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Abstract

Methamphetamine (METH) is a highly addictive psychostimulant that causes physical and psychological damage and immune system disorder,
especially in the liver which contains a significant number of immune cells. Dopamine, a key neurotransmitter in METH addiction and immune
regulation, plays a crucial role in this process. Here, we developed a chronic METH administration model and conducted single-cell RNA se-
quencing (scRNA-seq) to investigate the effect of METH on liver immune cells and the involvement of dopamine receptor D1 (DRD1). Our find-
ings reveal that chronic exposure to METH induces immune cell identity shifts from IFITM3* macrophage (Mac) and CCL5" Mac to CD14"
Mac, as well as from FYNTCD4™" T effector (Teff), CD8" T, and natural killer T (NKT) to FOS*CD4" T and RORa™" group 2 innate lymphoid cell
(ILC2), along with the suppression of multiple functional immune pathways. DRD1 is implicated in regulating certain pathways and identity
shifts among the hepatic immune cells. Our results provide valuable insights into the development of targeted therapies to mitigate METH-
induced immune impairment.
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Introduction

Methamphetamine (METH or MA; crystal methamphet-
amine is also known as ice) is a highly addictive and neuro-
toxic drug [1]. According to the World Drug Report 2023,
approximately 36 million people worldwide had used
amphetamines in 2021, and METH is the most frequently
abused drug in East and Southeast Asia [2]. METH causes se-
vere societal problems and it is also harmful to health, dam-
aging the central nervous system and immune system and
leading to susceptibility to infectious diseases, such as viral
hepatitis and human immunodeficiency virus (HIV) [3-6].
Despite the fact that there have been an increasing number of
relevant studies, the exact mechanism underlying the effect of
METH on immune systems remains unclear.

Chronic METH use disrupts immune cell balance [4,7,8],
affecting signaling pathways and causing damage to cells,
such as splenic dendritic cells and T cells [4]. It also influences
various homeostatic pathways, such as chemokine receptors
and intracellular calcium levels, which are critical for immune
responses [4]. The liver, the key digestive and frontline im-
mune organ [6,9], experiences METH-induced toxicity [10],
leading to hepatotoxicity, including hyperthermia [11], cell
cycle arrest [12], deleterious inflammatory response [13], and
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reduced METH clearance [14]. However, there are limited
studies on exploring changes in liver immune cells under
chronic METH influence.

The dopamine (DA) system is crucial in METH-related
disorders. DA facilitates neurotransmission through the acti-
vation of five DA receptors, which are grouped into two D1-
like DA receptors [DA receptor D1 (DRD1) and DA receptor
D5 (DRDS)] and three D2-like DA receptors [DA receptor
D2 (DRD2), DA receptor D3 (DRD3), and DA receptor
D4 (DRD4)] [15]. METH administration markedly increases
DA levels in the nucleus accumbens [16]. Extracellular DA is
crucial for activating DA receptors, and interacts with
DRD1, DRD2, and DRD3 in the nucleus accumbens [15]. As
a potent addictive psychostimulant through reward circuits,
METH leads to both physical and psychological alterations
[16,17], and its rewarding properties rely on the presence of
DRD1 and DRD2 [18,19]. METH causes the extracellular re-
lease of DA and reduces DA reuptake through various mech-
anisms, such as blocking the role of DA transporter (DAT)
[20] and increasing the expression of DRD1 [19]. A DRD1
antagonist has been reported to extinguish METH-induced
conditioned place preference [21,22]. In addition to being a
neurotransmitter, DA is an important regulator of immune
function [23]. Immune cells produce DA, which can be used
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as an autocrine/paracrine mediator not only for immune cells
themselves but also for adjacent cells [24]. DA receptors and
other DA-related proteins have been detected in many immune
cells, suggesting that DA is a crucial component in regulating
immune function [25,26]. However, whether METH regulates
liver immunity and the underlying mechanisms of METH in
regulating immune function remain elusive. Therefore, investi-
gating the regulatory mechanisms of METH through DA is a
vital step in understanding its role in liver immunity.

