
UCSF
UC San Francisco Previously Published Works

Title
Meningeal regulatory T cells inhibit nociception in female mice

Permalink
https://escholarship.org/uc/item/6cj240rx

Journal
Science, 388(6742)

ISSN
0036-8075

Authors
Midavaine, Élora
Moraes, Beatriz C
Benitez, Jorge
et al.

Publication Date
2025-04-04

DOI
10.1126/science.adq6531
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6cj240rx
https://escholarship.org/uc/item/6cj240rx#author
https://escholarship.org
http://www.cdlib.org/


Meningeal regulatory T cells inhibit nociception in female mice
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Abstract

T cells have emerged as orchestrators of pain amplification, but the mechanism by which T cells 

control pain processing is unresolved. We found that regulatory T cells (Treg cells) could inhibit 

nociception through a mechanism that was not dependent on their ability to regulate immune 

activation and tissue repair. Site-specific depletion or expansion of meningeal Treg cells (mTreg 

cells) in mice led to female-specific and sex hormone–dependent modulation of mechanical 

sensitivity. Specifically, mTreg cells produced the endogenous opioid enkephalin that exerted an 

antinociceptive action through the delta opioid receptor expressed by MrgprD+ sensory neurons. 

Although enkephalin restrains nociceptive processing, it was dispensable for Treg cell–mediated 

immunosuppression. Thus, our findings uncovered a sexually dimorphic immunological circuit 

that restrains nociception, establishing Treg cells as sentinels of pain homeostasis.

Pain prevalence is higher in women across multiple conditions, and chronic pain severity is 

frequently altered during gender affirming hormonal therapy (1). Although there is evidence 

that T cells contribute to sexually dimorphic pain processing, the exact mechanisms remain 

unclear (2). Regulatory T cells (Treg cells) are a subset of CD4+ T cells defined by the 

expression of the master transcriptional regulator FOXP3, which is encoded by a gene found 
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on the X chromosome. In addition to their critical function in restraining inflammation, Treg 

cells are major contributors of tissue reparative and supportive functions (3, 4). However, 

it is not known whether and how Treg cells directly alter neuronal activity to modulate 

nociception, independently of their immunomodulatory functions (5, 6). In this study, we 

examined the role of Treg cells in regulating pain sensing in mice.

Sex-specific suppression of nociceptive thresholds by meningeal Treg cells

We focused on Treg cells within nervous system tissue, localized to the meninges of the 

central nervous system (CNS) and to the leptomeninges of dorsal root ganglia (DRGs). 

As previously reported, we observed a more pronounced localization of Treg cells in the 

lumbar and sacral segments of the spinal cord (SC) meninges, and Treg cells were observed 

along meningeal nerve fibers, including fibers expressing the protein isolectin B4+ (IB4+) 

that marks nonpeptidergic sensory neurons (Fig. 1A and fig. S1A) (7). In the DRGs, Treg 

cells predominated in the leptomeninges, with sparse presence within the DRG parenchyma 

(Fig. 1B and fig. S1B). We quantified the numbers of nonvascular-tissue Treg cells in 

various organs within the nervous and lymphoid systems (Fig. 1C). We further refer to the 

SC meningeal and DRG leptomeningeal Treg cells as meningeal Treg cells (mTreg cells) 

(Fig. 1C). We observed minimal localization of Treg cells in peripheral nerves or CNS 

parenchyma, as previously noted (8), and observed nearly equivalent numbers of tissue Treg 

cells in male and female mice across tissues (Fig. 1D and fig. S1, C and D).

To assess the feasibility of site-specific depletion of mTreg cells, we performed intrathecal 

(IT) injections of pegylated diphtheria toxin (pegDT) in Foxp3-DTR mice expressing the 

diphtheria toxin receptor (DTR) under the control of the Foxp3 promoter, leading to Treg 

cell–specific cell death on toxin administration (9). Although an IT injection of Evans blue 

rapidly spreads through the meninges, DRGs, brain, and into the draining lymph nodes, 

pegylated fluorescently labeled molecules remain restricted to the SC meninges and to the 

DRGs (fig. S2, A and B). Consistently, a single dose of pegDT IT selectively depleted >90% 

of SC and DRG mTreg cells in both male and female mice but spared Treg cells located in all 

other organs (Fig. 1, E and F, and fig. S2C). Foxp3-DTR mice subjected to repeated pegDT 

IT did not exhibit weight loss, splenomegaly, or mortality that developed after systemic 

autoimmunity in Foxp3-DTR mice that received repeated intraperitoneal (IP) injections of 

diphtheria toxin (DT) (fig. S2, D to G). Thus, IT injections of pegDT allow for site-selective 

depletion of mTreg cells while avoiding systemic inflammation.

We evaluated behavioral outcomes in mice after mTreg cell depletion in response to pain 

mediated by mechanosensitive unmyelinated and myelinated primary afferent nerve fibers. 

