Advillin®"¢/GCamp6fmice (Figures S8D and
S8E).
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Translatome analysis mice revealed no sex differences in 7rpvi, //17ra, Era, and ErB
expression in Nav1.8* nociceptors (Tavares-Ferreira et al., 2020), and the data were re-
plotted in Figure S8F. We also conducted quantitative PCR analysis in human DRGs from
both male and female donors (Figures 81-8L). We found comparable expression of h 7RPV1
(Figure 81), h/L17R (Figure 8J), and hER (Figure 8L) in both sexes but higher A/ERa
expression in female DRGs using two different sets of primers (Figure 8K, Figure S8G,
Table S2). Finally, human plasma proteome profiles across the life span supported the
translational relevance of this study: both serum IL-23 and IL-17A levels are higher in
females (n=2146) compared to males (n=2117) (Lehallier et al., 2019), as plotted in Figures
S8H and S8lI.

DISCUSSION

Previous studies have demonstrated male-specific pain signaling in immune cells such

as microglia (Chen et al., 2018b; Sorge et al., 2015) and macrophages (Luo et al.,

2019c; Yu et al., 2020). Our present results demonstrate a previously unrecognized sex
dimorphism at multiple cellular levels involving macrophages and nociceptors (Figure 8M).
Notably, sex dimorphism in pain is not simply cell type dependent, and even within a

given cell type (e.g., macrophages), there may be sex-selective signaling networks which
differentially regulate pain. We previously demonstrated male-selective TLR9 signaling

in macrophage regulation of pain (Luo et al., 2019c). Here we further demonstrated
female-selective IL-23 signaling in macrophage regulation of pain. Using pharmacological,
genetic, behavioral, and electrophysiological approaches, we showed that 1L-23/I1L-17/
TRPV1 axis regulates mechanical pain in females. First, I.PL. IL-23 induced mechanical
pain (mechanical allodynia) in female not male mice. Second, IL-23 does not activate
nociceptors directly. Instead, 1L-23 evokes mechanical pain in females indirectly via IL-17A
release from macrophages. Third, low dose IL-17A activates nociceptors in mouse, monkey,
and human DRG neurons isolated from females. Low dose IL-17A and capsaicin also
induce mechanical pain in female mice. Fourth, both I1L-23 and IL-17A require C-fiber
nociceptors and TRPV1 to produce mechanical pain in females. Fifth, estrogen is essential
for IL-23/1L-17A/TRPV1 axis to evoke mechanical pain in females and further enables
IL-23 and IL-17A to produce mechanical pain in males via ER-a.. Finally and importantly,
ER-a expression by TRPV1* nociceptors is necessary for inducing female mechanical pain
by IL-23, IL-17A, and capsaicin. Previous studies have shown the involvement of I1L-23

in chronic pain. Askari et al. reported a positive correlation between serum IL-23 levels

and pain scores in osteoarthritis patients (Askari et al., 2016). I.T. injection of 2 g of

IL-23 produced long-lasting mechanical pain in male rats via a mechanism involving spinal
astrocytes (Bian et al., 2014). We do not exclude the possibility that IL-23 at very high doses
may produce pain in males. 1L-23 also plays an active role in arthritic and inflammatory
pain, using weight-bearing assay and sex-matched /23~ mice (Lee et al., 2020).

Our finding revealed an unconventional IL-23/IL-17 signaling axis in macrophage-
macrophage and macrophage-nociceptor interactions in a sex-dependent manner. It is well
established that 1L-23/IL-17A axis regulates dendritic cell and T cell interaction, Th17
cell development, and IL-17A production (Gaffen et al., 2014; van der Fits et al., 2009).
However, our results indicate that IL-23-induced pain does not depend on T cells. Instead,
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our data suggested that chemotherapy may polarize resting macrophages into an 1L-23*
subset in a female-dominant manner. Autocrine or paracrine 1L-23 signaling was shown to
amplify macrophage release of IL-17A in inflammatory bowel disease (Sun et al., 2020).
IL-17A-producing macrophages also contribute to breast cancer (Zhu et al., 2008) and
asthma (Song et al., 2008). Interestingly, IL-23 at a high concentration (100 ng/ml) failed to
activate mouse DRG neurons, as revealed by both calcium imaging and electrophysiology
results. Rather, our data support an indirect activation of nociceptors by the IL-23 cascade
through IL-17A. Emerging evidence suggests that IL-17-mediated inflammation displays
sex dimorphism. Scharff et al. demonstrated higher 1L-17 levels in bladder tissue of females
compared to males after urinary tract infections (Zychlinsky Scharff et al., 2019). House
dust mites increased IL-17 levels in lung tissues of females moreso than males in a mouse
model of asthma (Fuseini et al., 2018). Female mice also exhibit higher levels of IL-17A

in nerve fibers and spinal cord compared to male mice after nerve injury (Noor et al.,

2019). Our results suggest a female-dominant role of IL-17A in pain processing. At higher
concentrations (50 and 100 ng/ml), IL-17A also increases nociceptor excitability in DRG
neurons of male rats, and IL-17 sensitizes joint nociceptors to mechanical stimuli in arthritic
pain (Richter et al., 2012). We found that low doses of IL-17A evoked mechanical pain,
Ca?* influx and action potentials in nociceptor neurons in a female-dominant manner. Given
the rapid effects on nociceptors, IL-17RA may have a direct interaction with TRPV1 to
facilitate TRPV1-mediated ion flux or cause rapid surface trafficking of TRPV1 through
intracellular signaling (Zhang et al., 2005).

