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SUMMARY
Dysregulation of the immune system is a cardinal feature of opioid addiction. Here, we characterize the land-
scape of peripheral immune cells from patients with opioid use disorder and from healthy controls. Opioid-
associated blood exhibited an abnormal distribution of immune cells characterized by a significant expan-
sion of fragile-like regulatory T cells (Tregs), which was positively correlated with the withdrawal score. Anal-
ogously, opioid-treated mice also showed enhanced Treg-derived interferon-g (IFN-g) expression. IFN-g
signaling reshaped synapticmorphology in nucleus accumbens (NAc) neurons,modulating subsequent with-
drawal symptoms. We demonstrate that opioids increase the expression of neuron-derived C-C motif che-
mokine ligand 2 (Ccl2) and disrupted blood-brain barrier (BBB) integrity through the downregulation of astro-
cyte-derived fatty-acid-binding protein 7 (Fabp7), which both triggered peripheral Treg infiltration into NAc.
Our study demonstrates that opioids drive the expansion of fragile-like Tregs and favor peripheral Treg dia-
pedesis across the BBB, which leads to IFN-g-mediated synaptic instability and subsequent withdrawal
symptoms.
INTRODUCTION

Opioid drugs are powerful analgesics, but they are also the most

addictive because of their powerful euphoria-inducing effects.

The nucleus accumbens (NAc) is a primary site that orchestrates

both reward and aversion processes and is thus a promising

therapeutic target for treating drug addiction.1,2 Morphine-

induced morphological remodeling in NAc is involved in behav-

ioral sensitization,3 dependence4 and withdrawal.5 However,

NAc structural plasticity from damage to recovery, whereby

neuronal synapses form new connections to break, remains

enigmatic. Morphine-induced increases in leukocyte-endothelial

adhesion are accompanied by elevated levels of inflammatory
cytokines, which alter blood-brain barrier (BBB) homeostasis

and permeability, and exacerbate neuroinflammation.6 Despite

all this knowledge, whether peripheral immune cells and their

secreted cytokines interact with the central nervous system

(CNS) to modulate synaptic structure or addictive behavior re-

mains largely unknown.

Regulatory T cells (Tregs) are a specialized T cell lineage and

have a pivotal function in immunosuppression. Interestingly, a

high proportion of so-called fragile Tregs has been found in the

tumor microenvironment, which boosts antitumor immunity.7

Unlike stable Tregs, fragile Tregs are defined as retaining

Foxp3 expression but with loss of suppressive function. They

can produce interferon-g (IFN-g) as a result of elevated HIF1a
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expression due to hypoxia.7,8 So far, cells with the fragile Treg

phenotype have only been reported in the tumor microenviron-

ment, but whether they occur in other disease states, and what

their function is, remain poorly understood.

Here, we report an expanded fragile-like Treg population,

characterized by secretion of IFN-g and sustainedHIF1a expres-

sion, in patients with opioid use disorder. Subsequently, a similar

subset was also found in the blood and NAc of mice after opioid

administration. In addition, fragile-like Treg-produced IFN-g

causes synaptic dysfunction and subsequent withdrawal symp-

toms. We further identified the molecular mechanism by which

fragile-like Tregs pass through the BBB.

RESULTS

The presence of fragile-like Tregs subset in patients
with opioid use disorder
Cytometry by time of flight (CyTOF) and bulk RNA-seq were per-

formed on peripheral bloodmononuclear cells (PBMCs) to investi-

gate immunesignatures in21patientswithopioidusedisorderand

20 healthy controls. Flow cytometry was used to verify the results

ofCyTOF andRNA-seq (Figure 1A). A 41-marker panel was estab-

lished for immunophenotyping, including markers for immune

checkpoints, proliferation, and innate and adaptive immune cells

(Table S1). Thirteen cell clusters were exported for dedicated

manually gated analyses across all subjects (Figures 1B and

S1A). Relative to controls, opioid-associated blood had propor-

tionally increased fractions of CD4+ and CD8+ central memory

T cells (Tcm) and decreased CD4+ effector memory T cells

(Tem), CD4+ helper T cells (Th), CD8+ Tem, CD8+ cytotoxic

T cells (Tc), natural killer (NK) cells, and monocytes (Figures 1C

and S1B; Table S1). Unexpectedly, we identified an obvious in-

crease in the expression of a variety of dysfunctional or ‘‘ex-

hausted’’ T cell markers (CTLA4, TIM3, LAG3, PDL1, and PDL2),
Figure 1. Identification of peripheral immune milieu in patients with op

(A) Schematic diagram of sample analysis methodology. PBMCs from patients w

flow cytometry.

(B) UniformManifold Approximation and Projection (UMAP) plot of the gated immu

clusters (n = 41).

(C) Comparison of the percentage of immune cell subsets. Upper panel indicate

centage in groups (n = 20, 21).

(D) Heatmap of immune suppression (left), activation (middle), and cell type (righ

(E) Comparison of the immune suppressive (upper) and activated (lower) marker

(F) Comparison of expression of the indicated markers in different immune cell s

(G) The UMAP plot of Foxp3 abundance (n = 20, 21).

(H and I) Foxp3high cells were defined as cells with expression values higher than

(I) volcano plot showing the difference between Foxp3high and Foxp3low cells (n =

(J) The volcano plot of PBMCs RNA-seq fold-change values. The red dots repre

downregulated DEGs (n = 20, 21).

(K) PBMCs samples were verified by flow cytometry. Gating strategy defining Tre

CD4+ cells. The fluorescence intensity of Treg-secreted IFN-g (right) (n = 8).

(L and M) Tregs populations were sorted by fluorescence-activated cell sorting. C

(n = 20, 21).

(N and O) Correlation between CyTOF markers expression and addiction-relat

(O) partial correlation analysis (n = 21). DFDUA, duration from first drug use to ad

(P) Correlation analysis between the withdrawal score and the relative expressio

In (E) violin plots showing the distribution of arcsinh-transformed marker express

quantiles, andwhiskers denote 1.53 interquartile range (IQR); (K, L, andM) Data a

**p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S1 and Tables S1 and S2.
as well as activation or proliferation markers (HLA-DR, ICOS,

CD25, OX40, and Ki67), in opioid-associated blood (Figures 1D

and 1E). Furthermore, differences in immune signatures among

the different cell subsets were observed between two groups.

The analysis of peripheral blood from patients with opioid use dis-

order revealed that multiple inhibitory markers and activation

markers were enhanced in different immune cell subsets (Fig-

ure1F;TableS1). Taken together, these results suggest thatopioid

exposure may hyperactivate the immune system, leading to

dysfunctionality.

As noted, Foxp3, which was broadly co-expressed in various

cell subsets, wasmarkedly increased in opioid-associated blood

(Figure 1G). Unlike classical Foxp3high cells (CD4+, CD25+,

CTLA4+, and CD127-), opioid-associated Foxp3high cells co-ex-

pressed CCR7, CD45RA, CD163, CTLA4, CD127, CD4, ICOS,

OX40, and Ki67, suggesting a mononuclear, proliferative, and

naive phenotype (Figures 1H, 1I, and S1C; Table S1). To further

understand gene-expression changes, we performed bulk RNA-

seq on PBMCs (Table S2). The expression of a range of cytokine

genes (including IFNG and CCL4) and genes indicating cellular

activation (ICOS, CD69, MYC, and PCNA) was elevated in

PBMCs from patients with opioid use disorder (Figures 1J and

S1D). Differentially expressed genes were also enriched in the

‘‘T cell receptor (TCR) signaling pathway’’ and ‘‘T cell differenti-

ation’’ gene sets (Figures S1E and S1F; Table S2). To validate

these findings, the phenotype of the Foxp3+ cells was further

verified by flow cytometry. Consistent with CyTOF and RNA-

seq results, flow cytometry analysis showed that Tregs (CD4+

and Foxp3+) and the IFN-g they produced were elevated in

opioid-associated blood (Figure 1K), while no obvious change

of IFN-g level was observed in other cell subsets (Figure S1G).

Moreover, IFN-g+ cells were gated to identify that elevated

IFN-g mainly originated from Tregs (Figure S1H). Gating based

on the Treg phenotype identified enhanced HIF1a and IFNG
ioid use disorder

ith opioid use disorder and controls were assessed by CyTOF, RNA-seq, and

ne cells (4,000 cells per sample; 164,000 cells for all) overlaid with color-coded

s the percentage in individuals. Lower panel indicates the average of the per-

t) markers from all cells (n = 20, 21).

s (n = 20, 21).

ubsets (n = 20, 21).

the mean of total cells, while others are Foxp3low cells. (H) The bubble plot and

20, 21).

sent significantly upregulated DEGs, and the blue dots represent significantly

gs population and Treg-secreted IFN-g (left). The percentage of Tregs in total

omparison of the relative expression of (L) HIF1a and (M) IFNGmRNA in Tregs

ed traits in patients with opioid use disorder by (N) bivariate correlation and

diction.

n of Treg-derived IFNG (n = 21).

ion values, boxplots inside violin plots are shown as the median ± 25%–75%

re shown asmean ±SEM. Data represent four to five independent experiments.
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Figure 2. Opioids administration causes fragile-like Treg infiltration and synaptic plasticity in NAc

(A) Themicewere treatedwithmorphine as described in Figure S2A. Representative plots of Tregs and IFN-g in PBMCs by flow cytometry (left). The percentage of

Tregs. The fluorescence intensity of Treg-gated IFN-g (right) (n = 8).

(B) Tregs were isolated from spleens of mice noted, stimulated with PMA, ionomycin, and IL-2, and co-cultured for 72 h. Representative histogram plots (left) and

quantification (right) of the intensity of IFN-g and IFN-gR (n = 5).

(C) Representative images (left) and quantification (right) of Foxp3 immunoreactivity in NAc (n = 10); scale bars, 50 mm.

(legend continued on next page)
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expression by these cells in opioid-associated blood (Figures 1L

and 1M), indicating the appearance of a fragile-like Treg subset.

To explore the potential biological role of opioid-associated

fragile-like Tregs, we performed correlation analyses of the

above results and addiction-related traits in patients with opioid

use disorder. The correlations of cell-marker expression were

first investigated, and we identified a significant positive correla-

tion between Foxp3 and CD163 (Figure S1I). Subsequently, we

systematically elucidated the relationship between immune sta-

tus and opioid addiction phenotypes. Strikingly, therewas a pos-

itive correlation between Foxp3 expression and withdrawal

score (Figures 1N, 1O, and S1J). Moreover, the relative level of

expression of Treg-derived IFNG positively correlated with with-

drawal scores (Figure 1P), indicating that fragile-like Tregs may

be involved in opioid-induced withdrawal symptoms.

Opioid-induced hypoxia triggers fragile-like Treg
phenotype
To investigate the effect of opioids in mice, wild-type (WT) mice

were given increasing doses of morphine or heroin (Figure S2A).

Flowcytometry confirmed that therewasan increasedpercentage

of Tregs as well as the level of Treg-derived IFN-g and T-box tran-

scription factor 21 (T-bet) in variousorgans (blood, thymus, spleen,

abdominal lymph nodes, and liver) after morphine treatment

(Figures 2A and S2B). However, morphine treatment had no effect

on the expressionof IFN-g inCD8+ T cells and Foxp3- CD4+ T cells

(Figure S2C). Treg fragility is definedby a dominant effect of fragile

Tregs on WT Tregs. Moreover, IFN-g is required and sufficient to

drive Treg fragility.7 To test if opioid-mediated fragile-like Tregs

could directly impact the function of WT Tregs, we co-cultured

splenic Tregs from Foxp3YFP-cre mice (with or without opioid-

drug treatment) (Figure S2D). Indeed, WT Tregs that were co-

cultured with opioid-mediated fragile-like Tregs enhanced the

expression levels of IFN-g and IFN-g receptor (IFN-gR) and drove

Treg fragility (Figures 2B and S2E). Foxp3+ cell-specific IFN-g

knockout (IfngcKO) mice were also used to verify Treg fragility (Fig-

ure S2F). Elimination of IFN-g reducedmorphine-induced expres-
(D) NAc-derived cell suspensions were prepared. The samples were analyzed for

the cell populations from the indicated gates (left). The percentage of IFN-g+ cel

(E) Capturing the TCR in NAc. Flow chart of the TCR IR-seq design and analysis

(F–M) Analysis of TCR b chain frequency and diversity in NAc.