Single-cell RNA sequencing (scRNA-seq) offers more
powerful data for high-resolution analyses as compared with
conventional bulk RNA sequencing (RNA-seq). Using
scRNA-seq, cell subsets, subset functions, and cell-cell inter-
actions in complex tissues can be identified at the single-cell
transcriptomic level. METH has been reported to induce hep-
atotoxicity and to cause deleterious inflammatory responses
[13,27]. However, scRNA-seq-based analysis to investigate
the METH effect on liver immune cells has yet to be reported.
In this study, we used scRNA-seq to explore METH-induced
immunosuppression in the liver through DRD1. Examination
of liver tissues from Drd1-knockout (KO) and wild-type
(WT) mice chronically exposed to METH revealed changes in
immune cell numbers and functions. This research may offer
insights into treating METH addiction by understanding its
impact on liver immunity.

Results

METH exposure and Drd7 KO cause changes of
immune cells in the mouse liver revealed by
RNA-seq

To explore the METH effect on hepatic immune cells and the
potential involvement of DRD1, we performed bulk RNA-
seq by using mouse liver tissues from the WT + saline (WS),
Drd1 KO + saline (DS), WT + METH (WM), and Drd1 KO
+ METH (DM) groups. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses of differentially expressed genes (DEGs) among the
four groups showed that many immune-related pathways
were affected by METH and Drd1 KO, including response to
interferon (IFN), defense response to virus, and regulation of
innate immune response (Figure S1A; Tables S1 and S2). In
addition, immune infiltration analysis demonstrated changes
related to the proportion of some liver immune cells caused
by METH exposure and Drd1 KO. Flow cytometry analysis
further supported that METH exposure and Drdl KO
altered the proportion of certain cell types; for example, WM
group exhibited increased CD4" T cells and decreased CD8*
T cells, whereas DM group displayed a high proportion of
CD8™" T cells and a trend of decreased macrophages (Macs)
(Figure S1B and C). These results suggest that METH expo-
sure affects the number and functions of liver immune cells
under the involvement of DRD1 in the process.

scRNA-seq data allow precise mapping of distinct
immune cell populations

After quality control and filtering, we obtained 21,743
transcriptomes at single-cell resolution from hepatic nonpar-
enchymal cells (NPCs) of three mouse groups (WS group, #n =
3; WM group, n = 4; DM group, n = 4) (Figure 1A). Based
on the expression of canonical gene markers, we identified 13
distinct cell clusters with their unique markers (Figure 1B and

C), nine of which are immune cells (Figure 1D; Table S3), in-
cluding Mac (Lyz2™"), plasmacytoid dendritic cell (pDC,
Siglech™), T cell (T, Cd3d™), natural killer cell (NK, Nkg7™"),
granulocyte (Gran, Csf3r"), dendritic cell (DC, Cst3™"),
plasma B cell (Plasma-B, Jchain'), neutrophil (Neut,
Camp™), and B cell (B, Cd79a™) (Figure 1E) [28,29]. A clus-
ter identified based on highly-expressed Mki67 (a marker
gene for cell proliferation) [28,30] was named dividing cells
(4_Dividing), which contains NK and T cells, as well as mye-
loid cells and hepatocytes (Figure 1D, Figure S2). These
results indicate that the 4_Dividing cluster may be the pro-
genitors of the aforementioned cells.

METH induces immunosuppressive hepatic
microenvironments partially through DRD1

To investigate distinctive immune profiles for different
groups, we analyzed the cell components of each group
(Figure 2A and B; Table S4) and found that Macs were
enriched in WS and WM, and Neut cells in WM. In the DM
group, more than 50% of T cells were preferentially enriched,
whereas the populations of Macs, Gran cells, and Neut cells
decreased significantly, indicating that DRD1 is essential for
the homeostasis of hepatic myeloid cells, while exhibiting an
opposite effect on T cells.