A single dose of pegDT IT decreased mechanical nociceptive thresholds in naïve female, 

but not male, Foxp3-DTR mice (Fig. 1, G and H). Mechanical pain thresholds in C57BL/6 

mice treated with pegDT IT and in Foxp3-DTR mice treated with vehicle IT did not differ 

(fig. S3A), which indicates that neither pegDT nor IT injections alone caused increased 

pain hypersensitivity. In addition, we assessed mice for noxious heat sensitivity (mediated 

by Trpv1+ nociceptors), cold sensitivity (Trpm8+ nociceptors), pinprick (Aδ fibers), and 

brush responses (Aβ fibers). Depletion of mTreg cells selectively induced mechanical 

hypersensitivity in female mice, but in neither sex did it affect other sensory modalities 
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or motor function (Fig. 1I and fig. S3, A to H). We concluded that mTreg cells suppress 

mechanical nociceptive thresholds in a sex-dependent manner in uninjured mice.

mTreg cells alleviate injury-induced mechanical hypersensitivity 

independently of tissue repair

We investigated whether mTreg cells could suppress nociception after nerve injury. We used 

a well-established spared nerve injury (SNI) model of neuropathic pain, in which transection 

and ligation of two branches of the sciatic nerve induces permanent and unremitting 

mechanical hypersensitivity (Fig. 2, A and B). SNI also produces a nonhealing neuroma 

4 weeks after the injury (10). Additionally, meninges are physically segregated from 

peripheral nerves through tight junctions. Thus, because tissue injury cannot be repaired 

to resolve pain, this model allows of assessment of mTreg cell function in nociception 

specifically. After SNI, we observed no changes in meningeal Treg cell numbers (fig. S4A). 

Because mice with SNI respond to mechanical stimuli at the limit of detection with von 

Frey filaments, we used the percent response method with the lightest available filament 

(11). This approach assesses pain sensitivity by measuring how often mice react to the most 

innocuous available mechanical stimuli. Nociceptive responses were increased in female 

mice with mTreg cell depletion after SNI, but this was not observed in males (Fig. 2, C and 

D).

Our data indicated that mTreg cells may decrease pain sensing; therefore, we investigated 

whether expanding mTreg cells could alleviate mechanical hypersensitivity after SNI. Treg 

cells express the high-affinity interleukin-2 (IL-2) receptor, and administrations of low doses 

of IL-2 can effectively expand Treg cells in mice—a therapeutic approach used to treat 

autoimmune diseases in humans (12). IT injections of low-dose IL-2 selectively expanded 

mTreg cells in both male and female mice (Fig. 2, E and F, and fig. S4B). Although mTreg 

cell expansion promoted antinociception in female mice post-SNI, it did not exhibit a similar 

effect in males (Fig. 2, G and H). IT injections of IL-2 in uninjured mice did not increase 

nociceptive thresholds (fig. S4, C and D). In addition, mTreg cell expansion did not alter 

noxious heat and cold sensitivity in mice with SNI and did not induce motor impairment 

(fig. S4, E to J). Thus, the expansion of mTreg cells selectively alleviated mechanical 

hypersensitivity independently of their ability to repair tissue injury.

Gonadal hormones control the antinociceptive function of mTreg cells

There are reports of altered X chromosome inactivation during inflammatory state in 

females (13, 14), which suggests that differences in Foxp3 through sex chromosome dosage 

may contribute to female-specific function mTreg cells in nociceptive regulation. We used 

the four core genotypes (FCG) mouse model in which gonadal sex is independent of sex 

chromosomes (15). FCG mice harbor a deletion in the sex-determining region Y gene 

(Sry) on the Y chromosome and instead feature an autosomal transgenic insertion of Sry. 

This genetic configuration makes it possible to distinguish sex chromosome dose influence 

from the contribution of gonadal hormones (Fig. 2I). mTreg cell depletion in Foxp3-DTR 

mice crossed with FCG mice demonstrated that both XX and XY gonadal females, but 

not males, exhibited increased sensitivity after mTreg cell depletion. This revealed that 
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gonadal hormones, but not sex chromosomes, mediated the mTreg cell suppression of 

mechanical nociceptive thresholds in the absence of nerve injury (Fig. 2, J and K). XX 

and XY chromosome gonadal female mice, but not male mice, displayed intact mTreg cell 

expansion–mediated alleviation of SNI-induced mechanical hypersensitivity (Fig. 2, L to N). 

Blocking the function of female sex hormones through ovariectomy or by antagonizing 

estrogen receptor signaling using fulvestrant abolished mTreg cell expansion–mediated 

antinociceptive efficacy (Fig. 2, O to Q). Mice that had undergone ovariectomy and 

received both estrogen and progesterone supplements—but not either hormone individually

—reinstated nociception thresholds comparable to the thresholds of those mice that had not 

undergone ovariectomy (Fig. 2, O to Q). On the basis of our findings, we concluded that 

there was a consistent sex hormone–dependent contribution of mTreg cells to the modulation 

of mechanical hypersensitivity.