(F) Principal component analysis (PCA) showing the closeness of CDR3 aa usag

(G) Circle diagrams representing the overlap of the CDR3 aa count, frequency, a

(H) Comparison of the frequency of V and J segments.

(I) The compositions of the V and J segments.

(J) Representative circle diagrams of the VJ pair segments.

(K) The clonotypes of VJ, VDJ (left), and total and unique CDR3 aa (right).

(L) The rank abundance showing the diversity of CDR3 aa clonotypes.

(M) Heatmap of the hierarchical clustering of CDR3 aa clusters (n = 8).

(N–P) The dendritic spines morphological changes of MSNs in NAc by Golgi-Co

(N) Representative images of dendritic spines on secondary dendrites ofMSNs in N

branched-like spines; scale bars, 5 mm.

(O) Histograms showing the distribution of different spine types.

(P) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(Q and R) The synaptic morphological changes of NAc by TEM.

(Q) Representative images of asymmetric and symmetric synapses in Nac; scale

(R) The number of asymmetrical synapses (left) and the lengths of active zones o

Data are shown as the mean ± SEM. Data represent three to five independent e

See also Figures S2–S4 and Table S3.
sion of T-bet and IFN-gR in vivo (Figure S2G–S2I). These data indi-

cate a critical role of IFN-g produced by fragile-like Treg in

mediating Treg transformation.

As mentioned above, opioid-mediated Treg fragility is a global

effect. Inorder to identifywhich factor triggersTreg transformation,

the WT Tregs were treated with different concentrations of

morphine or heroin for 72 h ex vivo.We found that opioid treatment

had no effect on the expression levels of Treg-derived IFN-g and

T-bet, indicating that opioids could not directly drive Treg fragility

(FiguresS2J andS2K). A study has supported the notion that intra-

tumorally mediated hypoxia facilitates Treg fragility.7 The moni-

toring of arterial oxygen saturation (SaO2) was conducted in

mice after opioid treatment. Indeed, opioids caused a reduction

in SaO2 (Figure S2L); thismay have an exert effect on opioid-asso-

ciated respiratory depression and hypoxia.9–11 Western blotting

also revealed upregulation of Hif1a and p-Akt (S473) and downre-

gulation of Foxo3a and Foxo1 in Tregs from opioid-treated mice,

suggesting that Akt/Hif1a axis could prime Tregs to become frag-

ile-like in hypoxic conditions (Figures S2M and S2N). Taken

together, these results demonstrate that Treg fragility transforma-

tion isprimarilydue toopioid-inducedglobalhypoxia rather than its

direct pharmacological effect.

Opioids lead to fragile-like Treg infiltration and synaptic
plasticity in NAc
Enzyme-linked immunosorbent assay (ELISA) documented

elevated IFN-g expression both in blood and in NAc after

morphine or heroin treatment (Figure S3A). Of note, we detected

a sizeable population of Foxp3+ cells in NAc from opioid-treated

mice (Figures 2C, 2D, and S3B–S3E), and the expanded IFN-g+

cells displayed a signature of CD4+ Foxp3+ Tregs (Figure 2D).

Obviously, morphine-induced IFN-g augments mainly originated

from CD4+ Foxp3+ Tregs rather than from Foxp3+ CD4- cells and

Foxp3- cells in NAc (Figure S3F). Moreover, very little positive

staining of B cell marker (CD19), NK cell marker (NK1.1), and

monocyte cell marker (Ly6c) was detected after morphine treat-

ment (Figure S3G). The levels of other inflammatory factors (IL-6,
the expression of IFN-g, Foxp3, CD4, and CD8markers. Contour plots showing

ls and Foxp3+ cells (right) (n = 6).

.

e.

nd diversity.

x staining.

Ac. The dendritic spineswere categorized intomushroom-, stubby-, thin-, and

bars, 100 nm.

f asymmetrical synapses (right) (n = 4).

xperiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TNF-a, and IL-17) and Treg-associated cytokines (TGF-b and IL-

10) were reduced or remained unchanged in the blood and NAc

of opioid-treated mice (Figures S3H and S3I). These results

indicate that IFN-g upregulation is specific to CD4+ Foxp3+

Treg infiltration into NAc.

TCR repertoire and signal play an important role in regulating

Treg differentiation, homeostasis, and function. The amino-

acid (aa) clonotype of the complementarity-determining region

3 (CDR3) region of the TCR b chain determines the origin and di-

versity of T cell clones.12 To investigate whether the infiltrating

T cells originate from peripheral blood or from the proliferation

of resident T cells in NAc, the TCR b chain clonotypes were

tracked by IR-seq (Figure 2E). A total of 23 V segments, 12 J seg-

ments, 200 VJ segments, 306 VDJ segments, and 82,075

distinct CDR3 aa clonotypes was identified from all NAc samples

(Table S3). Morphine exposure resulted in a significantly different

CDR3 aa profile (Figure 2F) due to decreased counts, fre-

quencies, and diversity of overlapping CDR3 aa clonotypes

between the two groups (Figures 2G and S4A). Although the fre-

quency patterns of most V, J, VJ, VDJ, and CDR3 aa in the two

groups were similar (Figures 2H and S4B–S4D), expanded V,

VJ, VDJ, and CDR3 aa clonotypes were detected after morphine

treatment (Figures 2I–2K). There was a significantly higher diver-

sity of CDR3 aa clonotypes in NAc after morphine treatment

(Figures 2L, 2M, and S4E). These data reveal that opioids induce

peripheral T cell infiltration rather than the proliferation of resi-

dent T cells in NAc.

To investigate the effect of opioids on NAc synaptic plasticity,

we first quantified neurons in NAc. Morphine treatment did

not affect the number of neurons (Figure S4F). Consistent with

these results, both cell apoptosis and necroptosis remained un-

changed after morphine exposure (Figures S4G and S4H). A

study has showed that thin-like spines are increased in medium

spiny neurons (MSNs) in NAc 1 day after morphine withdrawal.13

In our study, dendritic spines were categorized as mushroom-,
Figure 3. Elimination of IFN-g prevents morphine-induced NAc synapt
(A) Flow chart of morphine and anti-IFN-g antibody administration in vivo.

(B and C) The effects of anti-IFN-g on morphine-mediated Treg infiltration and IF

(B) Representative Foxp3+ cells of immunohistochemistry images; scale bars, 50

(C) The level of IFN-g in NAc detected by ELISA (n = 10).

(D–F) The effects of anti-IFN-g on morphine-mediated synaptic morphology by G

(D) Histograms showing the distribution of different spine types.

(E) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(F) The lengths of active zones in asymmetrical synapses (n = 5).

(G–I) The IfngloxP and IfngcKOmicewere treatedwithmorphine as described in Figu

level in NAc by immunohistochemistry, flow cytometry, and ELISA.

(G) Representative Foxp3+ cells of immunohistochemistry images; scale bars, 50

(H) The fluorescence intensity of Treg-gated IFN-g by flow cytometry.

(I) The level of IFN-g detected by ELISA (n = 9, 10).

(J–L) The effects of IfngcKO on morphine-mediated synaptic morphology in NAc

(J) Histograms showing the distribution of different spine types.

(K) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(L) The lengths of active zones in asymmetrical synapses (n = 5).

(M) Flow chart of morphine-induced spontaneous somatic withdrawal test.

(N) The effects of IfngcKO on the global withdrawal score 48 h after the last morp

(O) The immunostaining of c-Fos in NAc; scale bar, 25 mm (left). Quantification o

Data are shown as the mean ± SEM. Data represent three to five independent e

saline 3 isotype Ab group (B, C, E, and F) or saline 3 IfngloxP group (G, I, K, L, N

See also Figures S5 and S6.
stubby-, thin-, or branched-like spines14 (Figure S4I). The total

spine density of MSNs in NAc was not altered after 7 days of

morphine administration (Figure S4J). The proportions of

stubby-like spines and thin-like spines were decreased and

increased, respectively, in the morphine-treated group

(Figures 2N–2P), which indicated that immature/unstable synap-

tic structures of MSNs were increased after morphine exposure.

The numbers of synapses and symmetrical synapses were also

found not to be affected after 7 days of morphine administration

(Figure S4K). The numbers of asymmetrical synapses and the

lengths of active zones of these synapses, however, were

increased and decreased, respectively, in morphine-treated

mice (Figures 2Q and 2R), which indicated excitatory synaptic

function was weakened. Subsequently, the long-term morphine

treatment regimen also revealed analogous changes in NAc

(Figures S4L–S4S). These results on morphological changes

show that synapses are weakened in NAc after morphine

exposure.

Elimination of IFN-g prevents NAc synaptic weakening
To determine whether IFN-g influences synaptic plasticity in

NAc, mice were administered an IFN-g neutralizing antibody

(anti-IFN-g) before morphine treatment (Figure 3A). Blocking

IFN-g did not prevent Treg infiltration (Figure 3B) but decreased

IFN-g levels in NAc (Figure 3C). At the same time, the proportion

of stubby-like spines was increased and the proportion of thin-

like spineswas decreased (Figures 3D, 3E, S5A, and S5B). More-

over, the lengths of active zones of these synapses were

increased, suggesting that synapse function was strengthened

(Figures 3F, S5C, and S5D). The morphological results sug-

gested that potential synapse-weakening effects were pre-

vented. We further used genetic ablation to investigate whether

IFN-g from Foxp3+ cells alters structural plasticity by examining

spine morphology in NAc. As in morphine-treated mice, IfngcKO

mice also showed Treg infiltration into NAc (Figure 3G).
ic weakening

N-g level in NAc by immunohistochemistry and ELISA.

mm (left). Quantification of Foxp3+ cells per high-power field (right) (n = 6).

olgi-Cox staining and TEM.

re S2A. The effects of IfngcKO onmorphine-mediated Treg infiltration and IFN-g

mm (left). Quantification of Foxp3+ cells per high-power field (right) (n = 6).

by Golgi-Cox staining and TEM.

hine treatment (n = 8).

f c-Fos+ cells per mm2 (right) (n = 5, 6).

xperiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with

, and O); #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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Figure 4. NAc neuronal IFN-g signaling modulates synaptic plasticity

(A) Flow chart (upper) and schematic (lower) of the specific knockdown of Ifngr1 in NAc neurons using hsyn-driven tet-on system.

(B–D) The qPCR, western blotting, and ELISA showing the efficiency of Ifngr1 knockdown in NAc.

(B) The relative expression level of Ifngr1 mRNA (n = 8).

(C) Representative images of immunoblots (left). The relative expression level of Ifngr1 protein (right) (n = 8).

(D) The level of IFN-g by ELISA (n = 6).

(E) Representative co-immunostaining images for Stat1, NeuN, and DAPI in NAc; scale bar, 25 mm (left). The percentage of Stat1 + NeuN double-labeled cells

(right) (n = 6).

(F) The relative expression level of Wnt10b mRNA (n = 8).

(G–K) The effects of Ifngr1 knockdown on the synaptic structure in NAc by Golgi-Cox staining and TEM.

(G) Representative Golgi-Cox staining images; scale bars, 5 mm.

(H) The distribution of different spine types.

(I) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(J) Representative TEM images; scale bars, 100 nm.

(K) The lengths of active zones in asymmetrical synapses (n = 5).

(legend continued on next page)
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Nevertheless, the amount of IFN-g produced by Tregs in NAc

was significantly reduced after morphine treatment (Figures 3H

and 3I). We observed morphological changes of spines and syn-

apses and detected similar effects with anti-IFN-g administra-

tion. The results showed that morphine-induced synaptic weak-

ening was also prevented in morphine-treated IfngcKO mice

(Figures 3J–3L and S5E–S5H). We then tested the effects of

IFN-g at different stages of morphine-conditioned place prefer-

ence (CPP) (Figure S5I). Interestingly, acquisition and

morphine-challenged reinstatement were not prevented in

morphine-treated IfngcKO mice (Figure S5J), but the withdrawal

symptoms were alleviated from 12 to 60 h in these mice

(Figures 3M, 3N, and S5K).