DEG analysis revealed 87 up-regulated and 129 down-
regulated genes between WM and WS, and 416 up-regulated
and 907 down-regulated genes between DM and WM based
on |log, fold change (FC)| > 0.5 (Figure 2C; Table S5). The
enrichment analysis of DEGs between WM and WS showed
down-regulation of abundant immune-associated functional
pathways, including antigen processing and presentation,
lymphocyte-mediated immunity, positive regulation of im-
mune effector process, NK cell-mediated immunity, defense
response to virus, B cell-mediated immunity, and cell adhe-
sion molecules. However, when comparing DM and WM,
these pathways were up-regulated (Figure 2D-F; Tables S6
and S7). These findings indicate that chronic exposure to
METH induces immunosuppressive hepatic microenviron-
ments and that Drd1 KO could partially reverse the effect.
Among genes within these pathways, several DEGs were
down-regulated in WM but up-regulated in DM, including
histocompatibility-2 genes [encoding subunits of major histo-
compatibility complex I (MHC I) and MHC 1], Cd2, Icam],
Zap70, 12rg, Gimap3/5 (encoding members of the GTPase
of the immunity-associated protein family), Serpinb9, Irf7,
Gzmb, Ifng, and Cd74 (Figure 2D, Figure S3), suggesting
that these genes may be suppressed by METH
through DRD1.

METH exposure increases immunosuppressive
Macs but Drd7 KO causes Mac loss

As the largest immune cell population, 4693 Macs were
identified (Figure 3A) and grouped into six subclusters,
including ¢0_Mac-IFITM3, c1_Mac-CD14, c2_Mac-CCLS,
c3_Kupffer-LGMN, c4_Mac-ADGRE4, and c¢5_Mac-IL1b
(Figure 3A and B; Table S8). We observed significant differ-
ences in the composition of these subclusters between the
three groups of mice. The proportions of ¢0_Mac-IFITM3
and ¢2_Mac-CCLS5 in WS were significantly higher than
those in WM and DM, the proportions of ¢c1_Mac-CD14 and
c4_Mac-ADGRE4 were higher in WM, and the proportion of
¢3_Kupffer-LGMN was higher in DM (Figure 3C and D).
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Figure 1 scRNA-seq reveals immune cell populations in mouse liver
A. Schematic diagram for single-cell transcriptomic profiling of mouse NPCs. WS, WT + saline; WM, WT + METH; DM, Drd7 KO + METH. B. and C.
Overview of the 13 types of hepatic NPCs (B) and their counts (C). D. The signature genes for each cell type. E. The expression profiles of representative
marker genes for the main immune cell types. NPC, nonparenchymal cell; WT, wild-type; Drd7, dopamine receptor D1; KO, knockout; METH,
methamphetamine; UMAP, Uniform Manifold Approximation and Projection; Mac, macrophage; pDC, plasmacytoid DC; T, T cell; NK, natural killer cell;
Diving, dividing cell; Gran, granulocyte; DC, dendritic cell; Plasma-B, plasma B cell; Neut, neutrophil; B, B cell; Endo, endothelial cell; Hep, hepatocyte;
HSC, hepatic stellate cell; scRNA-seq, single-cell RNA sequencing.

Compared with WS, the proportion of Macs in WM de-
creased slightly. Unexpectedly, compared with WM, the pro-
portion of Macs in DM decreased markedly and almost
disappeared (Figure 3C). Furthermore, cell cycle scores
showed G,M cell cycle arrest in WM and G cell cycle arrest
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in DM, suggesting suppression of proliferation in these two
groups (Figure S4A). The DEG analysis showed that there
were more down-regulated genes in WM as compared with
WS, and these genes were enriched in many immune function
pathways, such as antigen processing and presentation,
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Figure 2 Comparative transcriptomic analyses reveal the METH-induced immunosuppressive hepatic microenvironments
A. Cell populations from three groups of mice. B. Proportion of each cell cluster in three groups of mice. C. Volcano plots showing FCs of gene
expression for down-regulated and up-regulated genes in comparisons of WM vs. WS and DM vs. WM. Red, blue, and gray dots represent the up-regulated
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defense response to virus, and T cell differentiation. Most of
these pathways were reversed in DM, indicating that the im-
paired immunocompetence caused by METH exposure may
occur via a mechanism involving DRD1 (Figure 3E, Figure
S4B; Tables S9 and S10).