Treg cells express Penk, which encodes the endogenous opioid peptide 

enkephalin

Treg cells have increased expression of the Penk transcript, which encodes for proenkephalin

—a peptide precursor of the analgesic Met- and Leu-enkephalin peptides (16, 17). Although 

Penk is expressed in Treg cells found in the nervous system (18), whether Treg cell–derived 

enkephalin is required for controlling nociception is unknown. We reanalyzed public RNA 

sequencing data of activated Treg cells, resting Treg cells, as well as activated and resting 

CD4+ Foxp3− conventional T cells (Tconv cells) (19). We observed that Penk was higher 

in activated versus resting Treg cells (Fig. 3A). We also examined other opioid ligand and 

receptor genes but only recorded a very sparse expression of other opioid-related genes 

among CD4+ T cell subsets (Fig. 3B).

Enkephalin signals predominantly through the delta opioid receptor (δOR), encoded by the 

Oprd1 gene, and with lesser affinity through the mu opioid receptor (μOR) (20). On the 

basis of our prior experience defining mechanical hypersensitivity through enkephalin-δOR 

circuits in the nervous system, we focused on Treg cell expression of Penk (21). Using 

published assay for transposase-accessible chromatin with sequencing (ATAC-seq) data (19), 

we observed more accessible chromatin regions in the Penk locus in activated Treg cells 

but not in other CD4+ T cell subsets. Moreover, this was similar to accessible chromatin 

within the promoter and enhancer regions in the Penk locus from cells of the developing 

forebrain, an established enkephalinergic area of the murine CNS (Fig. 3C). We found 

that a proportion of mTreg cells were positively stained for Met-enkephalin after cytokine 

stimulation, but meningeal CD4+ Tconv cells and lymphoid Treg cells were not (Fig. 3D). We 

validated this observation by generating PenkCre;Rosa26tdTomato mice, which fate-labeled 

cells where Penk has been expressed. The frequency of mTreg cells that had expressed 

Penk in naïve mice (Fig. 3E) was similar to the frequency of Met-enkephalin–expressing 

cells determined by intracellular antibody staining by flow cytometry. Furthermore, very 

few lymphoid or intravascular Treg cells were labeled by the fate reporter, confirming the 

tissue-predominant expression of Penk by Treg cells (fig. S5, A and B). This suggested 

that enkephalin may have a role in tissue mTreg cells specifically. Compared with male 

mice, female mice had greater numbers of fate-labeled enkephalin-positive Treg cells in the 
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meninges but not in the lymphoid organs (Fig. 3F and fig. S5C). Ovariectomy decreased 

the over-all number of mTreg cells as well as the number of Penk fate-labeled mTreg cells 

in female mice (fig. S5, D and E). This distinction suggested that differences in Treg cells 

between the sexes may be tissue specific.

mTreg cell–derived enkephalin is required for restraining nociception

Enkephalin is rapidly degraded in the blood but persists in the cerebrospinal fluid (CSF) 

and nervous system tissues (22, 23). Recent evidence has suggested that meningeal 

immune cell–derived factors regulate behavior through secreted factors in the CSF (24, 

25). Furthermore, factors in the CSF can modulate neuronal activity to promote pain 

(22). In mice where mTreg cells were depleted, enkephalin protein was not detected in 

the CSF; however, treating mice with IL-2 IT increased its protein level in the CSF (Fig. 

3G). After SNI, there was an increase in Penk transcripts by mTreg cells and also in the 

proportion of Penk fate labeling among mTreg cells (fig. S5, F and G) Analyzing data from 

the Immunological Genome project (26), we found that in vitro Treg cells were the most 

prominent immune expressors of Penk (fig. S5H), and we validated that they could secrete 

enkephalin upon stimulation (fig. S5I).

To manipulate the enkephalin lineage of immune cells, we generated bone marrow chimeric 

mice by transplanting PenkCre;Rosa26DTR bone marrow into irradiated, congenically 

marked wild-type (WT) mice (PenkDTRΔheme). This strategy enabled a selective DT-

induced depletion of hematopoietic enkephalinergic cells and spares nonhematopoietic 

enkephalinergic cells of the nervous system and the stroma. Administering pegDT IT to 

PenkDTRΔheme chimeric mice decreased mTreg cell numbers (fig. S5, J to L) and led to a 

profound female-specific mechanical hypersensitivity in both uninjured and nerve-injured 

states (Fig. 3, H to K).

Having established a female-specific contribution of hematopoietic enkephalinergic cells 

to nociception, we used female mice to dissect the mechanism of pain regulation by 

mTreg cells. To establish whether bone marrow–derived enkephalin was required for the 

regulation of nociceptive thresholds, we generated chimeric mice in which Penk-deficient 

bone marrow was transplanted into irradiated hosts (PenkΔheme mice). PenkΔheme mice 

displayed decreased mechanical nociceptive thresholds in the uninjured state compared 

with controls (fig. S5M). Adoptive transfer of Penk-sufficient CD4+ T cells into Rag2−/− 

female mice with SNI induced robust antinociception, and deltorphin II, a δOR agonist, 

successfully reversed the mechanical hypersensitivity that followed mTreg cell depletion (fig. 