To determine which afferents to NAc were activated in

morphine-treated mice, we injected the retrograde tracer fluoro-

gold (FG) into NAc and performed double labeling of c-Fos and

FG in the basolateral amygdala (BLA), ventral hippocampus

(vHIP), medial prefrontal cortex (mPFC), and paraventricular

nucleus of the thalamus (PVT) (Figure S6A). We observed an

increase in active c-Fos cells (the ratio of c-Fos+FG to

total FG-positive cells) only in PVT in morphine-treated mice

(Figures S6B and S6C). We selectively inhibited NAc and

PVT/NAc projection in morphine-treated mice via a

chemogenetic approach. We found that the inhibition of NAc

or PVT/NAc projection significantly ameliorated withdrawal

symptoms (Figures S6D–S6G). These data reveal that NAc and

its afferent PVT are necessary for morphine-induced withdrawal

symptoms.15 By immunostaining, we also found that c-Fos-pos-

itive cells were significantly increased within NAc of morphine-

treated IfngloxP mice but not morphine-treated IfngcKO mice

(Figure 3O). Altogether, these results show that Treg-mediated

IFN-g is essential for morphine-treatment-induced synaptic

weakening and subsequent withdrawal symptoms.

NAc neuronal IFN-g signaling modulates synaptic
plasticity
To assess the role of IFN-g in neuronal signaling, we decreased

the level of IFN-g receptor R1 (Ifngr1) expression in NAc using

an hsyn-driven tet-on system. The AAV-TRE-shRNA (Ifngr1)

(downregulation) with AAV-hsyn-rTTA were injected into NAc

(Figure 4A). The Ifngr1 shRNA efficiently reduced Ifngr1 expres-

sion but not IFN-g levels (Figures 4B–4D). Immunofluorescence

staining revealed an increased expression of Stat1 (the gene re-

sponding in the IFN-g signaling pathway) in NAc after morphine

treatment. Enhanced Stat1 was inhibited by the tet-on system

when Ifngr1 was downregulated (Figures 4E and S6H). The

Wnt family and Bst2, identified as targets of IFN-g signaling,

play key roles in synapse formation and damage.16,17 To inves-

tigate potential molecular mechanisms of the observed effects,

we further examined Wnt10b and Bst2 expression in NAc.

Indeed, blocking IFN-g signaling suppressed morphine-induced

Wnt10b expression (Figure 4F), whereas no significant change of

Bst2 expression was found (Figure S6I). Furthermore, morphine-
(L) The effects of Ifngr1 knockdown on the global withdrawal score 48 h after the

Data are shown as the mean ± SEM. Data represent three to five independent e

saline 3 scrambled group; ##p < 0.01, ###p < 0.001.

See also Figure S6.
induced synaptic weakening was prevented when the Ifngr1 was

knocked down (Figures 4G–4K, S6J, and S6K). Amelioration of

withdrawal symptoms was also observed after blocking IFN-g

signaling (Figures 4L and S6L). Together, these data indicate a

necessity for the activation of IFN-g signaling to induce high syn-

aptic plasticity in NAc after morphine treatment.

Opioids facilitate Ccl2-mediated Treg recruitment
A key question is why Tregs infiltrate into NAc. It may be that NAc

chemokine recruitment is a necessary factor. We therefore

analyzed the expression of C-C motif chemokine ligand 2

(Ccl2), Ccl19, and Ccl21, which are potential candidate chemo-

kines involved in Treg trafficking.18,19 We found an increase of

Ccl2 expression in NAc after morphine treatment, while there

was no significant difference of Ccl2 expression in blood, sug-

gesting that the Ccl2 augmentation was attributable to NAc (Fig-

ure 5A). In contrast, morphine treatment did not enhance the

expression of Ccl19 and Ccl21 in NAc (Figure S7A). Furthermore,

immunofluorescence analysis indicated that the elevated Ccl2

originated from neurons rather than astrocytes (Figures 5B and

S7B). To verify whether neuron-derived Ccl2 mediates Treg

recruitment, we created Foxp3+ cell-specific Ccr2 knockout

(Ccr2cKO) mice (Figure S7C). Although deletion of Ccr2 in Treg

did not alter Ccl2 expression in neurons (Figure 5C), morphine-

treated Ccr2cKO mice showed less Treg infiltration and lower

IFN-g production and Stat1 expression (Figures 5D–5F). More-

over, morphine-induced synaptic weakening (Figures 5G–5I

and S7D–S7G) and withdrawal symptoms (Figures 5J and

S7H) were also prevented in Ccr2cKO mice.

Interestingly, a study has demonstrated that Stat1 signaling

can drive neuronal Ccl2 expression.20 Thus, Ccl2 and Foxp3

staining was performed to identify the correlation between

Stat1 signaling and Ccl2-mediated Treg recruitment. Downregu-

lation of Ifngr1 did not alter morphine-induced Ccl2 and Foxp3

staining, indicating that morphine facilitates neuronal Ccl2

expression and Treg recruitment independent of Stat1 signaling

(Figures S7I and S7J), and that this process is associated with

opioid-induced Ccl2 production by neurons via m-opioid

receptors.21

Fabp7 is essential for opioid-associated BBB
hyperpermeability
Morphine treatment significantly altered 248 transcripts in NAc,

with a total of 111 upregulated and 137 downregulated (Fig-

ure 6A; Table S4). In addition, gene-set-enrichment analysis

(GSEA) revealed that morphine mainly affected synaptic trans-

mission-, immune response-, and addiction-related pathways

(Table S4). Five differentially expressed genes (DEGs) of interest

that were found to be involved in synaptic plasticity or immuno-

logic injury (Fabp7, S100a9, Fmo2, Hif3a, and Wnt10b) were

selected.22–25 The assessment of the mRNA expression of these

genes was in close agreement with that found by RNA-seq anal-

ysis, with the exception of S100a9 (Figures S7K and S7L).
last morphine treatment (n = 7, 8).

xperiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with
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Figure 5. Foxp3+-specific deletion of Ccr2 improves morphine-induced effect in NAc

(A) The levels of Ccl2 in peripheral blood and NAc determined by ELISA (n = 9, 10).

(B) Representative co-immunostaining images for Ccl2, NeuN, and DAPI in Nac; scale bars, 25 mm.

(C–F) The Ccr2loxP and Ccr2cKO mice were treated with morphine as described in Figure S2A.

(C) Representative co-immunostaining images for Ccl2, NeuN, and DAPI in NAc; scale bars, 25 mm (left). The percentage of Ccl2 + NeuN double-labeled cells

(right) (n = 5, 6).

(D) Representative images (left) and quantification (right) of Foxp3 immunoreactivity in NAc (n = 6); scale bars, 25 mm.

(E) ELISA analysis of IFN-g in NAc (n = 6).

(F) Representative co-immunostaining images for Stat1, NeuN, and DAPI in Nac; scale bars, 25 mm (left). The percentage of Stat1 + NeuN double-labeled cells

(right) (n = 5, 6).

(G–I) The effects of Ccr2cKO on morphine-mediated synaptic morphology in NAc by Golgi-Cox staining and TEM.

(G) Histograms showing the distribution of different spine types.

(H) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(I) The lengths of active zones in asymmetrical synapses (n = 5).

(J) The effects of Ccr2cKO on the global withdrawal score 48 h after the last morphine treatment (n = 6, 7, 8).

Data are shown as themean ± SEM. Data represent three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with saline group

or saline 3 Ccr2loxp group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.

See also Figure S7.
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We then determined the potential mechanisms of these DEGs

of interest in the context of peripheral Treg infiltration-induced

NAc synaptic weakening. There is a clear correlation between

fatty-acid-binding protein 7 (Fabp7) expression and the level of

IFN-g (Figures 6B and S7M). Strong evidence supports that

Fabp7, a differentiation- and migration-associated molecule,

modulates BBB permeability.26 We therefore hypothesized that
600 Cell 186, 591–606, February 2, 2023
morphine-induced dysfunction of BBB contributes to Treg infil-

tration into NAc, which is related to Fabp7 expression. We de-

tected co-localization of Fabp7 with specific cell-type markers

(NeuN, neuron; GFAP, astrocyte; and IBA1, microglia) by immu-

nohistochemical analysis. The Fabp7 was particularly highly ex-

pressed by astrocytes (approximately 70% of cells), whereas

<10% of neurons and microglia were Fabp7+ (Figure 6C).



Figure 6. Morphine triggers Fabp7 reduction and BBB hyperpermeability

(A) Bulk RNA-seq showing the gene expression profiles in NAc. The red dots represent significantly upregulated DEGs (n = 111), and the green dots represent

significantly downregulated genes (n = 137) (n = 6).

(B) Pearson’s correlation analysis between the relative expression of Fabp7 mRNA and IFN-g level in NAc (n = 10).

(C) Representative co-immunostaining images for Fabp7, NeuN,GFAP, and IBA1 in NAc (left). The proportion of Fabp7-positive cells containedwith NeuN, GFAP,

or IBA1 (right). n = 1,099 cells from 4 mice; scale bar (low magnification), 25 mm and (high magnification), 5 mm.

(D and E) The Fabp7 expression in NAc astrocytes.

(D) Representative images of immunoblots (left). The relative protein level of Fabp7 (right) (n = 6).

(E) Representative co-immunostaining images for Fabp7, GFAP, and DAPI; scale bars, 25 mm (left). Quantification of Fabp7 and GFAP immunoreactivity in NAc

(right) (n = 6).

(F and G) Extravagated Evans blue (EB) analysis showing the BBB permeability.

(F) Representative fluorescent images for EB; vascular endothelial cells were marked by anti-CD31; scale bars, 25 mm.

(G) Spectrophotometric analysis of EB extravasation in NAc (n = 7, 8).

(H and I) The effects of IfngcKO on Fabp7 expression determined by qPCR and western blotting.

(H) The relative expression of Fabp7 mRNA (n = 8).

(I) Representative immunoblots (left). The relative expression of Fabp7 protein (right) (n = 8).

Data are shown as the mean ± SEM. Data represent two to four independent experiments. *p < 0.05, **p < 0.01, ****p < 0.0001 compared with saline group (D, E,

and G) or saline 3 IfngloxP group (H and I); ###p < 0.001.

See also Figure S7 and Table S4.
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Furthermore, both total (Figure 6D) and astrocyte-derived Fabp7

(Figure 6E) were significantly decreased in morphine-treated

mice. Evans blue (EB) monitoring of extravasation was used to

assess the permeability of BBB after morphine exposure. Using

CD31 as a marker of vascular endothelial cells, we observed an

increase of extravasated EB in the morphine-treated NAc

(Figures 6F and 6G). Interestingly, IfngcKO mice also exhibited

morphine-induced decreases in Fabp7 mRNA and protein
(Figures 6H and 6I), indicating that decreased Fabp7 is attribut-

able to morphine administration but not to IFN-g. Taken

together, these results provide convergent evidence showing

that morphine treatment results in neuron-derived Ccl2 expres-

sion and hyperpermeability of the BBB, which are associated

with Treg recruitment.

The GFAP-driven tet-on system was used to specifically

rescue Fabp7 expression (upregulation) in astrocytes of NAc
Cell 186, 591–606, February 2, 2023 601



Figure 7. Fabp7 is essential for opioid-associated BBB permeability

(A) The flow chart (upper) and schematic (lower) of the specific overexpression of Fabp7 in NAc astrocytes using a GFAP-driven tet-on system.

(B and C) The efficiency of Fabp7 overexpression in NAc determined by western blotting and ELISA.

(B) Representative images of immunoblots (left). The relative expression of Fabp7 protein (right) (n = 8, 9).

(C) The level of IFN-g by ELISA in NAc (n = 6).

(D and E) Extravagated EB analysis showing the BBB permeability.

(D) Representative fluorescent images for EB; vascular endothelial cells were marked by anti-CD31; scale bars, 25 mm.

(E) Spectrophotometric analysis of EB extravasation in NAc (n = 5, 6).