To identify functional changes in the shifts from c0_Mac-
IFITM3 and ¢2_Mac-CCLS in WS to c1_Mac-CD14 induced
by METH exposure in WM, GO and KEGG enrichment
analyses of the marker genes were performed (Figure 3F;
Table S11). Compared with c0_Mac-IFITM3, which exhib-
ited up-regulation of the defense response to virus pathway,
c1_Mac-CD14 exhibited down-regulated myeloid leukocyte
differentiation, leukocyte-mediated cytotoxicity, and defense
response to virus pathways. Subcluster ¢2_Mac-CCLS
uniquely showed up-regulated lymphocyte proliferation and
CD4" «fT cell activation pathways. Subcluster ¢3_Kupffer-
LGMN showed enhanced immune-related functions and may
be functionally active. Although subcluster c4_Mac-
ADGRE4 was only enriched in relatively fewer down-
regulated pathways, it contained highly expressed genes such
as Adgre4, Gngt2, and Sgkl, which may be related to inter-
cellular information interactions. Subcluster ¢5_Mac-IL1b
showed unique up-regulation of the Ifng production path-
way, indicating the activation of its immune function. The
proportions of ¢0_Mac-IFITM3 and ¢2_Mac-CCLS were
both decreased and shifted into ¢1_Mac-CD14 in WM, fur-
ther demonstrating that METH exposure leads to suppres-
sion of immune functions (Figure 3D and G; considering that
IFITM3 is a membrane protein and expressed in the majority
of cells, we used the average fluorescence intensity to measure
its expression). In DM, ¢3_Kupffer-LGMN was significantly
increased, which may not fully compensate for the suppressed
function of Macs because their number was mark-
edly reduced.

The change in the proportion of ¢3_Kupffer-LGMN be-
tween WM and WS was similar to that of all Macs, but dif-
ferent in DM, in which the proportion of ¢3_Kupffer-LGMN
was increased (Figures 2B and 3D). The results of DEG
analysis as well as GO and KEGG enrichment analyses of
c3_Kupffer-LGMN were slightly different from those ana-
lyzed in all Macs (Figure S4C-E; Tables S12 and S13).
Pathways such as antigen processing and presentation, T cell-
mediated immunity, response to type I IFN, and defense re-
sponse to virus were down-regulated in WM but up-
regulated in DM, indicating that METH exposure suppresses
Kupffer immune function but Drd1 KO partially reverses this
suppression. However, some pathways, such as myeloid leu-
kocyte migration and leukocyte chemotaxis, were up-
regulated in the compared groups.

Through Venn diagram analysis (VDA), we identified
some genes regulated by METH but showed reversed effect
when Drd1 was knocked out, including membrane protein
gene Ifitm3, genes encoding MHC, and transcription factor
gene Irf7 (Figure 3H; Table 1, Table S14). An interaction net-
work of these genes was generated based on the STRING

Figure 2 Continued
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database (Figure S4F). We further performed transcription
factor analysis by SCENIC on 0_Mac, and found that the ex-
pression of Irf7 and its regulatory network [regulon activity,
represented by the area under the curve (AUC) of genes in
regulon among all genes expressed in the cells] were down-
regulated in immune-suppressed subclusters ¢1_Mac-CD14
and c4_Mac-IL1b, which consisted of most Macs in WM
(Figure 31; Table S15). Decreasing Irf7, which is a key tran-
scriptional regulator of type I IFN-dependent immune
responses, demonstrates the inhibitory effect of METH on
Mac immune responses [31]. The expression changes of Irf7
in the liver Macs were verified by tissue immunofluorescence
staining (Figure 3]).

METH exposure induces T cell immunodeficiency
but Drd1 KO partially prevents this activity

A total of 2513 T cells were identified according to traditional
immunological surface markers (Figure 4A). These T cells were
divided into ten subclusters, including four clusters for CD8* T
cells: c2_CD8-KLKS8-Tecm (Cd8* Ptprc™Ilr7"), c4_CDS-
DADPL1-Tnaive  (Cd8 PtprctCer7"), c5_CD8-MIF-Tem
(Cd8" Ptprc™Prfl™), and c8_NKT-CCLS (CdS*NKg7%); five
clusters for CD4" T cells: c0_CD4-FOS-Tnaive
(Cd4 Ptprct Cer7™), c1_CD4-LEF1-Tcm (Cd4* Ptprc=Cer7%),
c3_CD4-FYN-Teff (Cd4* Ptprc" Ccr77), c6_CD4-IFNG-Th
(Cd4* PrprcIfng™), and c9_CD4-CTLA4-Tex (Cd4" Ctla4™);
and one cluster for innate lymphoid cells: ¢7_ILC2-RORa
(Cd4~Cd8~Rora™) (Figure 4A and B; Table S16).