S5, N and O). On the basis of these studies, we concluded that hematopoietic cell–derived 

enkephalin regulates δOR signaling and was downstream of meningeal Treg cell–derived 

enkephalin release.

To investigate the contribution of Treg cell–derived enkephalin in mediating mechanical 

nociceptive thresholds, we generated Foxp3Cre-ERT2/Cre-ERT2;Penkfl/fl (PenkΔTreg) mice. 

Female PenkΔTreg mice displayed increased mechanical hypersensitivity both in non–nerve-

injured and nerve-injured states, which suggests that Treg cell–derived enkephalin controls 

nociception (Fig. 3, L and M). We generated mice with mixed bone marrow chimeras 
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using a 1:1 ratio of Foxp3-DTR and Penk−/− bone marrows transplanted into irradiated WT 

mice. IT pegDT injection into these mice resulted in mTreg cell–specific Penk deficiency 

(PenkΔmTreg mice) because all Penk+/+ Treg cells express DTR and are thus ablated by 

DT administration. Non–nerve-injured, uninjected mixed chimeric mice exhibited similar 

mechanical thresholds as those of irradiated WT mice transplanted with WT bone marrow 

(WTΔheme) (Fig. 3N). PegDT IT injection to deplete mTreg cells in PenkΔmTreg mice 

increased mechanical sensitivity in uninjured and nerve-injury conditions compared with 

controls (Fig. 3, N and O). Thus, these data supported the conclusion that mTreg cell–derived 

enkephalin controls nociception.

Treg cell–derived enkephalin is dispensable for immune suppression

Enkephalin has been linked to skewing of the inflammatory response or tissue injury (27, 

28). To test the possibility that Treg cell–derived enkephalin mediates the suppression of 

nociception by modulating immunological responses, we tested the mechanical nociceptive 

thresholds of lymphocyte-deficient Rag2−/− female mice compared with immunocompetent 

littermates. We observed decreased mechanical pain thresholds in Rag2−/− mice compared 

with their Rag2+/+ and Rag2+/− littermates (fig. S6A). This finding suggested a mechanism 

of Treg cell–mediated control of nociceptive thresholds that is independent of lymphocyte-

driven inflammation. Because macrophages also contribute to nociception (29), we depleted 

macrophages in mice using liposomal clodronate. Depletion of macrophages did not reverse 

the mechanical hypersensitivity observed in female mice deficient in mTreg cells (fig. S6B).

Further, we observed no difference in the suppressive capacity of Penk−/− Treg cells 

compared with control Treg cells in suppressing Tconv cell proliferation in vitro (fig. S6, 

C and D). We also did not observe a competitive advantage or disadvantage among Penk−/− 

CD4+ T cells across various tissues after SNI (fig. S6, E to G). There were no differences in 

effector or regulatory T cell differentiation between the Penk-sufficient or -deficient T cells 

(fig. S6H). Similarly, PenkΔTreg mice showed no alterations in CD4+ T cell differentiation, 

spleen size, or weight changes after SNI (fig. S6, I to M).

Using a graft-versus-host disease (GVHD) model, we assessed whether Treg cell–derived 

enkephalin was required for suppressing immune responses. T helper responses, as judged 

by the expression of IL-17 or interferon-γ (IFN-γ) by Tconv cells, were induced in mice 

transferred with activated Tconv cells in the absence of Treg cells (fig. S6N). Mice that 

received additional transfers of either Penk+/+ or Penk−/− Treg cells equally suppressed the 

frequency of Tconv cells expressing IL-17A or IFN-γ and mitigated weight loss (fig. S6, 

N and O). Neither hematopoietic cell–derived enkephalin nor enkephalinergic bone marrow 

hematopoietic cells were required to restrain T cell differentiation, spleen size, or weight 

loss after GVHD or SNI (fig. S7, A to H). Rather, we proposed that Treg cells suppressed 

pain hypersensitivity through a mechanism independent of their role in immunosuppression.
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Tissue compartmentalization of sexually dimorphic Treg cell–mediated 

antinociception

Systemic depletion of Treg cells worsens nociception after nerve injury, regardless of sex 

(5, 6). Rag2−/− female and male mice both demonstrated increased mechanical sensitivity 

compared with their littermate controls (figs. S6A and S8A). Unlike mTreg cell depletion, 

which selectively induces hypersensitivity in females, systemic depletion of Treg cells 

induced hypersensitivity in both sexes in the absence of a nerve injury (fig. S8, B and C). 

Deficiency of enkephalin in all Treg cells increased mechanical hypersensitivity both before 

and after nerve injury (fig. S8, D and E). These findings indicated that Penk expression in 

peripheral Treg cells regulated pain sensing independently of sex but that meningeal Treg cell 

expression of Penk regulated nociception only in females.