(F) Immunohistochemistry showing the Treg infiltration in NAc. Representative CD4+ cells of immunohistochemistry images; scale bars, 25 mm (left). Quantifi-

cation of CD4+ cells per high-power field (right) (n = 8).

(G) Immunofluorescence showing the Ccl2 expression in NAc neurons. Representative co-immunostaining images for Ccl2, NeuN, and DAPI; scale bars, 25 mm

(left). The percentage of Ccl2 + NeuN double-labeled cells (right) (n = 6).

(H) Immunofluorescence showing the Stat1 expression in NAc neurons. Representative co-immunostaining images for Stat1, NeuN, and DAPI; scale bars, 25 mm

(left). The percentage of Stat1 + NeuN double-labeled cells (right) (n = 6).

(I–K) The effects of Fabp7 overexpression on synaptic structure of NAc by Golgi-Cox staining and TEM.

(I) Histograms showing the distribution of different spine types.

(J) The proportions of stubby-like (left) and thin-like (right) spines (n = 6).

(K) The lengths of active zones in asymmetrical synapses (n = 4).

(L) The effects of Fabp7 overexpression on the global withdrawal score 48 h after the last morphine treatment (n = 8).

Data are shown as the mean ± SEM. Data represent three to five independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with saline3 EGFP

group; #p < 0.05, ##p < 0.01, ###p < 0.001.

See also Figure S7.
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caused by morphine treatment (Figure 7A). Results of qPCR and

western blotting confirmed that the injection of the appropriate

vector resulted in Fabp7 overexpression in NAc (Figures 7B

and S7N). Restoration of Fabp7 significantly reduced the level

of IFN-g in NAc (Figure 7C), while Fabp7 overexpression did

not affect morphine-induced IFN-g expression in blood (Fig-

ure S7O). We then investigated the effects of Fabp7 overexpres-

sion on BBBpermeability and Treg infiltration into NAc and found

that this prevented the disruption of the BBB (Figures 7D and 7E)

and Treg infiltration (Figure 7F) induced by morphine. Immuno-

fluorescence staining demonstrated that restoration of Fabp7

expression in astrocytes did not reduce MSN-derived Ccl2

production (Figure 7G), suggesting that the elevated Ccl2 was

attributable to morphine treatment rather than to Treg infiltration.

In contrast, restoration of BBB integrity did reduce morphine-

mediated Stat1 expression, resulting in less IFN-g signaling (Fig-

ure 7H). We also determined whether Fabp7 contributes to

morphine-induced synaptic changes andwithdrawal symptoms.

As expected, overexpression of Fabp7 inmorphine-treatedmice

resulted in similar morphology (Figures 7I–7K and S7P–S7S) and

withdrawal symptoms (Figures 7L and S7T) compared with

saline-treated mice as described above. This suggests that

Fabp7 upregulation rescues synaptic weakening and amelio-

rates withdrawal symptoms after morphine treatment.

DISCUSSION

Our results identified markedly enhanced Foxp3 and CTLA4

expression in opioid-associated blood cells. Interestingly,

increased Foxp3high cells were found not only within the CD4+

subset but also in various other immune cells. However, the

function of Foxp3 in other cells remains unclear. Unlike classical

inhibitory Foxp3+ cells, the opioid-associated Foxp3high cells

were characteristically naive (CCR7+ and CD45RA+), mononu-

clear (CD163+), and activated (Ki67+, ICOS+, OX40+). These find-

ings are consistent with the previous observation that a signifi-

cant increase in the percentage of Tregs is found in the

peripheral blood of patients with opioid use disorder.27 Opioid

drugs are powerful inducers of euphoria and cause severe with-

drawal symptoms. Opioid-induced respiratory depression and

hypoxia are very common and severe.9–11 We found a trend to-

ward an increase in Tregs expressing fragile markers, including

IFN-g and HIF1a in blood from patients with opioid use disorder,

in response to opioid-induced global hypoxia, confirming that

hypoxia condition facilitates Treg fragility that can be present

not only in the tumor microenvironment.

The positive correlation between Treg fragility and withdrawal

score implies that fragile-like Tregs are involved in mediating

withdrawal symptoms. Despite being ‘‘immune privileged,’’ the

CNS may interact with the immune system to maintain homeo-

static immune surveillance. Accumulating evidence suggests

that the adaptive immune system affects the brain and behavior

in physiological and pathological states.16,28,29 It is readily

apparent that T cells infiltrate into the CNS to correct brain

function and recovery after injury. Although a recent study has

supported the notion that morphine induces naive splenocyte

trafficking into CNS, the mechanism and function of lymphocyte

infiltration are not entirely clear.30 In the present study, synapse-
weakening effects were prevented and stable morphological

structures retained when IFN-g or the IFN-g receptor was

decreased. It is intriguing that IFN-g, response to neurons but

not glia, regulates neural activity and social behavior.31 The

role of immune molecules has been previously shown to control

brain development and function,32–34 and a role for cytokines in

influencing behavior has been proposed, primarily in the context

of sickness behavior and pain,35,36 which are the major compo-

nents of withdrawal symptoms. Our data suggest that IFN-g reg-

ulates opioid-induced NAc morphological reconfiguration and

withdrawal symptoms.

Our results document that fragile-like Treg trafficking into NAc

can be attributed to Ccl2-mediated recruitment and BBB hyper-

permeability. Ccl2, already identified as a potential candidate che-

mokine for Treg trafficking into CNS,18 is known to be released

from neurons after morphine stimulation.21 We found that

morphine administration increased MSN-derived Ccl2 expres-

sion, which led to chemotactic effects for fragile-like Tregs in

NAc. Fabp7, which is mainly expressed by astrocytes and neural

progenitors, preferentially binds to brain-type fatty acids.37,38

Althoughemerging evidencehas implicatedFabp7 as an essential

biological regulator of astrocyte function, several aspects of this

activity remain unknown.39,40 Indeed, our findings demonstrate

that astrocyte-derived Fabp7 protects the integrity of the BBB.

The caveolin-1/matrix metalloproteinase signaling pathway may

be part of the underlying mechanism through which Fabp7 pro-

tects the BBB, as previously reported.26 Interestingly, earlier

studies indicated that astrocytic Fabp7 is crucial for dendritic-

arbor growth, neuronal excitatory synapse formation, and synap-

tic transmission.41 The present study, as mentioned above,

confirmed that Fabp7, serving as a key ‘‘switch’’ for BBB perme-

ability, represents an endogenous regulator of synaptic plasticity.

Moreover, this phenomenon is mainly caused by infiltrating frag-

ile-like Treg-secreted IFN-g rather than the direct effect of Fabp7.

In summary, our work reveals the landscape of the peripheral

immunemilieu in patients with opioid use disorder. The impact of

the adaptive immune system on CNS has been emphasized

here, and our work implies that peripheral blood-derived frag-

ile-like Tregs, triggered by opioid-induced hypoxia, produce

IFN-g and infiltrate into NAc to reshape synaptic plasticity, which

regulates withdrawal symptoms. Opioid stimulation not only in-

creasesMSN-derived Ccl2 but also represses astrocyte-derived

Fabp7, which boosts the entry of fragile-like Tregs into the CNS

and thereby contributes to structural and behavioral changes.

Our work illustrates the mechanism responsible for the transport

of fragile-like Tregs across the BBB and provides insights into

the role of the IFN-g-signaling pathway in modulating the struc-

ture and function of MSNs. This ‘‘BBB permeability/fragile-like

Treg infiltration/IFN-g signaling/withdrawal symptom’’ axis may

provide opportunities leading to the development of an effective

immunotherapeutic strategy for opioid-dependent patients.

Limitations of the study
In this work, we identified an expansion of fragile-like Tregs in the

blood of patients with opioid use disorder. Several studies have

previously indicated an increased level of CD4+ Tregs in opioid

abusers.27,42 However, the molecular mechanism of Treg expan-

sion and the crosstalk between Tregs and other immune cells
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remains enigmatic. Considering the localization of Foxp3 to the

X-chromosome, Foxp3YFP-cre mice also should be used as a con-

trol due to the Cre effects. Although hypoxia is a critical mecha-

nism to trigger Treg fragility, the difference between opioid-asso-

ciated fragile-like Tregs and fragile Tregs described in cancer

remains largely unknown. Still needed ismore functional evidence

to test Treg fragility in future work. Although the present study

demonstrated that Wnt10b is inhibited and synaptic weakening

is prevented when IFN-g signaling is blocked under morphine

exposure, themechanismof synaptic remodeling is very complex.

Future work will be needed to fully elucidate how the IFN-

g-signaling pathway influences synaptic connectivity in response

to opioid stimuli.
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Anti-CD4 (RPA-T4) BioLegend Cat# 300570; RRID: AB_2810427

Anti-CD8a (RPA-T8) BioLegend Cat# 301074; RRID: AB_2814117

Anti-CD11b (M1/70) BioLegend Cat# 101202; RRID: AB_312785

Anti-Hif1a Solarbio Cat# K000450P; RRID: AB_2922439

Anti-phospho-Akt (Ser473) Solarbio Cat# K009354P; RRID: AB_2922440

Anti-pan Akt Solarbio Cat# K106557P; RRID: AB_2922441

(Continued on next page)
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Anti-Foxo3a Solarbio Cat# K001577P; RRID: AB_2922442

Anti-Foxo1 Solarbio Cat# K007489P; RRID: AB_2922443

Anti-Fabp7 Abcam Cat# ab32423; RRID: AB_880078

Anti-Ifngr1 Servicebio Cat# GB113635; RRID: AB_2922438

Anti-Rip3 (E7A7F) Cell Signaling Technology Cat# 10188; RRID: AB_2904619

Anti-phospho-Rip3 (S232) (EPR9516(N)-25) Abcam Cat# ab195117; RRID: AB_2768156

Anti-b-Tubulin (9F3) Cell Signaling Technology Cat# 2128; RRID: AB_823664

Anti-CD4 (EPR19514) Abcam Cat# ab183685; RRID: AB_2686917

Anti-Foxp3 Servicebio Cat# GB112325, RRID: AB_2922969

Anti-CD19 Servicebio Cat# GB11061-1; RRID: AB_2922437

Anti-NK1.1 (EPR21236) Abcam Cat# ab234107; RRID: AB_2922430

Anti-Ly6c (ER-MP20) Abcam Cat# ab54223; RRID: AB_881384

Anti-NeuN (E4M5P) Cell Signaling Technology Cat# 94403; RRID: AB_2904530

Anti-NeuN Servicebio Cat# GB11138; RRID: AB_2868432

Anti-CD31 Servicebio Cat# GB11063-2; RRID: AB_2922436

Anti-Ccl2 Servicebio Cat# GB11199; RRID: AB_2922435

Anti-Stat1 (1F7C6) Proteintech Cat# 66545; RRID: AB_2881907

Anti-c-Fos (2H2) Abcam Cat# ab208942; RRID: AB_2747772

Anti-GFAP Servicebio Cat# GB12096; RRID: AB_2922432

Anti-IBA1 Servicebio Cat# GB12105; RRID: AB_2922434

InVivoPlus anti-IFNg (XMG1.2) Bio X Cell Cat# BE0055; RRID: AB_1107694

PE anti-Foxp3 (150D) BioLegend Cat# 320007; RRID: AB_492981

FITC anti-CD4 (A161A1) BioLegend Cat# 357406; RRID: AB_2562357

APC anti-IFNg (4S.B3) BioLegend Cat# 502512; RRID: AB_315237

APC anti-IFNg (XMG1.2) BioLegend Cat# 505810; RRID: AB_315404

APC anti-IFNgR b chain (MOB-47) BioLegend Cat# 113606; RRID: AB_2783052

APC anti-T-bet (4B10) BioLegend Cat# 644814; RRID: AB_10901173

PE anti-CD8a (53-6.7) BioLegend Cat# 100708; RRID: AB_312747

FITC anti-CD4 (GK1.5) BioLegend Cat# 100406; RRID: AB_312691

PerCP anti-CD3 (HIT3a) BioLegend Cat# 300326; RRID: AB_2616610

PE anti-CD7 (4H9/CD7) BioLegend Cat# 395603; RRID: AB_2820048

PE anti-CD8a (HIT8a) BioLegend Cat# 300908; RRID: AB_314112

PE anti-CD11a (HI111) BioLegend Cat# 301208; RRID: AB_314146

FITC anti-CD19 (HIB19) BioLegend Cat# 302205; RRID: AB_314235

FITC anti-CD44 (IM7) BioLegend Cat# 103022; RRID: AB_493685

FITC anti-CD56 (NCAM) (HCD56) BioLegend Cat# 318303; RRID: AB_604091

PE anti-HLA-DR (LN3) BioLegend Cat# 327008; RRID: AB_893571

Alexa488-conjugated donkey

anti-mouse IgG

Abcam Cat# ab150105, RRID: AB_2732856

Alexa594-conjugated donkey

anti-rabbit IgG

Abcam Cat# ab150064, RRID: AB_2734146

Alexa647-conjugated donkey

anti-mouse IgG

Abcam Cat# ab150107, RRID: AB_2890037

HRP-conjugated donkey anti-rabbit IgG Abcam Cat# ab205722, RRID: AB_2904602

Bacterial and virus strains

rAAV2/9-TRE-EGFP-scrambled OBiO Technology N/A

rAAV2/9-TRE-EGFP-shRNA (Ifngr1) OBiO Technology N/A

rAAV2/9-hSyn-rTTA OBiO Technology N/A

(Continued on next page)
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rAAV2/9-GFAP-rTTA Brain VTA Biotechnology N/A