The number of T cells from DM significantly increased
compared with WS and WM (Figures 2B, 4C, and 4D), which
was verified by immunofluorescence of the liver tissue
(Figure 4E). We observed that DM had the most G, cells and
the least GoM cells among the three groups (Figure 4F), and
the apoptosis pathway was down-regulated concurrently
(Figure 4G). Although the proportion of CD8" T cells in DM
increased significantly, most of them were naive and memory
cells, except NKT. According to the enrichment results,
Drd1 KO eliminated some of the inhibition of METH on T
cell differentiation and cytotoxicity. However, owing to the
regulatory effect of DA on T cell [32,33], there may be some
changes that we did not observe.

Compared with those in WS, the proportions of c0_CD4-
FOS-Tnaive and ¢7_ILC2-RORa were increased and that of
c3_CD4-FYN-Teff was decreased in WM, whereas c0_CD4-
FOS-Tnaive and c3_CD4-FYN-Teff were almost absent in
DM, with significant increases in ¢1_CD4-LEF1-Tcm,
c2_CD8-KLKS8-Tcm, c4_CD8-DADPL1-Tnaive, and
c5_CD8-MIF-Tem, which were non-active naive or memory
cells. GO and KEGG enrichment analyses as well as gene set
variation analysis (GSVA) of the marker genes for each sub-
cluster showed that the c0_CD4-FOS-Tnaive subcluster rep-
resented the naive cells, and ¢7_ILC2-RORa had the function
of inhibiting T cell activation and immune response
(Figure 4H, Figure S5A; Tables S17 and S18). These findings
indicate that METH may inhibit T cell activation and

(P.adj < 0.05 and log, FC > 0.5), down-regulated (P.adj < 0.05 and log, FC < —0.5), and non-significant (P.adj > 0.05 or |log, FC| < 0.5) genes,
respectively. DEGs with —logqo P.adj value of infinity (P.adj is 0) are NOT fully shown in the plots (at the top of the plots), of which Ccl5, Isg15, H2-K2,
B2m, Hmgb2, Cd44, Il1b, Cebpb, Cd2, Lck, H2-D1, Xcl1, Lat, and Gzmb are displayed with guide lines. D. Relative gene expression of representative
immune pathways. E. GO and KEGG enrichment for the up-regulated and down-regulated genes in (C). F. GSEA enrichment of all DEGs (P.adj < 0.05).
P.adj, adjusted P value; FC, fold change; NS, non-significant; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set
Enrichment Analysis; DEG, differentially expressed gene; BP, biological process; NES, normalized enrichment score.
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Figure 3 METH increase immunosuppressive Macs
A. Six subclusters identified from the Macs. B. Heatmap showing the expression of marker genes in each Mac subcluster. C. and D. Group-wise cell
populations (C) and proportions (D) of Macs. The legend is shared with (A). E. GO and KEGG enrichment of the up-regulated and down-regulated genes in
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$20Z J8qWBAON GZ U0 Jasn SyD)‘Jajua) dnewoulolg B olwouss) Aq 0ZzZE1/22/09088zb/y/zz/eone/qdb/woo dnooiwspese//:sdny woll papeojumoq



Table 1 Genes regulated by METH through DRD1

Genomics, Proteomics & Bioinformatics, 2024, Vol. 22, No. 4

Cell type Genes encoding membrane Transcription factor genes Genes encoding effectors
proteins/receptors

Only in Mac Cd74, Cd83, Fcerlg, Fcgrl, Atf3, Ddit3, 1d2, Irf7 Ccl3, Ccl4, Cst3, Fnl, Irf7, Isg1$,
Gngtl, H2-Aa, H2-Ab1, H2-Eb1, Metrnl, Mmp9, Npc2, Zbp1
H2-T22, H2-T23, Ifitm3, Ly6c2,
Lyé6e, Ms4a4c, Ms4a6b, Rip4