Our results also provide new insights into sex hormone regulation of pain. Using

surgical and pharmacological means, we demonstrated that estrogen and androgen regulate
IL-23-induced pain in females and males, respectively. Mechanistically, we revealed

that nociceptor ERa is critical to regulate 1L-23/1L-17A axis-mediated mechanical pain.
Transcriptional profiles of C-fiber nociceptors indicated that neuronal expression of
IL-17RA, TRPV1 and ERa was not sexually different in DRGs (Tavares-Ferreira et al.,
2020). Using cKO mice that lack ERa in 77pvI* nociceptors, we found mechanical pain,
induced by IL-23, IL-17A, or capsaicin was compromised in female cKO mice. It is unclear
how estrogen/ERa signaling affects TRPV1* C-fiber nociceptors. Estrogen (estradiol or
E2) may not regulate 7prvI expression in sensory neurons (Diogenes et al., 2006), which
is consistent with our result showing no sex difference in 7prvI expression in DRGs.
Notably, a short incubation (10 min) of estrogen prevented TRPV1 desensitization in
dissociated sensory neurons (Payrits et al., 2017). Estrogen also enhanced the TRPV1
agonist-induced mechanical hyperalgesia in OV X mice and ocular pain in OV X rats (Payrits
etal., 2017; Yamagata et al., 2016). Furthermore, women exhibit higher pain intensity

and unpleasantness than men following the topical administration of capsaicin (Frot et al.,
2004). Capsaicin may induce mechanical pain via neurogenic inflammation and release

of calcitonin gene-related peptide (CGRP) (Warwick et al., 2019). Notably, low dose of
capsaicin (50 ng) produced mechanical pain in female mice (Figure 7E) and low dose of
CGRP (1 pg) produces mechanical pain in female rats (Avona et al., 2019). Furthermore,
mechanical allodynia is the most common pain modality to exhibit sex dimorphism in pain,
induced by microglia and macrophages (Chen et al., 2018a; Luo et al., 2018; Luo et al.,
2019b; Luo et al., 2019c; Sorge et al., 2015; Taves et al., 2016).
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There remain some limitations of this study. Single-cell RNA sequencing data indicated

that IL-17RA is widely expressed in various types of cells in mouse DRGs, including
satellite glia and macrophages (Avraham et al., 2020). IL-17A signaling in these non-
neuronal cells may contribute to pain processing along with sensory neurons, warranting
further investigation. The sex dimorphism of capsaicin-evoked mechanical pain is promoted
by estrogen in females and suppressed by androgen in males, implicating sex hormone
homeostasis as a prerequisite for sex dimorphism in TRPV1-mediated mechanical pain.
Further investigations will be needed to explore the intracellular mechanisms underlying
how the IL-17RA*/TRPV1*/ERa* neuron subpopulation mediates mechanical pain in
females. While this study focused on mechanical pain, future studies are warranted

to investigate distinct mechanisms that regulate sex dimorphism in mechanical pain

and thermal hyperalgesia. In addition to pro-nociceptive actions, peripheral and central
macrophages may also regulate the resolution of pain through distinct signaling (Bang et al.,
2018; Niehaus et al., 2021; Tonello et al., 2020), and it will be of great interest to investigate
sex dependence in this unique pro-resolving function of macrophages.

In summary, our results demonstrate that 1L-23/1L-17A/TRPV1 axis drives female-specific
mechanical pain through macrophage-neuron crosstalk (Figure 8M), which would constitute
a critical step forward in our understanding of sex dimorphism in chronic pain. At

the immune cell level, female macrophages produce more IL-23 and IL-17A than male
macrophages. At the sensory neuron level, female nociceptors are more sensitive to

IL-17A challenge than male nociceptors. This multiple cellular signaling and macrophage-
nociceptor interaction may amplify the sex-different pain signaling in a cascading manner.
The translational relevance of this study is supported by our NHP and human data. IL-23/
IL-17A axis is a key pathway in immune-related inflammatory diseases, and there are
existing drugs to target this pathway (Gaffen et al., 2014). Our findings would encourage
the field to re-examine the role of 1L-23/I1L-17A axis in chronic pain symptoms and develop
precision pain-relief therapies for females.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Ru-Rong Ji (ru-rong.ji@duke.edu).

Materials Availability—Materials are available upon request. This study did not generate
new unique reagents.

Data and Code Availability—Source data for all figures in the paper is available in Table
S5.

No custom software was used in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Adult mice (8-16 weeks) of both sexes were used in this study, unless
specifically described. //237/~ knockout (KO) mice and /237~ (KO) mice were provided by
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Genentech under the Material Transfer Agreement (MTA). 7rpvZ~~ mice (JAX 003770),
Trpal™'~ mice (JAX 006401), nude mice (JAX 001303), RagZ™~ mice (JAX 002216)

and wildtype (WT) mice (C57BL/6J, JAX 000664) were purchased from the Jackson
Laboratory (JAX). Aavillin®"¢/GCaMP6 mice were generated by crossing GCaMP6fmice
(JAX 024339) with Advillin-Cre mice (a gift from Fan Wang’s lab, Duke University).
Trovi©e/ ERa™ mice were generated by crossing £raf/fl mice (JAX 032173) with 7rpvi-
Cre mice (JAX 017769), which were purchased from the Jackson Laboratory. CD1 mice
(Charles River Laboratories) were also used for behavioral tests. Animals were randomly
assigned to each group. All animals were maintained at the Duke University Animal
Facility. Number of animals used in each experiment was described in Table S3. All animal
experiments were approved by the Institutional Animal Care and Use Committees of Duke
University.

Mouse models of pathological pain—To establish CIPN models, the multiple
paclitaxel (PTX) injection model (4 x, 2 mg/kg, 1.P., given on day 0, 2, 4, and 6) and

the single PTX injection model (6 mg/kg, I.P.) were used in this study. Neuropathic pain was
also induced by chronic constriction injury (CCI). Briefly, the left sciatic nerve was exposed
at mid-thigh level under isoflurane anesthesia, and three loose silk ligatures (6-0 suture)
approximately 1 mm apart were made around the sciatic nerve and the incision was closed
with non-absorbable silk suture (5-0) (Luo et al., 2018). To produce diabetic neuropathic
pain, mice were given a single intraperitoneal injection of STZ (75 mg/kg), as previously
reported (Xu et al., 2015). Acute inflammatory pain was induced by a single intraplantar
injection of formalin (5%, 20 ul, Sigma) as previously reported (Luo et al., 2019b).

Peritoneal macrophage culture—Peritoneal macrophages were collected from animals
by peritoneal lavage with 10 ml warm PBS containing 1mM of EDTA, as previously
reported (Bang et al., 2018). Cells were incubated in DMEM supplemented with 10% FBS
at 37 °C for 2 h in a petri dish and washed with PBS to eliminate non-adherent cells.
Adherent cells were used in subsequent experiments as peritoneal macrophages following 1
day of culture.

Mouse DRG cultures—DRGs were collected from young mice (4-6 weeks) of both sexes
for primary cultures. These cultures were maintained for 16-40 hours for calcium imaging
and electrophysiological studies.