rAAV2/9-TRE3g-Fabp7-EGFP Brain VTA Biotechnology N/A

rAAV2/9-TRE3g-EGFP Brain VTA Biotechnology N/A

rAAV2/Retro-hSyn-Cre Brain VTA Biotechnology N/A

rAAV2/9-CaMKIIa-DIO-hM4Di-mCherry Brain VTA Biotechnology N/A

rAAV2/9-hSyn-hM4Di-mCherry Brain VTA Biotechnology N/A

Chemicals, peptides, and recombinant proteins

Evans Blue Sigma-Aldrich Cat# E2129

Fluorogold (FG) Fluorochrome N/A

Doxycycline hydrochloride MedChemExpress Cat# HY-N0565A

Clozapine N-oxide Sigma-Aldrich Cat# C0832

Recombinant Human IL-2 Novoprotein Cat# C013

Ionomycin Sigma-Aldrich Cat# I3909

PMA Sigma-Aldrich Cat# P1585

HCL-morphine The Third Research Institute of The

Ministry of Public Security, Shanghai,

China

N/A

HCL-heroin The Third Research Institute of The

Ministry of Public Security, Shanghai,

China

N/A

Critical commercial assays

TUNEL Cell Apoptosis Detection Kit Servicebio Cat# G1501

Mouse IFN-g ELISA kit Sinobestbio Cat# YX-E21827

Mouse TGF-b ELISA kit Sinobestbio Cat# YX-200708M

Mouse IL-6 ELISA kit Sinobestbio Cat# YX-E20013

Mouse IL-10 ELISA kit Sinobestbio Cat# YX-E20006

Mouse TNF-a ELISA kit Sinobestbio Cat# YX-E20221

Mouse Ccl2 ELISA kit Sinobestbio Cat# YX-E22099

Mouse Ccl19 ELISA kit Sinobestbio Cat# YX-E20201

Mouse Ccl21ELISA kit Sinobestbio Cat# YX-E22082

Mouse IL-17 ELISA kit Sinobestbio Cat# YX-E21957

NEBNext� Ultra� II Directional RNA

Library Prep Kit

New England Biolabs Cat# E7760

Transcriptor First-Strand cDNA

Synthesis Kit

Roche Applied Science Cat# 04896866001

Papain dissociation system Worthington Cat# LK003150

Rabbit enhanced polymer detection system ZSGB-Bio Cat# PV-9001; RRID: AB_2868452

Rat enhanced polymer detection system ZSGB-Bio Cat# PV-9004; RRID: AB_2868453

TSAPLus Fluorescence Triple Staining Kit

Tyramide Signal Amplification

Immunofluorescence Reagent

Servicebio Cat# G1236

Deposited data

Bulk NAc RNA sequencing This paper CRA004392; https://ngdc.cncb.ac.cn/gsa

Bulk NAc IR sequencing This paper CRA004392; https://ngdc.cncb.ac.cn/gsa

Bulk human PBMCsq RNA sequencing This paper HRA002120; https://ngdc.cncb.ac.cn/gsa

Experimental models: Organisms/strains

Mouse: B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr The Jackson Laboratory RRID: IMSR_JAX:016959

Mouse: C57BL/6J-Ccr2em1C(flox) GemPharmatech Strain# T005892;

Mouse: C57BL/6J-Ifngem1C(flox) Cyagen Biosciences Cat# S-CKO-03051

(Continued on next page)
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Oligonucleotides

Primers for qRT-PCRs, see Table S6 This paper N/A

Software and algorithms

Fiji Image J http://fiji.sc; RRID: SCR_002285

Prism 9 GraphPad http://www.graphpad.com; RRID:

SCR_002798

ANY-maze Stoelting Co. http://www.any-maze.com; RRID:

SCR_014289

R software R http://www.r-project.org; RRID:

SCR_001905

DESeq2 Love et al.43 http://bioconductor.org/packages/

release/bioc/html/DESeq2.html; RRID:

SCR_015687

ClusterProfiler Yu et al.44 http://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html;

RRID: SCR_016884

Cytobank Cytobank http://community.cytobank.org/;

RRID: SCR_014043

FlowSOM Gassen et al.45 http://github.com/SofieVG/FlowSOM;

RRID: SCR_016899

Rphenograph Levine et al.46 http://github.com/JinmiaoChenLab/

Rphenograph; RRID: SCR_022603

FlowJo TreeStar http://www.flowjo.com/solutions/

flowjo; RRID: SCR_008520

Immunarch ImmunoMind https://immunarch.com;

RRID:SCR_023089
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RESOURCE AVAILABILITY

Lead contact
Further information and requested for resources and reagents should be directed to and will be fulfilled by form lead contact, Kejia

Wang (wangkejia@xmu.edu.cn).

Materials availability
Plasmids, cell lines and mice generated in this study should be directed to and will be fulfilled by the lead contact author with a

completed Materials Transfer Agreement.

Data and code availability
d All data supporting the finding of this study are available within the paper (and its Supplemental information files). The bulk RNA-

seq and IR-seq sequencing raw data have been deposited in the NGDC GSA database: CRA004392, HRA002120. All

sequencing data are publicly available as of publication. Accession number is listed in the key resources table.

d This study does not generate any original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Males constitute a much higher proportion of patients with opioid use disorder in China than females, accounting for 88.3% of the

patients.47 Twenty-one patients with opioid use disorder (18 male and 3 female; mean age = 40.7 ± 9.0 years) were enrolled from the

Xi’an Lantian Compulsory Isolated Detoxification Center (Xi’an, China). Diagnoses and clinical interviews were conducted by two se-

nior psychiatrists according to the International Classification of Diseases10th Edition (ICD-10) criteria for opioid dependence.
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Participants were included if they (i) were daily or nearly daily users of opioids for a minimum of one year prior to assessment, (ii) were

2-3 days after withdrawal, (iii) never received any antidepressant, antipsychotic drug or mood stabilizer for at least two weeks prior to

the study, and (ⅳ) never received methadone maintenance treatment. The Observation Withdrawal Syndrome Scale (Table S5) used

in the present study was provided by Xi’anMental Health Center (Xi’an, China). The overall score including 4 grades are 52. TheWith-

drawal Symptoms Scale was performed by an experienced psychiatrist. The opioid addiction phenotypes were obtained according

to the patient’s self-report including education level, marital status, occupation status, average income, family relationship, cumu-

lative duration, age of onset, duration from first drug use to addiction (DFDUA), average dose, route of drug use, body weight, appe-

tite, memory, libido, withdrawal score and the number of withdrawal times.

Participants were excluded if they had a history of amphetamine, ketamine, barbiturate, benzodiazepine, marijuana, or other drug

addiction (nicotine and alcohol) according to ICD-10, bipolar disorder, schizophrenia, or were taking other prescribed medications

that could affect the CNS.

Twenty healthy controls (17 male and 3 female; mean age = 35.8 ± 3.6 years) were from the Health Examination Center of the First

Affiliated Hospital of Xi’an Jiaotong University. The inclusion criteria for controls were: no drug or alcohol dependence. Subjects with

a personal or family history of mental illness, or Axis I disorder diagnosed according to the MINI-International Neuropsychiatric Inter-

view were excluded from the control group.

All participants were also excluded if they: were taking other prescribed medications that could affect the CNS; had a history of

seizures, hematological diseases, or severe lung, liver or kidney impairment; chronic infections, malignancies, autoimmune diseases

and hyperthyroidism. All participants were asked to provide written informed consent; our study protocol was approved by the Med-

ical Ethics Committees of Xi’an Jiaotong University (NO. 2021–1463).

Animals
Foxp3YFP-cre mice (The Jackson laboratory) were crossed with IfngloxP (Cyagen) and Ccr2loxP (Gempharmatech) mice for generation

of IfngcKO and Ccr2cKO mice. IfngloxP and Ccr2loxP mice were used as control in this study. Male mice (C57BL/6J background) be-

tween 6-8 weeks of age were used for animal experiments. All mice were housed in pathogen-free animal rooms under controlled

conditions [12-hour light/dark cycle, 50 ± 5% humidity and 22 ± 3�C] with food and water provided ad libitum at the Animal Care

Centre of Xi’an Jiaotong University/Xiamen University. All animal experiments were approved by the Committee on Animal Care

and Use of the above-mentioned university and performed according to the guidelines of national regulations. For in vivo blocking

of IFN-g, mice were intraperitoneally injected every third day with 200 mg/dose anti-mouse IFN-g (clone XMG1.2, Bio X cell).

METHOD DETAILS

Morphine and heroin treatments
HCL-morphine and HCL-heroin (The Third Research Institute of The Ministry of Public Security, Shanghai, China) were prepared in

0.9% sodium chloride. Morphine treatment was performed as previously described.48 The mice received two daily intraperitoneal

injections of saline or escalating doses of morphine from 10 to 50 mg/kg for 7 days or 5 to 10 mg/kg for 28 days or heroin 1 to

2 mg/kg for 28 days. The tissue samples were collected 48 hours after the last morphine/heroin injection.

Mass cytometer (CyTOF) and data analysis
HumanPBMCs specimenswere separated by Ficoll (Solarbio). All sampleswere processed as described in our previous study.49 The

isolated PBMCs were stained for viability test with 0.5 mM cisplatin (diluted in prewarmed serum-free medium) and then fixed with

1.6% paraformaldehyde for 10 minutes at room temperature. After washing with PBS (containing 0.5% BSA and 0.02% sodium

azide), cells were incubated with Fc Receptor Blocking Solution for 10 minutes at room temperature. Subsequently, the cells

were stained with antibody cocktail (Table S6) against surface markers and intracellular markers and performed on a CyTOF2

mass cytometer (Fluidigm, Helios). All CyTOF data were normalized by EQ-bead and then uploaded to Cytobank (https://

community.cytobank.org/) for data cleaning. The fcs files were used as inputs of the function ‘cytof_exprs’ with ‘cytofAsinh’ as

the transformation method. FlowSOM (R package, v.1.18.0) was used to cluster the single alive cells with a deep-learning-based

clustering. Then, we performed Phenograph (R package, v0.99.1) to cluster the groups’ results from FlowSOM, followed bymanually

annotated these clusters to known immune cell types. Cell type percentage was measured by the number of a certain cell type over

total cells from each sample. Foxp3high cells were defined as cells with expression values higher than the mean of total cells, while

others were Foxp3low cells. Detailed information is provided in Table S1.

Enzyme-linked immunosorbent assay (ELISA)
ELISA detection was used for IFN-g, TGF-b, IL-6, IL-10, TNF-a, Ccl2, Ccl19, Ccl21 and IL-17 determination inmice after treatment. All

the procedures were performed according to the manufacturer’s instructions. All reagents mentioned come from the ELISA kits

(Sinobestbio). Samples (including standards of known target protein concentrations and unknowns) were pipetted into these wells.