Only in T cell Cd24a, Cd44, Clec12a, Pdia6 Cebpb, Fosl2, Ltf Camp, lI1b, Len2, Widce17

Shared in Mac and T cell B2m, H2-D1, H2-Q4,

Ly6a, Nkg7

Hmgb2 CclS, Gzma, Gzmb, Ngp, Retnlg,
$10048, $100a9, Tefbi,

Thbs1, Wfdc21

Note: Genes were from intersection of DEGs of the WM wvs. WS group and the DM vs. WM group. Genes with overlapping results of transcription factor
analysis and DEG analysis were marked in bold. METH, methamphetamine; DRD1, dopamine receptor D1; Mac, macrophage; DEG, differentially
expressed gene; WT, wild-type; KO, knockout; WS, WT + saline; WM, WT + METH; DM, Drd1 KO + METH; DS, Drd1 KO + saline.

differentiation. The high expression of Icos in ILC2 has been
reported to induce an immunosuppressive microenvironment
[34]. The proportions of subclusters c0_CD4-FOS-Tnaive
and c7_ILC2-RORa decreased after Drd1l KO. Subcluster
¢8_NKT-CCLS5 NKT cells displayed strong immune activity,
which almost disappeared in WM but was present in DM.
Subcluster ¢9_CD4-CTLA4-Tex expressed high levels of ex-
haustion marker Ctla4 and exhibited some fragile regulatory
T cell (Treg) characteristics (high expression of Hifla and
loss of suppressive function) [35] (Figure S5B), but no in-
crease in the proportion of this cell subcluster was detected
in WM.

Compared with those in WS, T cells in WM exhibited
down-regulation of differentiation, cytotoxicity, defense re-
sponse to virus, and antigen processing and presentation
pathways. In DM, the cytotoxicity and antigen processing
and presentation pathways were up-regulated, but the de-
fense response to virus pathway was still down-regulated
(Figure 4G, Figure S5C; Tables S19 and S20).

Genes regulated by METH and reversely regulated by
Drdl KO were also found in T cells by VDA (Figure 4[;
Table 1), including transcription factor gene Cebpb and effec-
tor (secreted protein)-coding gene CclS. An interaction net-
work of the genes regulated by METH via DRD1 in T cells,
based on the STRING database, was generated (Figure S5D;
Table S21). The transcription factor analysis on T cells dem-
onstrated a higher expression level of Cebpb and its regula-
tory network in WM (mainly consisting of ¢0_CD4-FOS-
Tnaive and c7_ILC2-RORa subclusters), with a lower
expression level in the DM group (Figure 4J; Table S22).
Cebpb, an inhibitor of T cell proliferation, is involved in
many immunological processes in other immune cells [36—
38]. The increase of CEBPB™ T cells and the decrease of
CEBPB in WM when compared with WS may be related to
the reduction of T cells and functional suppression of other
immune cells. The expression changes of Cebpb in the liver
T cells were verified by tissue immunofluorescence
studies (Figure 4K).

Figure 3 Continued

METH causes DRD1-related immunosuppression of
NK and B cells

The changes in proportions and cell cycle scores of 2053
NK cells in the three groups (Figure SA and B) were similar
to those of T cells. Compared with those in WS, NK cells in
WM showed down-regulation of the cytotoxicity, response
to virus, and antigen processing and presentation pathways.
In DM, these pathways were up-regulated, indicating
that Drd1 KO prevented the METH effect (Figure 5C;
Tables S23 and S24). In contrast, the apoptosis-associated
pathways were up-regulated in WM and down-regulated
in DM.