NHP and Human DRGs—Non-diseased human DRGs were obtained from donors
through National Disease Research Interchange (NDRI) with permission of exemption
from the Duke University Institutional Review Board (IRB). Postmortem L3-L5 DRGs
were dissected from 4 donors: 18-year-old male, 54-year-old male, 42-year-old female, and
39-year-old female. NHP DRGs were obtained from rhesus macaques (Macaca mulatta) in
Wake Forest School of Medicine. Lumbar L2-L5 DRGs were collected from three health
monkeys: 13-year old female, 10-year old female, and 19-year old male.
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METHODS DETAILS

Drug administration in mice—For intraplantar (I.PL.) injection mice were briefly
anesthetized with isoflurane (2%) and I.PL. injection was performed on the plantar surface
of a hindpaw (10 pl) using a 29G needle to deliver drugs (10 pl) or cells (1x10° in 10

ul PBS). For intrathecal injection, mice were briefly anesthetized with isoflurane (2%) and

a spinal cord puncture was performed between the L5 and L6 levels to deliver drug (10

ul) using a 29G needle (Luo et al., 2018). For subcutaneous injection, mice were briefly
anesthetized with isoflurane (2%) and a subcutaneous injection was performed into the loose
skin over the neck to deliver drug (100 pl) using a 29G needle.

Ovariectomy (OVX) and orchidectomy (ORX)—Anaesthetized animals were placed
on the operating table with its back exposed. For ovariectomy, a single midline dorsal
incision (0.5 cm) was made to penetrate the skin. Subcutaneous connective tissue was gently
freed from the underlying muscle on each side using blunt forceps. A small incision (less
than 1 cm) was made on each side to gain entry to the peritoneal cavity. Ovary under the
thin muscle layer was located and exposed using blunt forceps. Ovary was removed after
the oviduct being ligated and severed, and the muscle layer and skin incision were closed

by suture. For orchidectomy, a single incision was made on the ventral side of the scrotum.
The cremaster muscles were cut, and the testicular fat pad was exposed. A single ligature
was made around the blood vessels to prevent bleeding following removal of testis. The skin
incision was closed by suture.

Behavioral tests—Behavioral experiments were performed blindly with standard
techniques that allow animals to escape from noxious stimuli. For von Frey testing, animals
were habituated in boxes on an elevated metal mesh floor under stable room temperature
and humidity at least 2 days before the experiments. A series of von Frey fibers with
logarithmically increasing stiffness (0.02-2.56 gram, Stoelting) was applied to the plantar
surface of the hind-paw, and paw withdrawal threshold (PWT) was calculated using the
up-down method (Luo et al., 2018). Thermal hyperalgesia was measured by Hargreaves
test using a Hargreaves radiant heat apparatus (IITC Life Science) with a measurement
cutoff of 20 seconds to prevent overheating-induced tissue damage. To assess cold allodynia,
acetone (20 pl each) was gently applied to the hindpaw bottom using a pipette and the
responses to acetone were scored: 0, no response; 1, quick withdrawal, paw stamping or
flicking; 2, prolonged withdrawal or repeated flicking of the paw; 3, repeated paw flicking
and licking. IL-23-induced ongoing spontaneous pain was examined by conditioned place
aversion (CPA) testing (also called place escape avoidance paradigm (LaBuda and Fuchs,
2000)) using a customized two-chamber apparatus positioned on an elevated mesh floor.
Mice were allowed to freely explore two chambers for 10 min (pre-stimulation) before the
treatment. One hour after receiving I.PL. treatment of IL-23 (100 ng) or the vehicle, each
mouse was restricted to one chamber and poked by a 0.04 g von Frey filament for 10 min
(stimulation). Each mouse was then allowed to resume moving freely between chambers
for 10 min (post-stimulation). Real-time automated video tracking was used to measure
movement patterns using ANY-MAZE software.
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Flow Cytometry—DRGs were obtained from mice and placed in collagenase A (1 mg/ml,
Roche) / dispase 11 (2.4 U/ml, Roche) in HBSS. DRG tissues were incubated at 37°C with
continuous shaking at 100 rpm for 60 min. The cells were dissociated by pipette, washed
with HBSS and 0.5% BSA, and filtered through a 70-um mesh cell strainer. These cells were
then treated with 1XRBC lysis buffer (Biolegend) to reduce red blood cell contamination.
Dissociated DRGs and peritoneal cells were counted with 2x10° cells per sample and fixed
by 4% paraformaldehyde (PFA). The cells were blocked and permeabilized by Fc receptor
staining buffer [1 pg/ml anti-mouse-CD16/CD32 (101302, Biolegend), 2.4 G2, 2% FBS,
5% NRS, 2% NMS, 0.1% Triton X-100 in HBSS (BD bioscience)] and then stained with a
corresponding standard panel of antibodies (see Key resource table) overnight at 4°C. After
staining, cells were washed in PBS with EDTA. Flow cytometry events were acquired in

a BD FACS Canto Il flow cytometer using BD FACS Diva 8 software (BD Bioscience).
Gating strategies of flow cytometry are depicted in Table S2. Data were analyzed by
Cytobank Software and Flowjo 10.4 (Bang et al., 2018).

ELISA—ELISA kits for mouse IL-23 (433707, Biolegend) and mouse IL-17A/F (DY5390,
R&D systems) were used in this study. ELISA tests were performed using DRG tissue
lysates, serum samples, and cell culture medium. The DRG tissues were homogenized in
a lysis buffer containing protease and phosphatase inhibitors (RIPA buffer, sigma). Blood
samples were obtained from heart and allowed to clot for 30 min at 37 °C. After being
centrifuged at 2,000 g for 10 min, the supernatants (serum) were collected from the blood
samples. The cell culture medium was collected at a volume of 200 pl per sample after
application of 1 pg/ml paclitaxel in 1x10° seeding cells. For each ELISA assay, 50 pl of
lysed DRG proteins, culture medium or serum were used. ELISA tests were conducted
according to the manufacturer’s instructions. The standard curve was included in each
experiment.