δOR signaling on MrgprD+ neurons orchestrates the antinociceptive 

function of mTreg cells

Previously, we have demonstrated a divergence of expression and function of δOR and 

μOR in mediating distinct pain modalities (21). Specifically, the δOR predominates on 

nonpeptidergic IB4+ unmyelinated as well as myelinated primary afferents and selectively 

regulates mechanical hypersensitivity (21). Conversely, the μOR is expressed on Trpv1+ 

nociceptors and selectively regulates heat pain hypersensitivity. In addition, spinal δOR-

expressing neurons can dampen mechanical hypersensitivity (30, 31). Using a stable cell line 

expressing the δLight δOR biosensor, an engineered δOR receptor that emits a fluorescent 

signal upon direct receptor engagement (20), we confirmed that deltorphin II and cell culture 

supernatants from stimulated Treg cells stimulated through their antigen receptor can engage 

the δOR (Fig. 4A and fig. S9, A to D). By contrast, supernatant taken from stimulated 

Penk−/− Treg cells did not induce a signal from the δOR biosensor (Fig. 4A and fig. S9D). 

Although selective pharmacological blockade of the δOR by IT injection of naltrindole did 

not alter mechanical sensitivity in uninjured mice, it diminished the antinociceptive efficacy 

of IL-2 treatment after SNI (Fig. 4B and fig. S9, E and F).

To assess the role of peripheral nervous system (PNS) or CNS δOR (Oprd1) circuits 

in coordinating the antinociceptive effect of mTreg cells, we intravenously injected δOR-

sufficient (Oprd1+/+) control and Oprd1fl/fl mice with adeno-associated viruses (AAVs) 

that have preferential neurotropism for the PNS or CNS (32). This approach selectively 

introduces Cre recombinase and targets the deletion of δOR in the PNS or CNS, respectively 

(fig. S9, G and H). We found that δOR deletion in the nervous system compartments did 

not alter mechanical nociceptive thresholds in uninjured mice, consistent with the existing 

literature (fig. S9I) (33, 34). However, mice selectively lacking δOR in the PNS, but not the 

CNS, lost the capacity to respond to the antinociceptive effect of IL-2 post-SNI (Fig. 4, C 

and D). We concluded that a sensory neuron–expressed, presynaptic δOR mediated mTreg 

cell suppression of mechanical pain hypersensitivity after nerve injury.

Previous studies of δOR expression in DRG neurons using Oprd1eGFP mice have revealed 

that around half of the reporter-positive cells in the DRGs are myelinated neurons, and 
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~36% are IB4+ neurons that express the MrgprD receptor (MrgprD+ cells) (21). Using 

published single-cell RNA sequencing data (35, 36), we found that MrgprD+ DRG neurons 

expressed Oprd1 and other receptors for ligands expressed by Treg cells (Fig. 4E). We found 

that 39% of sensory neurons expressed the Oprd1 transcript (Fig. 4F), matching previous 

proportions determined using Oprd1eGFP reporter mice (21). Profiling the expression of the 

Oprd1eGFP reporter on DRG cells confirmed green fluorescent protein (GFP) expression 

specifically on IB4+ MrgprD+ sensory neurons. We did not detect Oprd1eGFP expression 

by broadly defined lymphoid and myeloid cells (Fig. 4G and fig. S9J). Sensory neurons, 

including the IB4+ subset, which were virally encoded to express the δOR biosensor δLight, 

were capable of δOR activation using Met-enkephalin in vitro (fig. S9, K and L).

Previously, δOR signaling has been shown to suppress voltage-gated calcium channels 

in presynaptic sensory neurons, including IB4+ sensory neurons (31). We generated mice 

expressing a genetically encoded calcium indicator coupled to a tdTomato reporter in the 

MrgprD+ sensory neuron population (Fig. 4H). IT administration of IL-2 reduced calcium 

activity in MrgprD+ neurons in response to von Frey fiber stimulation of the injured hind 

paw (Fig. 4, I to K, and fig. S9, M to O). We generated mice in which MrgprD+ neurons 

lacked expression of the δOR (Oprd1cKO). Female Oprd1cKO mice exhibited exaggerated 

reflexive and spontaneous nocifensive behaviors after SNI compared with controls but not 

in the uninjured state (Fig. 4, L and M, and fig. S9P). Furthermore, Oprd1cKO female 

mice with SNI did not respond to the antinociceptive efficacy of deltorphin II and of IL-2 

(Fig. 4, N to P). We concluded that mTreg cell–derived enkephalin acted through the δOR 

specifically expressed by MrgprD+ sensory neurons, mediating the antinociceptive effect of 

mTreg cells after nerve injury.

Discussion

We describe a sexually dimorphic pain inhibitory circuit between Treg cells residing in the 

nervous system and sensory neurons. Given the limited number of Treg cells in the healthy, 

young CNS parenchyma, we refer to the enkephalinergic Treg cell population located in the 

CNS border tissues as mTreg cells, but we acknowledge their potential ability to migrate 

between the meninges and the CNS under specific conditions (37). Using strategies to 

deplete or expand Treg cells within the meningeal compartment, we find that mTreg cells 

gate cutane-ous mechanical hypersensitivity by modulating nociceptive processing. The 

pain-modulating function of mTreg cells is sex selective and regulated by female gonadal 

hormones.