During the first incubation (37�C for 1 hour), the target protein antigen and HRP-labeled detection antibody specific for target protein

were simultaneously incubated. After incubation, a substrate solution (TMB) was added to induce a colored reaction product (37�C
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for 15 minutes avoiding light). The optical density (O.D.) at 450 nm was measured using a microtiter plate reader within 15 minutes.

The intensity of this colored product was directly proportional to the concentration of target protein present in the samples.

Tissue dissociation and flow cytometry
For T cell detection, tissue was gently triturated through a 75-mm gauge stainless steel mesh using a sterile 20 ml syringe plunger in

RPMI medium with 10% foetal bovine serum (FBS). The NAc region was dissociated into single cells as previously described.50

Briefly, the mice were anesthetized with isoflurane, and their brains were rapidly extracted. The NAc was microdissected at its

dorsolateral borders and pooled for digestion (three mice per replicate). Pooled tissue samples were dissociated using the papain

dissociation system (Worthington) following the manufacturer’s instructions, and the dissociation was stopped by dilution with

EBSS #2 containing ovomucoid protease inhibitor. Subsequently, the resulting cell suspension was filtered through a 20-mm filter

and washed with cold HBSS solution (Solarbio).

The isolated cells were incubated with fluorescently conjugated antibodies directed against human PerCP-CD3 (clone: HIT3a),

PE-CD8a (clone: HIT8a), PE-Foxp3 (clone: 150D), FITC-CD4 (clone: A161A1), FITC-CD19 (clone: HIB19), PE-HLA-DR (clone:

LN3), FITC-CD56 (clone: HCD56), PE-CD7 (clone: 4H9/CD7), FITC-CD44 (clone: IM7), PE-CD11a (clone: HI111), APC-IFN-g (clone:

4S.B3); mouse PE-Foxp3 (clone: 150D), APC-IFN-g (clone: XMG1.2), APC-IFN-gR (clone: MOB-47), APC-T-bet (clone: 4B10), PE-

CD8a (clone: 53-6.7) and FITC-CD4 (clone: GK1.5) from BioLegend for 20 minutes at 4�C in the dark. For cytokine detection, the

gated cells were sorted and stained with cytokine antibodies after incubation with permeabilization buffer. The stained cells were

examined using a BD Aria III machine and analyzed with FlowJo software (TreeStar).

In vitro assays
Splenic Tregs (CD4+YFP+) from Foxp3YFP-cre mice were sorted and cultured in RPMI supplemented with 10% FBS. The isolated cells

were then cultured with 1000 IU IL-2 (novoprotein) and indicated concentration of morphine or heroin for 72 hours. For co-culture

assays, the sorted Treg population was seeded into the upper or lower chambers in a 24 well transwell plate (Millipore) with

100 ng/ml of PMA (Sigma), 500 ng/ml of Ionomycin (Sigma), and IL-2 together for 72 hours.

Noninvasive arterial oxygen saturation (SaO2) measurement
Thirty minutes after morphine injection, continuous SaO2 data were monitored by using the OXY200 modules of BioPAC MP-160

system and AcqKnowledge software (BIOPAC). The detecting head of the arterial oxygen saturation sensor was glued to mouse

paw center with medical tape. The pulse oximeter data were recorded when the tracing showed a steady pulse rate signal and

Module Status up to 14.99.

TCR IR sequencing and analysis
Total RNA from NAc tissue was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s specifications. Then,

1 mg of total RNA was reverse-transcribed into cDNA using a Transcriptor First-Strand cDNA Synthesis Kit (Roche Applied Science)

with a C1000 TouchTM Thermal Cycler (Bio-Rad). For the construction of the library of the TCR IR, two-round nested amplicon arm-

PCR with specific primers was performed as previously described.51 The first round of PCR was performed with the following

program: one cycle of 94�C for 60 sec, 30 cycles of denaturation at 94�C for 30 sec and annealing at 60�C for 60 sec, and the final

extension for 10min at 72�C. For the second round of PCR amplification, a 5 ml template of the first round PCR product was used, and

the same PCR protocol was followed in a 50 ml reaction. The amplicons were purified using the AxyPrep DNAGel Extraction Kit (Axy-

gen Biosciences) and paired-end sequenced (23 150 bp) on an Illumina platform according to standard protocols. The sequencing

data were harvested by filtering the low-quality sequences and processed using a standard procedure. The V, D, J and CDR3 dis-

tribution and diversity algorithms were identified by R package Immunarch.49,52 Detailed information is provided in Table S3.

Bulk RNA sequencing and gene expression analysis
Total RNA fromPBMCs or NAcwas extracted using RNeasyMini Kit (Qiagen). Quantification of RNA concentration was performed by

Quantus fluorometer and Quantus RNA HS Assay Kit (Promega). Then, RNA was fragmented at 95�C for 0-15 minutes according to

the DV200 value estimated by Agilent 2100 Bioanalyzer System. NEBNext� Ultra� II Directional RNA Library Prep Kit (NEB) was

used for cDNA synthesis and strand-specific library preparation. The libraries were prepared and quantified by a Quantus fluorom-

eter. After pooling, libraries were then sequenced on Illumina NovaSeq 6000 instrument (Illumina) with PE150 strategy. The gene

expression estimates were reported as fragments per kilobase of transcript per million mapped reads (FPKM). The DEGs were ob-

tained using the R package DESeq2.43 The p valueswere adjusted using Benjamini andHochberg’s approach for controlling the false

discovery rate (FDR, q-value). Genes with a q-value < 0.05 and log2|Fold Change| > 1 were deemed to be differentially expressed. A

GSEA of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) terms were performed using the

R package ClusterProfiler.44 Detailed information is provided in Tables S2 and S4.

Spine morphology analysis
Golgi-Cox staining was performed to analyze the possible changes in the morphology of dendritic spines within NAc. The brains

were first stored in the dark for 28 days in Golgi-Cox solution and then for 5 days in 30% (wt/vol) sucrose solution. Coronal sections
e6 Cell 186, 591–606.e1–e9, February 2, 2023



ll
Article
(200-mm thick) with the NAc were collected using a vibratome. The sections were stained with ammonium hydroxide for 30 minutes,

incubated in 20% ammonium hydroxide for 30 minutes and fixed in Kodak Film Fixer for another 30 minutes. The sections were then

dehydrated in ethanol, cleared in xylene solution. To improve the accuracy and quality of spine morphology analysis, Z-stacks of

Golgi-stained images were captured using a Leica MZFLIII microscope with a 100 3 oil immersion objective, then were flattened

into a single layer using ImageJ software (Fiji version, https://imagej.net/software/fiji/) as shown in Figure S4I.53–55

The MSNs in NAc were identifiable based on their characteristic morphology (�20-mm-diameter soma, dendrites that taper and

become heavily laden with spines).56 The spine analysis was performed using secondary dendrites with a length greater than

20mm. The dendritic spines were classified into four different types: mushroom-like spines (the diameter of the heads was markedly

greater than that of the necks), thin-like spines (the length of the spines was greater than the diameter of the necks with no apparent

heads), stubby-like spines (the diameter of the necks was similar to the total length of the spines without detectable heads) and

branched-like spines (the spines had two or more heads).14 In addition, approximately 10% of the spines could not be classified

into any of these categories. The density of dendritic spines (10 mm), the distribution of different spine types, and the ratio of each

type of dendritic spinewere analyzed. For eachmouse,more than 10 randomdendritic branches fromdifferent neuronswere chosen.

All images were manually coded and randomized for a subsequent blind analysis, which was performed by two researchers

independently.

Analysis of the synaptic ultrastructure
Electronmicroscopic studies were conducted to analyze the possible changes in the synaptic ultrastructure within NAc. The proced-

ure used for TEM was previously described.57 Following anesthetization with 10% chloral hydrate, the mice were perfused transcar-

dially with saline and then with 0.1 M phosphate buffer (PB; pH 7.4) containing 4% paraformaldehyde and 0.25% glutaraldehyde.

Their brains were removed immediately and stored in 0.1 M PB (pH 7.4) with 4% paraformaldehyde and 2.5% glutaraldehyde at

4�C. The NAc was then extracted and dissected into �1-mm3 pieces. The samples were fixed in a fresh solution of 1% osmium te-

troxide for 90 minutes, dehydrated in ethanol and embedded in Epon-Araldite resin. Ultrathin sections were cut and placed onto

grids, stained with 2% aqueous uranyl acetate, counterstained with 0.3% lead citrate, and the electron microscope images

(magnification 30,0003) were captured using a Hitachi 7650 electron microscope operated at 80 kV.

Synapses were identified by clear pre- and postsynaptic membranes and the presence of synaptic vesicles in the presynaptic ter-

minal. The number of asymmetrical and symmetrical synapses, the thickness of the postsynaptic density (PSD) at the thickest part in

asymmetrical synapses and the length of active zone and the width of the synaptic cleft in asymmetrical and symmetrical synapses

were measured. Quantification was achieved using 20 random images per mouse. All electron microscope images were manually

coded and randomized for a subsequent blind analysis, which were performed by two researchers independently.

RNA isolation and qPCR
RNA isolation, reverse transcription, and qPCR were performed as described previously.58 The total RNA of isolated cells or tissue

were extracted using sterile steel balls and TRIzol (Invitrogen). The RNA was dissolved in chloroform and precipitated by isopropyl

alcohol. First-strand complementary DNA was synthesized using a Transcriptor First Strand cDNA Synthesis Kit (LABLEAD, Beijing,

China) according to themanufacturer’s recommendations. Subsequently, the quantitative real-time PCRwas performed usingHieff�
qPCR SYBR Green Master Mix (Yeasen Biotechnology) on CFX96� Real-Time System (Bio-Rad). The relative expression (fold) was

calculated using the comparative method 2�DDCt method. The mRNA expression was analyzed based on the fold change relative to

GAPDH expression. The relative mRNA level was determined as the experimental level relative to the control level. The primer se-

quences were designed by AuGCT Biotechnology Corp., Ltd. (Beijing, China), and are shown in Table S6.

Immunoblotting
Protein lysates were prepared in RIPA buffer (Solarbio) containing protease and phosphatase inhibitors (Bimake). The total protein

concentrations were determined using a BCA Protein Assay Kit. The proteins were separated by sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore), and the membranes

were then incubated with primary antibodies against Hif1a (Solarbio; 1:1000), phospho-Akt (S473, Solarbio; 1:1000), pan-Akt (Solar-

bio; 1:1000), Foxo3a (Solarbio; 1:1000), Foxo1 (Solarbio; 1:1000), Fabp7 (Abcam; 1:1000), Ifngr1 (Servicebio; 1:1000), Rip3 (Cell

Signaling Technology; 1:1000), phospho-Rip3 (Abcam; 1:1000) and Tubulin (Cell Signaling Technology; 1:2000) overnight at 4�C.
After incubation with the corresponding secondary antibodies, the protein bands were visualized by the addition of the HRP mem-

brane substrate (Millipore) and then scanned using Bio-Rad ChemiDoc Touch (Bio-Rad).