Ca?* imaging in cultured mouse DRG neurons—DRGs were collected from young
mice (5-8 weeks) of both sexes and incubated with collagenase (1.25 mg/mL, Roche) /
dispase-Il (2.4 units/mL, Roche) at 37°C for 90 minutes. Cells were plated on glass
coverslips precoated with poly-d-lysine and grown in a neurobasal defined medium (with
2% B27 supplement, Invitrogen) with 5% FBS and 5% CO, at 37°C for 24 hours before
experiment. Ca2* imaging was conducted in DRG neurons from Aadvillin-GCaMP6 mice.
The calcium imaging buffer included (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,,

10 HEPES, 10 glucose, adjusted to pH 7.25 with NaOH. Ca2* signals were captured

using green emitted light in a 3-second interval. Calcium signal changes were presented

as AF/Fq = (F — Fg)/Fg, meaning ratio of fluorescence change (F; - Fg) to basal value

(Fo). Fq represents average fluorescence intensity in the baseline period. F; represents the
fluorescence intensity at each indicated time point (Wang et al., 2020a). To show overall
Ca?* signal, we combined all neurons from different experiments together. To quantify
percentage of neurons with positive Ca2* response, we included n = 4 cultures from > 3
mice per group, with exception in Figures S8D-8E due to the limitation of male cKO mice.

Preparation of mouse DRG neurons and whole-cell patch clamp recordings—
Neurons were dissociated, plated, and cultured using the same protocol for Ca2* imaging.
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Whole-cell voltage-clamp recordings in small-sized DRG neurons (< 25 pum in mice) were
conducted at room temperature. Signals were acquired using an Axopatch 200B amplifier.
The action potentials were evoked by current injection steps from 0-130 pA with an
increment of 10 pA in 600 ms. The data were stored and analyzed with a PC using pCLAMP
10.6 software. Patch pipettes with a pipette solution contained (in mM): 126 potassium
gluconate, 10 NaCl, 1 MgCly, 10 EGTA, 2 Na-ATP, and 0.1 Mg-GTP, adjusted to pH 7.3
with KOH. The external solution included (in mM): 140 NaCl, 5 KCI, 2 CaCl,, 1 MgCl,, 10
HEPES, 10 glucose, adjusted to pH 7.4 with NaOH. In all cases, n refers to the number of
the neurons studied from different animals. All drugs were bath applied by gravity perfusion
via a three-way stopcock without any change in the perfusion rate (Wang et al., 2020b).

Preparation of NHP DRG neurons and whole-cell patch clamp recordings—
Lumbar DRGs were isolated from disease-free monkeys and delivered on ice within 4

h of death. Neurons were dissociated, plated, and cultured as described for mouse DRG
neurons. Twenty-four hours after plating, whole-cell patch clamp recordings were performed
on small-diameter DRG neurons (<50 um) at room temperature following the protocol as
described for mouse and NHP DRG neurons (Donnelly et al., 2021). The action potentials
were evoked by current injection steps from 0-650 pA with an increment of 50 pA in 1,500
ms.

Primary culture and whole cell patch clamp recordings from human DRGs—
Non-diseased hDRGs were obtained from three donors through NDRI with permission of
exemption from Duke IRB, as previously reported (Wang et al., 2020b; Xu et al., 2015).
Postmortem lumbar hDRGs were delivered in ice-cold culture medium within 48-72 h of
death. Upon delivery, hDRGs were rapidly dissected from nerve roots and minced in a
calcium-free HBSS. hDRGs were digested at 37 °C in a humidified 5% CO2 incubator with
a collagenase type Il (Worthington, 12 mg/ml final concentration) and dispase Il (Roche,
20 mg/ml) solution in HBSS for 120 min. hDRGs were mechanically dissociated using
fire-polished pipettes and centrifuged (5009 for 5 min). Cells were resuspended, plated on
0.5 mg/ml poly-d-lysine-coated glass coverslips, and grown in culture medium identical

to mouse and monkey DRGs. Twenty-four hours after plating, whole-cell patch clamp
recordings were performed on small-diameter DRG neurons (<55 pm) at room temperature
following the protocol as described for mouse DRG neurons. The action potentials were
evoked by current injection steps from 0-130 pA with an increment of 10 pA in 600 ms.

In situ hybridization (ISH)—Mice were deeply anaesthetized with isoflurane and
transcardially perfused with PBS followed by 4% paraformaldehyde. Lumbar DRGs (L4-
L5) were isolated and post-fixed, and incubated in a sucrose gradient (20-30%). Tissues
were then embedded in OCT medium (Tissue-Tek) and cryosectioned with 14 pm-thick
DRG sections. /n situhybridization was performed using the RNAscope system (Advanced
Cell Diagnostics) following the manufacturer’s instructions (Wang et al., 2020c). Probes
against murine //17ra (403741), Trpv-1(313331-C2) and Era (478201-C3) were applied in
this study. All images were acquired with the same settings, 3 sections from each animal
were selected, and a total of four animals per sex were included for data analysis. QuPath
software was used for the quantification. Total neuron numbers were determined by counting
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DAPI* nuclei in DRG sections, and visualized cells with more than 3 puncta/cell were
classified as positive neurons.

Quantitative real-time RT-PCR (qPCR) in human DRGs—DRG tissues were rapidly
isolated in RNAse-free conditions. Total MRNAs were extracted using RNeasy Plus Mini
kit (74134, Qiagen) and quantified using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). cDNA library of total mMRNA was made using high-capacity cDNA reverse
transcription Kit (4368814, Thermo Fisher Scientific). Primer sequences are depicted in
Table S2. gPCR was performed on a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific) using PowerUp SYBR Green Master Mix (A25741, Thermo Fisher Scientific).
All gPCR results were normalized to hGAPDH expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were expressed as the mean £ SEM. The sample size for each experiment was
indicated in the figure and figure legend. Statistical analyses were completed with Prism

6 (GraphPad) (Jiang et al., 2020). Behavioral tests, flow cytometry, electrophysiology and
ELISA data were analyzed by two-way ANOVA, ordinary or repeated measurement (RM),
followed by Bonferroni’s post-hoc test or by two-tailed Student’s t-test (paired or unpaired).
In cases when the data appeared to be non-normally distributed, a normality test was
performed (Kolmogorov-Smirnov), followed by a non-parametric Mann-Whitney test. p <
0.05 was considered as statistically significant. Please also see Table S4 for more details of
statistics for all the related experiments.
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Highlights
IL-23 is sufficient to induce mechanical pain in female but not male mice

This mechanical pain requires sex hormone, macrophages, IL-17A release,
and TRPV1

Low dose IL-17A only activates female nociceptors of mouse and NHP

IL-23/1L-17A-induced mechanical pain requires estrogen receptor a in
nociceptors
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Figure 1. IL-23 induces mechanical pain in female but not male mice.
(A) I.PL. injection of IL-23 at 1, 10 or 100 ng induces dose-dependent mechanical allodynia

in female but not male mice compared to the vehicle.