Although proenkephalin expression by T cells has been identified in various tissues (16, 17), 

the functional assessment of Met- and Leu-enkephalin in modulating nociception by altering 

sensory neuron activity has been limited. Recent work has highlighted potential avenues for 

bidirectional communication between Treg cells and sensory neurons (38, 39). We conclude 

that mTreg cell–secreted enkephalin acts on δORs on primary sensory neurons to selectively 

reduce neuronal calcium activity and mechanical hypersensitivity. Our analysis uncovered 

a sensory modality–selective function of mTreg cells, consistent with prior findings of δOR 

agonism, specifically providing relief of mechanical but not heat hypersensitivity (21). In 

line with both human and rodent studies, we found that antagonizing or depleting the δOR 
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in the absence of injury or inflammation did not alter mechanical sensitivity, which suggests 

that there is no endogenous δOR-mediated control of nociception in the absence of nerve 

injury (33, 40). This suggests that there are other mechanisms to control pain sensing in the 

naïve state, such as alternative Penk peptide splicing by homeostatic Treg cells, engagement 

of other opioid receptors by enkephalin at steady state, or the need for an inflammatory 

stimulus to drive δOR trafficking at the neuronal cell surface (41).

The engagement of δOR on MrgprD+ sensory neurons by mTreg cell–derived enkephalin 

selectively reduced mechanical hypersensitivity after tissue insult or nerve injury. Treg cells 

may further suppress nociception through parallel pathways within peripheral injured tissues 

(6, 35, 38). Our findings illustrate a sexually dimorphic pain regulatory mechanism driven 

by the adaptive immune system and establish mTreg cells as key regulators of endogenous 

opioid tone and nociceptive processing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sex-selective suppression of mechanical pain hypersensitivity by mTreg cells.
(A and B) Representative (n = 5) whole-mount maximum projection confocal microscopy 

image of the lumbar SC meninges (A) and DRGs (B) showing Treg cells (green-red: yellow) 

and nerves (autofluorescence, red) in Foxp3eGFP-Cre-ERT2;Rosa26tdTomato reporter mice. 

Inset in (B) shows DRG magnification. Scale bars, 100 μm (A) and 150 μm (B). Arrowheads 

indicate Treg cells. (C) Total number of weight-adjusted tissue Treg cells across organs in 

both sexes combined; n = 9 to 10 mice per organ. (D) Relative number of tissue Treg cells 

from male (white; n = 5) mice and female (black; n = 5) mice per organ. 100% represents 

mean number of female Treg cells per organ. Comparison is made between the sexes in each 

individual organ. (E) Representative concatenated flow cytometry (n = 5) plots of tissue 

Treg cells after a single IT injection of 20 ng of pegDT. Gating strategy is provided in fig. 

S1. (F) Relative quantifications of tissue Treg cell depletion 2 days after a single IT pegDT 

injection across organs; n = 4 to 8 mice per organ. 100% represents mean number of tissue 

Treg cells in IT vehicle-injected mice per organ. (G and H) Nociceptive thresholds measured 

in Foxp3-DTR mice using von Frey filaments before (day 0) and after a single dose of 20 

ng of IT pegDT or vehicle in female (n = 9 mice per group) (G) or male (n = 13 to 15 
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mice per group) mice (H). Downward-pointing arrow represents increased pain sensitivity. 

(I) Summary of behavioral differences comparing IT pegDT- and control-injected female 

and male mice. In graphs (C), (D), and (F), individual data points show data for one mouse, 

and bars show means ± SEMs. In graphs (G) and (H), individual data points show means ± 

SEMs. Statistics were calculated by unpaired two-tailed Mann-Whitney test [(D) and (F)] or 

two-way analysis of variance (ANOVA) with Sidak’s test for multiple comparisons [(G) and 

(H)]. ScMg, spinal cord meninges; BrMg, brain meninges; LN, lymph nodes; Veh, vehicle. 

ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Midavaine et al. Page 12

Science. Author manuscript; available in PMC 2026 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. mTreg cells control nociception dependent on sex hormones and independent of tissue 
repair.
(A) Schematic representation of the SNI surgery. (B) Long-term assessment of mechanical 

pain thresholds in mice after SNI surgery (both sexes combined, no difference between 

the sexes); n = 7 to 8 mice per group. (C and D) Percent response to 0.008 g of von 

Frey filament in mice with SNI (day 0) and treated with IT pegDT or vehicle every 4 

days. n = 8 per group for females and 9 to 10 per group for males. Upward-pointing 

arrow represents increased pain responsiveness. (E) Schematic representation of mTreg cell 
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expansion in mice 4 weeks after SNI by three IT injections of low-dose IL-2 (0.1 μg). (F) 

Total mTreg cell number in meninges after low-dose IL-2 or vehicle IT injections (both 

sexes combined, no significant differences between the sexes); n = 7 to 8 mice per group. 