Immunohistochemistry
The mice were deeply anesthetized with isoflurane and intracardially perfused with 4% paraformaldehyde in 0.1 M PB (pH 7.4). The

brains were immediately removed and postfixed in 4% paraformaldehyde, and then were embedded in paraffin as described previ-

ously.20 For immunohistochemical bright field staining, after neutralized endogenous peroxidases, the sections were incubated with

primary antibodies at 4�Covernight, then the staining was performed according to themanufacturer’s protocol using Enhanced Poly-

mer Detection System (ZSGB-BIO). For immunofluorescence staining, the sections were blocked with normal donkey serum. To

obtain the results shown in Figure 6C, the following procedure was repeated for multiple immunostaining: (1) incubation with the
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primary antibody (rabbit anti-Fabp7, mouse anti-IBA1 and mouse anti-GFAP in tune) overnight at 4�C; (2) incubation with the HRP-

conjugated secondary antibodies (which appropriately respond to the species of the primary antibody) at room temperature for 50mi-

nutes; (3) incubation with fluorescein-conjugated tyramide signal amplification (TSA) (cy3-Tyramide, FITC-Tyramide, or iF647-Tyra-

mide) at room temperature for 10 minutes; and (4) microwave treatment to remove the primary and secondary antibodies combined

with tissue. Finally, the sections were incubated with the last primary antibody (mouse anti-NeuN) and appropriate species-specific

594-labeled fluorescence secondary antibody. To obtain the other results, the sections were incubated with primary antibodies at

4�C overnight, and then incubated with secondary antibodies 2 hours at room temperature. Primary antibodies were used as

following: rabbit anti-CD4 (Abcam; 1:100), rabbit anti-Foxp3 (Servicebio; 1:100), rabbit anti-CD19 (Servicebio; 1:200), rabbit anti-

NK1.1 (Abcam; 1:200), rat anti-Ly6c (Abcam; 1:200), mouse anti-NeuN (Cell Signaling Technology; 1:200), rabbit anti-NeuN (Service-

bio; 1:200), rabbit anti-CD31 (Servicebio; 1:200), rabbit anti-Ccl2 (Servicebio; 1:100), mouse anti-Stat1 (Proteintech; 1:200), rabbit

anti-Fabp7 (Abcam; 1:200), mouse anti-c-Fos (Abcam; 1:200), mouse anti-GFAP (Servicebio; 1:200) and mouse anti-IBA1 (Service-

bio; 1:200). Secondary antibodies used included the following: FITC-Tyramide (Servicebio; 1:500), cy3-Tyramide (Servicebio; 1:500),

iF647-Tyramide (Servicebio; 1:500), Alexa488-conjugated donkey anti-mouse IgG (Abcam; 1:500), Alexa594-conjugated donkey

anti-rabbit IgG (Abcam; 1:500) and Alexa647-conjugated donkey anti-mouse IgG (Abcam; 1:500). In addition, for the determination

of cell apoptosis, the TUNEL Cell Apoptosis Detection Kit (Servicebio) was used according to the manufacturer’s instructions. The

nuclei were stained with DAPI. The images of the processed sections were scanned using a Panoramic (3DHISTECH) Digital Slide

Scanner. All images weremanually coded and randomized for a subsequent blind analysis, which was performed by two researchers

independently.

Analysis of the permeability of the BBB
The BBB permeability was detected by measuring EB extravasation. Two hours after the EB (Sigma-Aldrich) (2% wt/vol) injection

(4 ml/kg, i.p.), the mice were deeply anesthetized and transcardially perfused with saline until colorless perfusate was observed

to remove the intravascular EB, and the brains were then immediately removed. For EB fluorescence, the brains were postfixed in

4% paraformaldehyde overnight at 4�C, dehydrated with 30% sucrose (wt/vol), and then frozen in OCT compound. Coronal sections

(10-mm thick) were cut on a cryostat. After vascular endothelial cells were marked with anti-CD31 (Servicebio; 1:200), the sections

were scanned using a Panoramic (3DHISTECH) Digital Slide Scanner. For EB quantification, the NAc was collected, rapidly weighed,

and homogenized in PB (pH 7.4). The supernatant was incubated in an equal volume of trichloroacetic acid overnight at 4�C. After
centrifugation, the concentration of EB was determined at 620 nm by spectrophotometric analysis according to a standard curve.

Stereotaxic injections
The mice were anesthetized with isoflurane, fixed in a stereotaxic apparatus, and maintained under anesthesia with around 2.5%

isoflurane. Using the bregma as a reference point, the stereotaxic coordinates of NAc (AP -1.4 mm, ML ± 2.0 mm, DV -4.6 mm,

10� angle) and PVT (AP -1.5 mm, ML 0.5 mm, DV -3.2 mm, 10� angle) were used. AAV-TRE-scrambled (OBiO Technology), AAV-

TRE-shRNA (Ifngr1) (target sequence: GCCAGAGTTAAAGCTAAGGTT; OBiO Technology), AAV-hSyn-rTTA (OBiO Technology),

AAV-TRE-EGFP (Brain VTA Biotechnology), AAV-TRE-Fabp7-EGFP (NM_021272.3; Brain VTA Biotechnology), AAV-GFAP-rTTA

(Brain VTA Biotechnology), AAV (Retro)-hSyn-Cre (Brain VTA Biotechnology), AAV-CaMKIIa-DIO-hM4Di-mCherry (Brain VTA

Biotechnology), AAV-hSyn-hM4Di-mCherry (Brain VTA Biotechnology) or FG (Fluorochrome) were infused into NAc. A volume of

around 200 nl of virus was infused bilaterally into NAc using a calibrated glass microelectrode attached to a 1-ml Hamilton microsyr-

inge at a flow rate of 30 nl/minute. The injector was removed from the brain 10 minutes after the infusion. Fifteen to thirty minutes

before behavioral procedure, mice were given 200 nl intracranial injections of either 0.9% isotonic saline or Clozapine N-oxide

(300 mM; SIGMA) at a rate of 100 nl/minute. Following surgery, the mice were singly housed for 48 hours and then returned to their

home cage. Themice were treated with doxycycline (Dox) (2% in water, MedChemExpress) 4 weeks after viral fusion to trigger trans-

gene expression.

Conditioned place preference (CPP)
A three-stage CPP procedure that contains acquisition, extinction and reinstatement was used in this study. For acquisition, themice

were allowed to move freely between the two compartments for 15 minutes to achieve habituation on day 1. On day 2, the mice were

allowed to explore both sides to determine their baseline preference (preconditioning), and the time spent on each side was re-

corded. During the preconditioning phase, mice that spent more than 600 seconds of the 15-minute period in either chamber or

crossed between the chambers fewer than 20 times were excluded from the analysis. On days 3, 5, 7, 9, the mice were injected

with morphine (10 mg/kg) or saline (control group) before being confined to compartment A for 45 minutes. On days 4, 6, 8, 10,

all the mice (control and morphine groups) were injected with saline and then confined to compartment B for 45 minutes (condition-

ing). On the test day (day 11), the mice were allowed to freely explore the chambers for 15 minutes without injections. The time

spent in each chamber was determined using a video tracking system. During extinction training, all the mice were given saline

(i.p., 10ml/kg) once daily and were immediately confined to the chambers for 30minutes. After 7 days of extinction training, the place

preference was tested by allowing the mice to freely explore the CPP chambers for 15 minutes. Twenty-four hours later, if no CPP

effect was detected, the mice were challenged with morphine injection once (i.p., 5 mg/kg) and then subjected to a place preference

test (reinstatement test). In each place preference test, the mice were randomly placed on either side of the apparatus.
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Spontaneous morphine withdrawal monitoring
Opioid withdrawal in humans often results from cessation or reduction of opioid use, rather than blockade of opioid receptors, and

this process can also bemodeled inmice. Spontaneous withdrawal syndrome tests were performed as described by previously.59–61

In the first time, the somatic signs were quantified by direct observation from 12 to 72 hours after the last saline or morphine injection.

The somatic signs were recorded 48 hours after morphime withdrawal in subsequent experiments. Mice were individually placed in a

transparent plexiglas cylinders (30 cm diameter, 50 heights) for 30 minutes, and withdrawal syndromes were scored by an experi-

menter who was blinded to the treatment conditions. Jumping and wet dog shake behaviors were recorded as number of events

occurring during the total test time; body tremor and diarrhea events were recorded as number of 5 minutes intervals in which

they occurred (maximal score = 6). Body weights were measured immediately before and after each 30 minutes test session, and

percentage of body weight loss during the test was calculated. For eachmouse, a global morphine withdrawal score was also calcu-

lated by summating the values obtained for each sign. For this purpose, 1 point was assigned to every 2 wet dog shakes or 2 jumps,

absolute value of weight loss was used as a sign to represent body weight change, whereas all other signs were given the absolute

values recorded during the test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism 9.0 (GraphPad Software Inc.) and R 4.1 (https://cran.r-project.org/) soft-

ware. Parametric tests were applied when normality was satisfied; otherwise, nonparametric tests were used (Mann-Whitney test or

Kruskal-Wallis with Dunn’s post hoc test). For parametric tests, when homogeneity of variance assumptions was satisfied, unpaired

t-test or two-way ANOVA with Bonferroni’s post hoc test was used; otherwise, Welch’s t-test or Brown-Forsythe and Welch ANOVA

with Dunnett T3 post hoc test was used. For two-way ANOVA, the drug treatment, transgene, and gene regulation were considered

independent effects andwere analyzed accordingly. The repeat measures two-way ANOVAwith Bonferroni’s post hoc test was used

to assess the time series data (Figures S2L, S5J and S5K). The c2 test was used for the distribution of different spine types. In addi-

tion, the bivariate correlation (Spearman: Figures 1N, S1I and S1J; Pearson: Figures 1P, 6B and S7M) and the partial correlation

(Spearman: Figure 1O) analyses were performed to determine the possible correlation. The type I error rate was set to a = 0.05

(two-tailed) in all comparisons. The investigators were blinded to the allocation of the groups and the outcome assessments in all

experiments. p values less than 0.05 were considered statistically significant. Detailed statistics are provided in Table S7.
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Supplemental figures

Figure S1. CyTOF and RNA-seq reveal abnormal immune changes in patients with opioid use disorder

(A) Heatmap showing the expression of markers for 13 cell clusters. The proportions are displayed to the right (n = 41).

(B) Comparison of the fraction of immune cell subsets (n = 20, 21).

(C) Comparison of the expression of indicated markers in the Foxp3low or Foxp3high population (n = 20, 21).

(D) Heatmap of differentially expressed genes (DEGs) (top 50) in PBMCs by bulk RNA-seq (n = 20, 21).

(legend on next page)
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(E and F) Ridge and dot plots of 20most significant enrichment pathways from (E) GSEA-KEGG pathways and (F) GSEA-GO terms. The colored intensity of peaks

and dots indicating enrichment significance. The size representing the number counts in a certain pathway. Normalized enrichment score indicating the analysis

results across gene sets (n = 20, 21).

(G) Gating strategy defining Foxp3- CD4+ T cells, CD8+ T cells, B cells, NK cells, and monocytes from PBMCs (upper). The fluorescence intensity of IFN-g in

indicated cell subsets (lower) (n = 8).

(H) PBMCs samples were isolated from peripheral blood and stained for IFN-g, CD4, and Foxp3. Representative flow plots (left) and quantification (right) of

percent of IFN-g+ cells in lymphocytes and Tregs in IFN-g+ cells (n = 8).

(I) Spearman’s correlation matrices for CyTOF markers expression (n = 21).

(J) Spearman’s correlation between CyTOF markers expression and other traits in patients with opioid use disorder (n = 21).

(B andC) Violin plots showing the distribution of arcsinh-transformedmarker expression values, boxplots inside violin plots are shown as themedian ± 25%–75%

quantiles, andwhiskers denote 1.53 interquartile range (IQR); (G andH) Data are shown as themean ±SEM. Data represent four to five independent experiments.

**p < 0.01, ****p < 0.0001.

See also Figure 1.
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(legend on next page)
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Figure S2. Opioid-mediated global hypoxia results in fragile-like Treg transformation

(A) Flow chart of morphine or heroin administration.

(B) The mice were treated with morphine as described in Figure S2A. CD4+ Foxp3+ Tregs isolated from the thymus, liver, spleen, and abdominal lymph nodes

fragility was detected by flow cytometry, respectively. Representative flow plots (left), histogram plots (middle), and quantification (right) of percent of Tregs, the

intensity of IFN-g, and T-bet (n = 8).

(C) Representative plots of Foxp3- CD4+ T cells and CD8+ T cells in PBMCs by flow cytometry (left). The fluorescence intensity of gated IFN-g (right) (n = 8).

(D) Gating strategy of splenic Tregs (CD4+ YFP+) cells from Foxp3YFP-cre mice.

(E) Themice were treatedwith heroin as described in Figure S2A. Splenic Tregs were isolated, stimulated with PMA, ionomycin, and IL-2, co-cultured for 72 h (see

Figure 2B). Representative histogram plots (left) and quantification (right) of the intensity of IFN-g and IFN-gR (n = 5).

(F) Schematic of generation of IfngcKO mice.