(B-C) I.PL. IL-23 fails to induce thermal hyperalgesia (B, Hargreaves test) or cold allodynia
(C, Acetone test) in either sex.

(D-E) Mechanical pain induced by IL-23 (I.PL., 100 ng) in females is abolished in //23r7~
mice (D) and suppressed by IL-23R antagonist P2305 (I.PL., 10 pg, 30 min before IL-23
injection) in WT mice (E).

(F-H) Brief protocol of CPA test (F) and representative traces in two chambers following
vehicle and 1L-23 (I.PL., 100 ng) treatment (G). (H) CPA test indicates that von Frey
stimulation (0.04 g) produces aversive behavior in IL-23-treated female mice (I.PL., 100 ng,
1 h before stimulation) but not males.

() Intrathecal 1L-23 (1.T., 100 ng) produces mechanical allodynia in female but not male
mice.

Data are mean £ SEM. **p < 0.01, ***p < 0.001; Two-Way RM ANOVA with Bonferroni’s
post hoc test (A-E and H-1). F (35, 257) = 4.405 (A); F (35, 210) = 0.9888 (B); F (35, 210) =
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0.9914 (C); F (4112) = 11.73 (D); F (4,32) = 20.56 (E); F (3,29) = 8.907 (H); and F (15, 130) =

11.19 ().
I.PL.: Intraplantar; I.T.: Intrathecal; CPA: Conditioned preference aversion; BL, baseline.

Neuron. Author manuscript; available in PMC 2022 September 01.



1duasnuely Joyiny 1duosnue|y Joyiny

1duosnuepy Joyiny

1duosnuep Joyiny

Luo et al.

A

Withdrawal threshold (g)

®

Withdrawal threshold (g)

IL-23 (pg/mQ)

Page 25
B C
Serum DRG
(=2}
WiFl=7) Wi =1) O F(n=7) eM(n=7) T
1000 3 1;
(%2}
31
800 g 12
600 = 0e
400 %06
S04
200 g o
i 200 HalD S0 e
Naive PTX 7d . BL 3d 7d 10d 2w 3w

]
|

-

o o o

o » ®» M O

Time after PTX injection

E F
WFWT (n=5) HEMWT(n=5) W F, Vehicle (n=6) MM, Vehicle (n = 6) B F, Vehicle (n = 5) Bl M, Vehicle (n = 6)
OF, 123r"(n=5) OM, II23r/~(n=5) = [F,P2305(n=6) [OMP2305(n=6) 7 [OF, P2305(n=5) [JM, P2305(n=6)
o 1.2 = 1.2
° o
S10{egen <10
o
gos £08
= 0.6 g 0.6
(Bu 0.4 @ 0.4
: T 0.2 202 . .
Bl d Epo el B e . g 0.0 .
BL 3d 7d 10d 2w 3w = BL PTX 1h 3h 5h BL PTX 1h 3h 5h
Time after PTX injection BL  Time after I.PL. injection BL  Time after I.T. injection
H | @F, Vehichle (n=7) J W F, Vehicle (n=7)
O F, P2505 (n = 5) [OF, P2305 (n = 5)
F, Vehicle (n = 5) ll M, Vehicle (n = 5) W F, Vehicle (n = 5) [l M, Vehicle (n = 5) @ M, Vehichle (n = 5) B M, Vehicle (n = 5)
F, P2305 (n =5) [ M, P2305 (n =5) S [OF, P2305 (n=5) M, P2305 (n=5) O M, P2305 (n = 5) O M, P2305 (n = 5)
S 1.6 250
2 = % 900
= ~ 200 =
g2 § 5
<08 5 180 5 600
T 2 100 3
%04 £ 50 < 300
e S © / ©
ahE &l 88 soks Be Een A e o § i : o q
BL CCI 1h 3h 5h = BL STZ 1h 3h 5h O PP © Phase| Phasell
T|me after |.PL. injection Rk Time after |.PL. injection Time after Time after
formalin injection (min) formalin injection

Figure 2. 1L-23/I1L-23R axis regulates pathological pain in female but not male mice.
(A-B) ELISA showing increased serum (A) and DRG (B) levels of I1L-23 in female mice on

day 7 after PTX treatment (4 x PTX, 2 mg/kg).

(C-D) PTX-evoked mechanical allodynia is reduced in /237~ (C) and /237~ (D) female
mice in CIPN (1 x PTX, 6 mg/kg).

(E-F) P2305 (10 ug), given by I.PL. injection (E) or I.T. injection (F), reduces PTX-induced
mechanical allodynia in female but not male mice (4 x PTX, 2 mg/kg).

(G-H) P2305 (I.PL., 10 ug) reduces mechanical allodynia in females in the CCI model (G)
and STZ model (H) of neuropathic pain.

(1-J) P2305 (10 pg, I.T., 30 min before 1.PL. 5% formalin) reduces formalin-evoked
spontaneous pain in females. (1) Time course. (J) Phase | (0-10 min) and Phase Il (10-45
min) responses.

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Non-parametric Mann-Whitney
test (A and B);

Two-Way RM ANOVA with Bonferroni’s post hoc test (C-J). F (15, 175) = 7.090 (C); F

@15, 80) = 4.781 (D); F (12, 80) = 1.746 (E); F (12, 72) = 5.353 (F); F (12, 64) = 9.924 (G); F

(12, 64) = 15.03 (H); F (27, 162) = 2.359 (I); F (3, 18) = 7.333 (J).
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PTX: Paclitaxel; I.T.: Intrathecal; I.PL.: Intraplantar; CIPN: Chemotherapy-induced
peripheral neuropathy; CCI: Chronic constrictive injury; STZ: Streptozotocin; BL: Baseline.
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Figure 3. Sex hormones regulate 1L-23/1L-23R-mediated pain.
(A) Estrogen deficiency by OVX reduces IL-23-induced pain in female mice.

(B) S.C. pretreatment (2 mg/kg) of estrogen or ERa agonist PPT, but not ERB agonist
AC186, enables IL-23-induced pain (I.PL., 100 ng) in males.

(C) Co-1.PL. injection of ERa receptor antagonist MPP (30 ug) with I1L-23 (100 ng) reduces
IL-23-induced pain in males.