(G and H) Nociceptive thresholds of female (n = 7 to 12 mice per group) (G) and male 

(n = 5 mice per group) (H) mice given low-dose IL-2 or vehicle IT 4 weeks after SNI. (I) 

Schematic representation of the mating strategy of FCG Foxp3-DTR mice, demonstrating 

resulting XX and XY females and XX and XY male mice. (J) Nociceptive thresholds of 

FCG Foxp3-DTR female and male mice after a single IT pegDT injection. n = 5 to 9 per 

group for females and 4 per group for males. (K) Percent baseline nociceptive thresholds 

is determined as post–pegDT injection threshold divided by preinjection, basal mechanical 

threshold in male and female mice with XX (white) or XY (pink) chromosomes. N = 4 

to 9 mice per group. (L and M) Nociceptive thresholds of WT FCG female (n = 7 to 8 

mice per group) (L) and male (n = 7 to 8 mice per group) (M) mice after low-dose IL-2 

injections 4 weeks after SNI. (N) Antinociceptive efficacy determined as post–IL-2 injection 

threshold divided by preinjury, basal mechanical threshold in male and female mice with XX 

(white) or XY (pink) chromosomes. (O) Outline of experiment. (P) Nociceptive thresholds 

of sham or ovariectomized (OVX) female mice after low-dose IL-2 injections 4 weeks 

after SNI, and injected with either vehicle, fulvestrant, estrogen (E2), progesterone (P4), 

or both estrogen and progesterone; 5 to 10 mice per group. (Q) Antinociceptive efficacy 

determined as post–IL-2 injection threshold divided by preinjury mechanical threshold in 

female mice with hormone manipulation. In graphs (F), (G), (H), (K), (L), (M), (N), (P), 

and (Q), individual data points show data for one mouse, and bars show means ± SEMs. 

In graphs (B), (C), (D), and (J), individual data points show means ± SEMs. Statistics were 

calculated by two-way ANOVA with Sidak’s test for multiple comparisons [(B), (C), (D), 

and (J)], unpaired two-tailed Mann-Whitney test (F), Wilcoxon matched-pairs signed rank 

test [(G), (H), (L), (M), and (O)], or Kruskal-Wallis with Dunn’s multiple comparisons test 

[(K), (N), and (P)]. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. mTreg cell–derived enkephalin gates nociception.
(A and B) Volcano plot of transcription fold change of activated Treg (aTreg) versus resting 

Treg (rTreg) cells (A) and heatmap of relative expression value of aTreg, rTreg, and activated 

and resting CD4+ CD25− conventional T cells (aTconv and rTconv cells) from public dataset 

GSE154680 (n = 3) (B). (C) Averaged ATAC-seq of open chromatin accessibility peaks on 

the Penk locus in different T cell subsets (n = 4 per group; GSE154680) compared with 

ATAC-seq and histone modification chromatin immunoprecipitation with sequencing (ChIP-

seq) from public ENCODE dataset of the p0 developing forebrain, a known enkephalinergic 
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region. (D) Representative stimulated mTreg cells, meningeal CD4+ T cells (mTconv cells) 

from WT mice, or Penk−/− mTreg cells (control). (E) Representative flow cytometry plots 

(from n = 5mice) of Treg cells from meninges or secondary lymphoid organs (SLOs) from 

PenkCreRosa26tdTomato mice. Pink represents nonvascular tissue Treg cells from transgenic 

Penk lineage reporter mice, gray represents vascular Treg cells in reporter mice, and blue 

corresponds to tissue Treg cells from nontransgenic control mice. Gating strategy is provided 

in fig. S1. (F) Number of enkephalin lineage fate reporter–positive tissue mTreg cells in 

male and female mice; n = 8 mice per group. (G) Quantification of enkephalin inmouse 

CSF after vehicle (pink) IT SLO injection, two pegDT (black) IT injections, or three IL-2 

(white) IT injections in Foxp3-DTR female mice. Each circle represents samples pooled 

from five mice with n = 5 to 7 pooled samples per group. (H to K) Bone marrow chimera 

of PenkCreRosa26DTR bone marrow → WT recipients. Nociceptive thresholds after a single 

pegDT (pink) or vehicle (white) IT injection in female (n = 4 to 5 mice per group) (H) and 

male (n = 4 mice per group) (I) mice. Nociceptive response to 0.008 g of von Frey filament 

after SNI and pegDT (pink) or vehicle (white) IT injection in female (n = 4 to 5 mice 

per group) (J) and male (n = 4 mice per group) (K) mice. (L and M) Female Foxp3Cre-ERT2/

Cre-ERT2;Penkfl/fl mice. Nociceptive thresholds of mice before and after tamoxifen injections 

(L) and percent nociceptive responses after SNI (M). n = 8 mice per group in (L) and 

(M). (N and O) Female mixed bone marrow chimeras of Foxp3-DTR + Penk−/− (1:1) bone 

marrow → WT recipients. (N) Nociceptive thresholds of mice after a single pegDT (pink) 

or vehicle (white) IT; n = 9 to 10 per group. (O) Percent nociceptive responses in SNI mice 

after pegDT (pink) or vehicle (white) IT injections; n = 10 mice per group. In graphs (F), 

(G), (J), (K), (M), and (O), individual data points show data for one mouse, and bars show 

means ± SEMs. In graphs (H), (I), (L), and (N), individual data points show means ± SEMs. 