(G–I) The IfngloxP and IfngcKO mice were treated with morphine as described in Figure S2A. CD4+ Foxp3+ Tregs isolated from PBMCs were measured by flow

cytometry. Representative (G) flow plots, (H) ridge plots, and (I) quantification of the intensity of IFN-gR and T-bet (n = 5).

(J and K) Splenic Tregs (CD4+ YFP+) were isolated from Foxp3YFP-cre mice, treated with IL-2 and different concentrations of (J) morphine or (K) heroin, co-cultured

for 72 h. Representative ridge plots (left) and quantification (right) of the intensity of IFN-g and T-bet (n = 5).

(L) The mice were treated with opioids as described in Figure S2A. The curve plot showing the SaO2% of mice on the day indicated after morphine (left) or heroin

(right) treatment (n = 6).

(M and N) The immunoblots of Hif1a, p-Akt (S473), pan-Akt, Foxo3a, Foxo1, and Tubulin in splenic Tregs from mice noted. (M) Representative immunoblots. (N)

The relative expression of the indicated proteins (n = 6).

Data are shown as themean ± SEM. Data represent three to five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with saline

group (B, E, and N), saline 3 IfngloxP group (I) or saline group at the same time point (L); #p < 0.05.

See also Figure 2.
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Figure S3. Opioid exposure triggers fragile-like Treg infiltration

(A) ELISA analysis of IFN-g in blood or in NAc after morphine (left) (n = 12, 14) or heroin (right) (n = 8) administration.

(B) Representative images (left) and quantification (right) of Foxp3 immunoreactivity in NAc (n = 7); scale bars, 50 mm.

(C and D) Representative images of (C) Foxp3 and (D) CD4 immunoreactivity in NAc; scale bars, 250 mm (low magnification) and 100 mm (high magnification).

(E) Quantification of CD4+ cells per high-power field in NAc after morphine (left) (n = 8) and heroin (right) (n = 6, 8) treatment.

(F) The fluorescence intensity of IFN-g in CD4+ Foxp3+ Tregs, Foxp3+ CD4- cells, and Foxp3- cells as shown in Figure 2D (n = 6).

(G) Representative images of CD19 (left), NK1.1 (middle), and Ly6c (right) immunoreactivity in NAc after morphine treatment. Scale bars, 250 mm (low magni-

fication) and 100 mm (high magnification).

(H and I) The levels of IL-6, TNF-a, IL-17, TGF-b, and IL-10 in (G) blood and in (H) NAc measured by ELISA (n = 8, 9).

Data are shown as the mean ± SEM. Data represent three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure 2.
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Figure S4. Morphine enhances TCR diversity and reshapes synaptic structure in NAc

(A–E) The profile of TCR b immune repertoire in NAc.

(A) Percentage of overlap of the CDR3 aa clonotypes between each sample (n = 8).

(B) Volcano plots representing the difference in the frequency of VJ (left) and VDJ (right) segments (n = 8).

(C) Volcano plots representing the difference in the frequency of CDR3 aa clonotypes (n = 8).

(D) Violin plots showing the frequency of different CDR3 aa length (n = 8).

(E) Comparison of the Shannon diversity of CDR3 aa (n = 8).

(F) Representative images (left) and quantification (right) of NeuN immunoreactivity in NAc. The values were normalized to those of control mice (n = 6); scale

bars, 25 mm.

(G) Representative images (left) and quantification (right) of TUNEL assay results obtained from NAc (n = 4); scale bars, 50 mm.

(H) Western blotting showing the expressions of p-Rip3, Rip3, and tubulin in NAc (n = 3).

(I) Golgi-stained Z stacks images before and after image processing used for spinemorphology analysis. A representative Z stacks images summed from different

focal fields of all spines on the same dendritic branch (left); processed image clearly shows improved visibility of dendritic spine morphology (right); scale

bars, 5 mm.

(J) The density of total spines and the proportions of mushroom- and branched-like and unclassified spines in NAc (n = 6).

(K) The numbers of total and symmetrical synapses, the thickness of the PSD at the thickest part in asymmetrical synapses, the lengths of active zones in

symmetrical synapses, the width of the synaptic cleft in asymmetrical, and symmetrical synapses in NAc (n = 4).

(L) Flow chart of long-term morphine administration.

(M) Representative images (left) and quantification (right) of Foxp3 immunoreactivity in NAc (n = 6); scale bars, 50 mm.

(N) ELISA analysis of IFN-g in NAc (n = 7).

(legend continued on next page)
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(O–S) The effects of long-term morphine treatment on synaptic morphology of NAc by Golgi-Cox staining and TEM.

(O) Representative images of dendritic spines on secondary dendrites of MSNs in NAc; scale bars, 5 mm.

(P) Histograms showing the distribution of different spine types.

(Q) The density of total spines and the proportions of mushroom-like, stubby-like, thin-like, branched-like, and unclassified spines (n = 6).

(R) Representative TEM images; scale bars, 100 nm.

(S) The number of synapses, the number of asymmetrical synapses, the number of symmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in asymmetrical and symmetrical synapses, and the width of the synaptic cleft in asymmetrical and sym-

metrical synapses (n = 5).

Data are shown as the mean ± SEM. Data represent three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure 2.
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Figure S5. The effect of IFN-g deficiency on synaptic structure, related to Figure 3

(A–D) The effects of anti-IFN-g on morphine-mediated synaptic structure of NAc.

(A) Representative Golgi-Cox staining images; scale bars, 5 mm.

(B) The number of spines, the proportions of mushroom-like, branched-like and unclassified spines (n = 6).

(C) Representative TEM images; scale bars, 100 nm.

(D) The number of synapses, the number of asymmetrical synapses, the number of symmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in symmetrical synapses, and the width of the synaptic cleft in asymmetrical and symmetrical synapses

(n = 5).

(E–H) The effects of IfngcKO on morphine-mediated synaptic structure in NAc by Golgi-Cox staining and TEM.

(E) Representative Golgi-Cox staining images; scale bars, 5 mm.

(F) The density of spines and the proportions of mushroom-like, branched-like, and unclassified spines (n = 6).

(G) Representative TEM images; scale bars, 100 nm.

(H) The number of synapses, the number of asymmetrical synapses, the number of symmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in symmetrical synapses, and the width of the synaptic cleft in asymmetrical and symmetrical synapses

(n = 5).

(I) Flow chart of CPP procedure.

(J) Morphine CPP score in different stages (n = 6, 8).

(K) The withdrawal score for withdrawal symptoms including wet dog shake, jump, body tremor, diarrhea, weight lost, and global withdrawal score (n = 8).

Data are shown as the mean ± SEM. Data represent three to five independent experiments. (B–J) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with

saline3 isotype Ab group (B and D), saline3 IfngloxP group (F and H) or saline3 IfngloxP group at the same time point (J); #p < 0.05, ####p < 0.0001. (K) *p < 0.05,

**p < 0.01, ***p < 0.001, morphine3 IfngloxP compared with saline3 IfngloxP group at the same time point; $p < 0.05, morphine3 IfngcKO compared with saline3

IfngloxP group at the same time point; #p < 0.05, ##p < 0.01, ###p < 0.001, morphine 3 IfngloxP compared with morphine 3 IfngcKO group at the same time point.
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Figure S6. Knockdown of Ifngr1 prevents morphine-induced synaptic damage

(A–C) The afferents to NAc activating test.

(A) The schematic of afferents to NAc.

(B) The co-immunostaining of c-Fos and FG in PVT, BLA, mPFC, and vHIP; scale bar, 25 mm.

(C) Quantification of active c-Fos cells (c-Fos + FG/FG cells) per mm2 (n = 8).

(D and E) Inhibition of NAc neurons via a chemogenetic approach.

(legend continued on next page)
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(D) The schematic of virus injection.

(E) The effect of inhibition of NAc on withdrawal symptoms including wet dog shake, jump, body tremor, diarrhea, weight loss, and global withdrawal score 48 h

after the last morphine treatment (n = 8).

(F and G) Inhibition of PVT/NAc projection via a chemogenetic approach.

(F) The schematic of virus injection.

(G) The effect of inhibition of PVT/NAc onwithdrawal symptoms including wet dog shake, jump, body tremor, diarrhea, weight loss, and global withdrawal score

48 h after the last morphine treatment (n = 7, 8).

(H) Representative co-immunostaining images for Stat1, NeuN, and DAPI in NAc; scale bars, 25 mm.

(I) The relative expression level of Bst2 mRNA (n = 8).

(J) The number of spines, the proportions of mushroom-like, branched-like, and unclassified spines (n = 6).

(K) The number of synapses, the number of asymmetrical synapses, the number of symmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in symmetrical synapses, and the width of the synaptic cleft in asymmetrical and symmetrical synapses

(n = 5).

(L) The counts of scores for withdrawal symptoms 48 h after the last morphine treatment (n = 7, 8).

Data are shown as the mean ± SEM. Data represent two to five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with saline

group (C), saline 3 mCherry group (E and G) or saline 3 scrambled group (I, J, K, and L); #p < 0.05, ##p < 0.01, ####p < 0.0001.

See also Figures 3 and 4.
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Figure S7. The potential mechanism of morphine-mediated Treg infiltration into NAc

(A) The levels of CCL21 (left) (n = 8, 9) and CCL19 (right) (n = 9) in peripheral blood and NAc determined by ELISA.

(B) Representative co-immunostaining images for Ccl2, GFAP, and DAPI in Nac; scale bars, 25 mm.

(C) The schematic of generation of Foxp3+ cell-specific Ccr2 knockout (Ccr2cKO) mice.

(D–G) The effects of Ccr2cKO on morphine-mediated synaptic structure in NAc by Golgi-Cox staining and TEM.

(D) Representative Golgi-Cox staining images; scale bars, 5 mm.

(E) The density of spines and the proportions of mushroom-like, branched-like, and unclassified spines (n = 6).

(F) Representative TEM images; scale bars, 100 nm.

(G) The number of synapses, the number of symmetrical synapses, the number of asymmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in symmetrical synapses, and the width of the synaptic cleft in asymmetrical and symmetrical synapses

(n = 5).

(H) The counts of scores for withdrawal symptoms 48 h after the last morphine treatment (n = 6, 7, 8).

(legend continued on next page)
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(I and J) The mice were treated with morphine as described in Figure 4A.

(I) Representative co-immunostaining images for Ccl2, NeuN, andDAPI in Nac; scale bars, 25 mm (left). The percentage of Ccl2 +NeuN double-labeled cells (right)

(n = 6).

(J) Representative images (left) and quantification (right) of Foxp3 immunoreactivity in Nac; scale bars, 50 mm (n = 6).

(K) The relative expressions of the 5 DEGs of interest by qPCR (n = 10).

(L) Comparison of the levels of 5 DEGs of interest between bulk RNA-seq and qPCR.

(M) Correlation analysis between the relative expression of Hif3a (left), Fmo2 (middle), and Wnt10b (right) mRNA and IFN-g levels in NAc (n = 10).

(N) The relative expression of Fabp7 mRNA (n = 8, 9).

(O) ELISA analysis of IFN-g in peripheral blood (n = 6).

(P–S) The effects of Fabp7 overexpression on synaptic morphology of NAc by Golgi-Cox staining and TEM.

(P) Representative Golgi-Cox staining images; scale bars, 5 mm.

(Q) The number of spines, the proportions of mushroom-like, branched-like, and unclassified spines (n = 6).

(R) Representative TEM images; scale bars, 100 nm.

(S) The number of synapses, the number of asymmetrical synapses, the number of symmetrical synapses, the thickness of the PSD at the thickest part in

asymmetrical synapses, the lengths of active zones in symmetrical synapses, and the width of the synaptic cleft in asymmetrical and symmetrical synapses

(n = 4).

(T) The counts of scores for withdrawal symptoms 48 h after the last morphine treatment (n = 8).

Data are shown as the mean ± SEM. Data represent two to five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with saline

group (A), saline3 Ccr2loxp group (E, G, and H), saline3 scrambled group (I and J) or saline3 EGFP group (N, O, Q, S, and T); #p < 0.05, ##p < 0.01, ### < 0.001.

See also Figures 5, 6, and 7.
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