(D) Androgen deficiency by ORX enables IL-23-induced pain in male mice.

(E) Testosterone treatment (S.C., 2 mg/kg) suppresses IL-23-induced pain (I.PL., 100 ng) in
females.

(F) Co-intraplantar injection of androgen receptor antagonist Ailanthone (30 pg) with 1L-23
(100 ng) enables IL-23-induced pain in males.

(G) Estrogen deficiency abolishes P2305-produced analgesia (I.PL., 10 ug) in females,
whereas androgen deficiency enables P2305-produced analgesia (I.PL., 10 pg) in males in
CIPN (7d, 1 x PTX, 6 mg/kg).

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Two-way RM ANOVA with
Bonferroni’s post hoc test; F (5 40) = 6.348 (A); F (25, 120) = 5.896 (B); F (4, 32) = 8.470 (C);
F (5, 40) = 26.84 (D); F (5,40) = 10.74 (E); F (4, 40) = 14.26 (F);and F (12, 64) = 6.988 (G).
OVX: Ovariectomy; ORX: Orchiectomy; I.PL.: Intraplantar; S.C.: Subcutaneous; ER:
Estrogen receptor; BL: Baseline.
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Figure 4. 1L-23/1L-23R axis-mediated pain requires macrophages and C-fiber nociceptors.
(A) Clodronate (1.V., 1 mg /200 pl) abolishes IL-23-induced pain (I.PL., 100 ng) in females.

(B) ELISA showing PTX (1 ug/ml, 16 h) enhanced IL-23 release from female but not male
peritoneal macrophages /n vitro.

(C) PTX-pretreated macrophages (1 pg/ml, 16 h, 10° cells) produce more potent and
sustained pain in same sex vs. opposite sex recipients.

(D-E) Loss of IL-23 (//237/=, D) or 1L-23 receptor (//23r/~, E) attenuates mechanical pain
by PTX-pretreated macrophages (1 pg/ml, 16 h, 10° cells) in females.

(F) IL-23 (1.PL., 100 ng) induced mechanical allodynia is intact in female mice lacking T
cells in RagZ~'~ mice or nude mice.

(G) RTX-induced C-fiber elimination abolishes mechanical allodynia by IL-23-induced
(I.PL. or I.T., 100 ng) in females.

(H) Blockade of TRPV1™" (peptidergic) C-fibers (6 mM QX314 + 5 ug capsaicin) but not
TLR5* AB fibers (6 mM QX314 + 0.3 g flagellin) reduces IL-23-induced mechanical pain
in females (I.PL., 100 ng).

Neuron. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 29

(1) Blockade of 1B4-binding non-peptidergic C-fibers by 1B4-Saporin (1.T. 1.5 pg) fails to
affect IL-23-induced pain (I.PL., 100 ng).

(J-K) Effects of 1L-23 (100 ng/ml, 2 min) and capsaicin (300 nM, 2 min) on Ca2* influx

in dissociated DRG sensory neurons from Advillin“"¢/GCamp6fmice. (J) Combined Ca?*
responses from all neurons. Among 237 female neurons, 0 (0%) and 46 (19.41%) show
responses to 1L-23 and capsaicin, respectively. Among 212 male neurons, 0 (0%) and 40
(18.87%) show responses to IL-23 and capsaicin, respectively. (K) Quantification of %
neurons responding to each treatment. n = 6 cultures from 3 mice per sex.

(L-M) IL-23 (100 ng/ml, 2 min) does not potentiate action potentials in dissociated small-
sized DRG neurons from females. (L) Traces of action potentials. (M) Firing rate of action
potentials.

Data are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Two-way RM ANOVA with
Bonferroni’s post hoc test (A, C-1, M); Two-way ordinary ANOVA with Bonferroni’s post
hoc test (B); F (5,50) = 13.30 (A); F (1,20) = 2.377 (B); F (12, 64) = 9.161 (C); F (9,48) = 6.432
(D); F (9, 48) = 4.139 (E); F (12, 68) = 7357 (F); F (15, 115) = 0.2149 (G); F (g, 48) = 5.838 (H);
F (5, 40) = 0.2094 (1); F (13, 78) = 14.48 (M). Unpaired two-tailed Student’s t test, t = 0.2307
(K).

I.V.: intravenous; I.PL.: Intraplantar; I.T.: Intrathecal; PTX: Paclitaxel; RTX:
Resiniferatoxin; M®: Macrophage; CAP: Capsaicin; BL: Baseline.
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Figure 5. Low doses of IL-17A induce female-dominant mechanical pain.
(A) PTX (1 pg/ml, 16h) promotes IL-17 release from both female and male peritoneal

macrophages /1 vitro, which is abolished by //23r~ only in females.
(B) 1L-23 incubation (100 ng/ml, 16h) induces greater IL-17 release from female peritoneal

macrophages than male counterparts /n vitro.

(C) I.PL. IL-17A induces mechanical pain in females at 1-100 ng and males only at 100 ng.
(D-E) I.PL. IL-17A at 1-100 ng fails to induce heat hyperalgesia (D) or cold

hypersensitivity (D) in either sex.
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(F) AUC (0.5-3h) of Fig. 5C showing female-dominant mechanical pain by IL-17A (10 and
100 ng).

(G) Co-I.PL. injection of IL-17A neutralizing antibody or IL-17RA neutralizing antibody (2
ug) with 1L-23 (100 ng) abolishes IL-23-induced pain in females.

(H) Clodronate (1.V., 1 mg / 200 ul) does not affect IL-17A-induced pain (I.PL., 10 ng) in
females.

(1) IL-17A (1.PL., 100 ng) induces mechanical allodynia in female //237~ mice.

(J) Estrogen deficiency by OV X reduces IL-17A-induced mechanical pain (1.PL., 10 ng) in
females.

(K) Androgen deficiency by ORX enables IL-17A-induced pain (I.PL., 10 ng) in males.
(L-M) PTX increases serum IL-17 in both sexes (L) but enhances DRG IL-17 only in
females (M) in CIPN (4 x PTX, 2 mg/kg).