Statistics were calculated by unpaired two-tailed Mann-Whitney test [(F), (J), (K), (M), and 

(O)], Kruskal-Wallis with Dunn’s multiple comparisons test (G), or two-way ANOVA with 

Sidak’s test for multiple comparisons [(H), (I), (L), and (N)]. ns, not significant; *P < 0.05; 

**P < 0.01; ***P < 0.001.
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Fig. 4. δOR on MrgprD+ sensory neurons orchestrates mTreg cell–mediated antinociception.
(A) HEK-δLight activation upon WT (pink) or Penk−/− (yellow) Treg cell supernatant 

application; n = 3 biological replicates. (B) Antinociceptive efficacy of low-dose IL-2 

IT in WT SNI female mice given naltrindole (selective δOR antagonist) or vehicle. 

Antinociceptive efficacy calculated as ratio of post–IL-2 thresholds compared with preinjury 

threshold. n = 5 to 8 mice per group. (C) Nociceptive thresholds and IL-2 antinociceptive 

efficacy of female mice lacking Oprd1 in the PNS after mTreg cell expansion compared 

with controls. n = 5 mice per group for all graphs. (D) No difference in nociceptive 
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thresholds in female mice lacking Oprd1 in the CNS after mTreg cell expansion compared 

with controls. n = 3 to 4 mice per group. (E) Heatmap of row-normalized expression from 

DRG sensory neurons clusters from combined GSE139088 and GSE201653. (F) Proportions 

of sensory neuron clusters expressing Oprd1 from (E). (G) Representative flow cytometry 

plot of δOR-GFP (green) expression on IB4+ MrgprD+ DRG sensory neurons compared 

with cells from nonreporter mice (purple); n = 3 mice. Gating strategy is provided in 

fig. S9J. Overlaid are lymphoid CD45+ CD90.2+ cells and myeloid CD45+ CD11b+ cells 

from the DRGs. (H) Schematic and representative images of in vivo MrgprD+ sensory 

neurons of L4 to L6 DRGs showing tdTomato and processed change in GCaMP6 signal 

after stimulus subtracted by baseline signal (ΔF/F intensities) in IL-2–treated SNI mice (n 
= 4) compared with controls (n = 6). Dashed box represents a whole lumbar DRG shown 

at 100× magnification on the right. White scale bar, 1 mm; yellow scale bars, 100 μm. (I) 

Heatmap of ΔF/F neuronal intensities over time of 100 most responsive neurons in IL-2 

or vehicle treated SNI mice; 0 represents time of applied von Frey stimulus. Scale bars, 5 

neurons. (J) Compiled MrgprD+ neuron ΔF/F time curves post–von Frey stimulus ±90% 

confidence interval in SNI control (yellow) or mTreg cell–expanded (pink) SNI mice. (K) 

Area under the curve (AUC) values of all individual neurons imaged in the two groups 

from (J). (L to P) MrgprdCre-ERT2; Oprd1fl/fl female mice. (L) Percent response to 0.008 

g of von Frey fiber stimulation after SNI in female mice. (M) Total nocifensive behaviors 

(withdrawals, shakes, licks) to 0.008 g of von Frey fiber stimulation after SNI in female 

mice. (N) Antinociceptive efficacy of deltorphin II (selective δOR agonist) in female mice 

conditionally lacking δOR on MrgprD+ neurons (pink) or controls (white). (O) Nociceptive 

thresholds after low-dose IL-2 IT in female mice. (P) Antinociceptive efficacy of low-dose 

IL-2 IT in female mice. n = 4 mice per group in (L) to (P). In graphs (B), (C), (D), 

(L), (M), (N), (O), and (P), individual data points show data for one mouse, and bars 

show means ± SEMs. In graph (K), individual data points show data for one neuron, and 

bars show means ± SEMs. In graphs (A) and (J), individual data points show means ± 

SEMs. Statistics were calculated by unpaired two-tailed Mann-Whitney test [(B) and (C); 

antinociceptive efficacy: (K), (L), (M), (N), and (P)] or Wilcoxon matched-pairs signed rank 

test [(C); nociceptive threshold: (D) and (O)]. SA-LTMR, slowly adapting low-threshold 

mechanoreceptor; RA-LTMR, rapidly adapting low-threshold mechanoreceptor; MrgprD, 

Mas-related G protein–coupled receptor D; Prop., proprioceptor; SST, somatostatin; Trpm8, 

transient receptor potential cation channel subfamily M member 8; TAM, tamoxifen; cKO, 

conditional knockout. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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