Data are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Two-way ordinary ANOVA
with Bonferroni’s post hoc test (A and B; L and M); Two-way RM ANOVA with
Bonferroni’s post hoc test (C-H); F (3, 32) = 2.575 (A); F (1, 24) = 4.336 (B); F (28, 128)
=8.077 (C); F (28, 128) = 0.5004 (D); F (28, 128) = 0.9792 (E); F 3,32) = 7.285 (F); F (8,84) =
7.870 (G); F (5,50) = 0.2779 (H); F (4,40) = 0.3429 (|); F (5, 40) = 13.05 (J); F (5, 40) = 10.26
(K); F ,20)= 0.7352 (L); F @,20)= 5.715 (M)

AUC: Area under curve; PTX: Paclitaxel; I.PL.: Intraplantar; OVX: Ovariectomy; ORX:
orchiectomy; BL: Baseline.
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Figure 6. IL-17A activates C-fiber nociceptors in a female-dominant manner.
(A-C) Acute perfusion of IL-17A (10 ng/ml, 2 min) evokes Ca?* influx in DRG sensory

neurons cultured from female but not male Advillin®"¢/GCamp6fmice. (A) Representative
images. Enlarged images are exhibited in the boxes at the bottom. Scale bar: 100 pm. (B)
Combined Ca?* responses of all neurons. 5.71% female neurons (69/1209) and 0% (0/717)
male neurons show Ca2* responses. (C) % quantification of responding neurons. n = 8 or 12
cultures from 4 mice of each sex.

(D-G) Bath application of IL-17A (1 ng/ml, 2 min) increases action potential firing in
small-sized DRG neurons collected from female but not male mice compared to vehicle. (D,
F) Traces of action potentials. (E, G) AP firing rates.

Neuron. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luo et al.

Page 33

(H-K) AP recordings in NHP DRG neurons. Bath application of monkey I1L-17A (1 ng/ml,
2 min) increases AP firing in small-sized DRG neurons collected from female but not male
NHP compared to vehicle. (H, J) AP traces. (I, K) AP firing rates.

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Unpaired two-tailed student

t test, t = 10.44 (C); Two-way RM ANOVA with Bonferroni’s post hoc test (E, G, I, K); F
values: F (13,78) = 23.08 (E); F (13,104) = 26.74 (G); F (13,104) = 25.52 (|); F (13,91) = 9.548
(K).

AP: Action potential; NHP: Non-human primate. See additional details of statistics in
Supplemental information.
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Figure 7. TRPV1 promotes IL-23/IL-17A axis-mediated pain in females.
(A) TrpvI™~ abolishes IL-23-induced pain (I.PL. or I.T., 100 ng) in females.

(B) Mechanical pain by PTX (4 x 2 mg/kg) is not affected by IL-23R antagonist P2305

(1.PL., 10 pg) in 7rpvZ~'~ mice of both sexes.

Current (pA)

(C) IL-23 (I.PL. or I.T., 100 ng) induces comparable mechanical pain in female WT and
Trpal™'~ mice.
(D) P2305 (1.PL.,10 pg) reduces PTX (4 x 2 mg/kg)-induced mechanical allodynia in female
but not male 77paZ”’~ mice.

Neuron. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 35

(E) 1. PL. capsaicin induces mechanical pain in females at 50-5000 ng but males at 500 and
5000 ng.

(F) Estrogen deficiency by OVX reduces capsaicin-induced mechanical pain (1.PL., 500 ng)
in females.

(G) Androgen deficiency by ORX promotes capsaicin-induced mechanical pain (1.PL., 500
ng) in males.

(H) /n situ hybridization (RNAScope) images show co-localization of //17raand Trpv1
mRNA in female DRG neurons. Positive neurons are indicated with yellow circles. Blue
DAPI staining labels nuclei. Scale bar, 10 pm.

(1-K) Quantification of //17ra* (1), TrpvI* (J) and //17ra" TrpvI*™ (K) subsets of DRG
neurons. n = 4 mice per sex (3 sections per mouse).

(L-M) C-fiber elimination by RTX or 7rpvZ~'~ reduces IL-17A-induced pain (1.PL., 100 ng)
in females.

(N-O) Effects of IL-17A (10 and 100 ng/ml, 2 min) and capsaicin (300 nM, 2 min) on Ca2*
responses in dissociated DRG sensory neurons from female Aavillin©"¢/GCamp6fmice. (N)
Combined responses of all neurons. 4.67% neurons (13/278) respond to IL-17A (10 ng/ml)
and capsaicin, and 11.24% neurons (70/623) respond to IL-17A (100 ng/ml), and 10.91%
neurons (68/623) respond to both IL-17A (100 ng/ml) and capsaicin. (O) % quantification of
responding neurons. n = 4 or 6 cultures from 3 mice per group.

(P) TrovI'~ abolishes IL-17A (1 ng/ml, 2 min) potentiation of action potential firing in
small-sized DRG neurons from female mice.

Data are mean £ SEM. **p < 0.01, ***p < 0.001; Two-way RM ANOVA with Bonferroni’s
post hoc test (A-H, L-M, P); F (12,92) = 0.2910 (A); F (15, 80) = 0.5561 (B); F (12, 64) = 6.774
(C); F (15, 75) = 5.028 (D); F (28, 168) = 7-304 (E); F (5, 40) = 13.23 (F); F (5, 40) = 4.660 (G);
F (4,32) = 8.850 (L); and F (4, 40) = 13.90 (M); F (13, 91) = 31.63 (P). Unpaired and two-tailed
student t test (1-K, O): t=0.678 (I); t = 1.160 (J); t = 0.1768 (K); t = 6.119 (O).

I.PL., Intraplantar; I.T., Intrathecal; PTX, Paclitaxel; RTX, Resiniferatoxin; OVX,
Ovariectomy; ORX, Orchiectomy; BL, Baseline.
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Figure 8. Neuronal estrogen/ERa signaling promotes IL-23/IL-17A-mediated and female-

dominant pain.

(A) /n situ hybridization (RNAScope) showing co-localization of //17ra, Trpviand Era
mRNA in DRG neurons (females). Positive neurons are indicated with yellow circles. Scale

bar, 10 um.

(B-C) Quantification of Era* neurons (B) and //17ra*/ TrpvI*/Era* neurons (C) in DRGs. n

= 4 mice per sex (3 sec

tions per mouse).

(D) Diameters of //17ra*l TroviI*| Era* neurons in DRGs from both sexes. n = 4 mice per sex

(3 sections per mouse).
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(E-H) Selective depletion of £ra in TRPV1* neurons reduces capsaicin-evoked spontaneous
pain (I.PL., 500 ng) in females (E). £ra cKO further abolishes mechanical pain, induced by
IP.L. IL-23 (100 ng, F), IL-17A (10 ng, G), or capsaicin (500 ng, H) in females.

(I-L) gPCR showing mRNA levels of human 7TRPVI (1), IL17RA (J), ERa (K) and ERB (L)
in DRG tissues from human donors using human GAPDH as an internal control. See primer
information in Table S2.

(M) Working hypothesis underlying the female-specific modulation of mechanical pain by
IL-23/IL-17A/TRPV1 axis. Note that both macrophage and nociceptor signaling contribute
to the sex dimorphism.

Data are mean £ SEM. *p < 0.05, ***p < 0.001. Unpaired two-tailed student t test (B-E,
I-L): t=2.142 (B); t=0.1789 (C); t = 0.6628 (D); t = 2.851 (E); t = 0.7880 (I); t = 0.1874
(J); t =3.305 (K); t = 0.1544 (L). Two-way ANOVA with Bonferroni’s post hoc test (F-H): F
(4, 68) = 15.67 (F); F (4,68) = 9.976 (G); F 4, 60) = 9.170 (H).

I.PL.: Intraplantar; ER: Estrogen receptor; BL: Baseline.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

APC anti-mouse F4/80 antibody

Miltenyl Biotec

Cat# 130-116-525; RRID: AB_2733417

APC/Cy7 anti-mouse/human CD11b antibody | Biolegend Cat# 101225; RRID: AB_830641
Biotin anti-mouse 1L-12/IL-23 p40 antibody Biolegend Cat# 505301; RRID: AB_315373
PE anti-mouse IL-23R antibody Biolegend Cat# 150903; RRID: AB_2572188

FITC anti-mouse IL-17A antibody

Miltenyl Biotec

Cat# 130-102-262; RRID: AB_2660786

Purified anti-mouse CD16/32 Antibody Biolegend Cat# 101302; RRID: AB_312801
LEAF™ purified anti-mouse IL-17A antibody | Biolegend Cat# 506906; RRID: AB_528927
IL-17R antibody (G-9) Santa Cruz Cat# sc-376374; RRID: AB_10991331

Biological Samples

Monkey DRG tissue Wake Forest University NA

: National Disease Research
Human DRG tissue interchange (NDRI) NA
Chemicals, Peptides, and Recombinant Proteins
Recombinant Mouse 1L-23 protein Biolegend Cat# 589004
Recombinant Mouse IL-12 protein Biolegend Cat# 577002
Recombinant Mouse IL-17A protein Biolegend Cat# 576004
E&igmbinant Cynomolgus monkey IL-17A R&D systems Cat# 10164-1L-050
Recombinant Human IL-17A protein Biolegend Cat# 570504
P2305: Peptide “TEEEEQQLY" Sg’ﬁ)"” (Quiniou etal., NA
Paclitaxel Sigma-Aldrich Cat# T7191
Resiniferatoxin Sigma-Aldrich Cat# R8756
AMG9801 Sigma-Aldrich Cat# A2731
Capsaicin Sigma-Aldrich Cat#t M2028
QX-314 Sigma-Aldrich Cat# 552233
Flagellin InvivoGen Cat# Tlrl-stfla
1B4-SAP Advanced targeting systems Cat# 1T-10-25
Saporin Advanced targeting systems Cat# SAP-25

eBioscience Streptavidin FITC Conjugate

Invitrogen

Cat# 11-4317-87

Tocris Bioscience (Ji et al.,

PPT 2011) Cati 1426
Tocris Bioscienc (Zhong et

MPP al., 2010) Cat# 1991

AC186 'Zl'gig)s Bioscience (Ma et al., Cat# 5030

Ailanthone ;gig)s Bioscience (He etal., | ¢y 6161

17B-Estradiol (Estrogen) Cayman Chemical Cat# 10006315

Testosterone Cayman Chemical Cat# 15645
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

Mouse IL-23 (p19/p40) ELISA kit Biolegend 433707
Mouse IL-17A/F heterodimer ELISA kit R&D systems DY5390
Experimental Models: Organisms/Strains

Mouse: B6.129X1- Trpov1iml 13 ( Trovi™) The Jackson Laboratory JAX: 003770
Mouse: B6.129P- Trpal™Kvkw |3 ( Trpal™") The Jackson Laboratory JAX: 006401
Mouse: NOD.Cg-Prkdcsc™ [ J (nude) The Jackson Laboratory JAX: 001303
Mouse: B6.129S7-Rag1imMom | J (Rag1™") The Jackson Laboratory JAX: 002216
(“4‘;“;\‘*/’1%2%29' Tipy2imiesIEim 3 The Jackson Laboratory JAX: 017769
Mouse: B6(Cg)- Esr1m41Ksk [] (loxERa) The Jackson Laboratory JAX: 032173
gg:iﬁpggé%%/ﬂggl(n?}gl The Jackson Laboratory JAX: 024339
Mouse: C57BL/6J (Wildtype) The Jackson Laboratory JAX: 000664
Mouse: CD1 Charles River Laboratories CRL:022
Mouse: /237~ gglnf)ntech (Shih et al., NA

Mouse: //23r7~ g(;alr%ntech (Shihetal., NA

Mouse: Advillin©e XYE:I]? é;z)%;l):)uke) (Hasegawa | ;5. 032536 |
Oligonucleotides

Primers for target genes, see Table S2 This paper NA
RNAscope probe: Mm-//17ra ACD Cat# 403741
RNAscope probe: Mm- 7rpvI-C2 ACD Cat# 313331-C2
RNAscope probe: Mm-£sr1-C3 ACD Cat# 478201-C3

Software and Algorithms

ANY-MAZE Software

(Chamessian et al., 2019)

https://www.anymaze.co.uk/

BD FACSDiva™ Software

(Bang et al., 2018)

https://www.hdbiosciences.com/en-us/instruments/research-
instruments/research-software/flow-cytometry-acquisition/

facsdiva-software

Cytobank Software (Bang et al., 2018) https://www.cytobank.org/

Flowjo 10.4 (Chamessian et al., 2018) https://www.flowjo.com/

QuPath Software (Wang et al., 2020b) https://qupath.github.io/
https://mdc.custhelp.com/app/answers/detail/a_id/

PCLAMP 105 (Wang etal. 20200) Aoon | Gt Gt seuition o626 anelysis software-
download

Prism 6 (Jiang et al., 2020) GraphPad | https://www.graphpad.com/
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