A total of 948 B cells were further subdivided into five sub-
clusters (Figure 5D; Table S25). As a subcluster of naive B
cells, c0_B-H2-K1 was functionally inactive and highly
expressed Cxcr4. Subcluster ¢c1_B-HMGB2 displayed down-
regulation of multiple immune functions and an increased
proportion in WM. As activated B cells with high expression
of Jchain, subcluster ¢3_B-Activated showed up-regulation of
the B cell activation, differentiation, lymphocyte prolifera-
tion, activation of immune response, and response to IFN-y
pathways. Subcluster c4_B&T, which highly expressed
Cd3d, showed up-regulation of the response to interleukin-4
and immunological synapse pathways and was a heterozy-
gous cell population of activated B and T cells (Figure SE-G,
Figure S6; Table 526).

The proportion of B cells decreased in WM and increased
in DM, with no significant difference in plasma-B cells among
the three groups (Figures 2B and S5F). Compared with those
in WS, B cells in WM showed down-regulation of the path-
ways of antigen processing and presentation, B cell-mediated
immunity, and response to [FN-y. Similar to T cells, B cells in
DM showed recovery of some pathways that were down-
regulated in WM, and a down-regulated apoptosis pathway
(Figure 5G; Tables S27 and S28). For plasma-B cells, the
changes in WM were similar to those observed in B cells.
However, in DM, plasma-B cells showed distinct down-
regulation of the B cell differentiation pathway and

Macs. F. GO and KEGG enrichment of the marker genes of the Mac subclusters. G. Left: representative double immunofluorescent images of mouse
hepatic tissues (n = 3 for each group) with DAPI nuclear counterstain (x40). Scale bar, 20 um. Right: average intensity of IFITM3™ cells, proportion of
CD14™ Macs in all F4/80" Macs, and proportion of F4/80" Macs in all cells. **, P < 0.01; **** P < 0.0001 (one-way ANOVA). H. The intersection of up-
regulated and down-regulated genes in Macs. I. Regulon activity (AUC) of /rf7 and its targets (left) and expression of /rf7in all cell types (right). Regulon
activity is represented by the AUC of genes in regulon among all genes expressed in the cells. J. Left: representative double immunofluorescent images
of mouse hepatic tissues (n = 3 for each group) with DAPI nuclear counterstain (x40). Scale bar, 20 um. Right: proportion of IRF7* Macs in all F4/80"
Macs. **, P < 0.01; **** P < 0.0001 (one-way ANOVA). DS, Drd1 KO + saline; MF, molecular function; CC, cellular component; DAPI, 4’,6-diamidino-2-

phenylindole; AUC, area under the curve; ANOVA, analysis of variance.
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Figure 4 METH induces T cell immunodeficiency

A. Ten subclusters identified from the T cells. B. Heatmap showing the expression of marker genes in each T cell subcluster. C. and D. Group-wise cell
populations (C) and proportions (D) of T cells. The legend is shared with (A). E. Left: representative double immunofluorescent images of mouse hepatic
tissues (n = 3 for each gourp) with DAPI nuclear counterstain (x40). Scale bar, 20 um. Right: proportion of CD3*CD45" T cells. *, P < 0.05; **** P <
0.0001 (one-way ANOVA). F. Proportions of T cells at different cell cycle phases in the three groups. G. GO and KEGG enrichment of the up-regulated
and down-regulated genes in T cells. H. GO and KEGG enrichment of the marker genes of the T cell subclusters. I. The intersection of up-regulated and
down-regulated genes in T cells. J. Regulon activity (AUC) of Cebpb and its targets (left) and expression of Cebpb in all cell types (right). Regulon activity
is represented by the AUC of genes in regulon among all genes expressed in the cells. K. Left: representative double immunofluorescent images of
mouse hepatic tissues (n = 3 for each group) with DAPI nuclear counterstain (x40). Scale bar, 20 um. Right: proportion of CEBPB™ T cells in all CD3" T
cells and proportion of CEBPB™ cells in all cells. **, P < 0.01; *** P < 0.0001 (one-way ANOVA). G4, gap 1 phase; S, synthesis phase; G,M, gap
2/mitosis phase.
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Figure 5 METH causes NK and B cells to exhibit DRD1-related immunosuppression

A. UMAP visualization of NK cells from the three groups. B. Cell number and proportion of NK cells in the three groups. C. GO and KEGG enrichment of
the up-regulated and down-regulated genes in NK cells. D. UMAP visualization of B cells showing a five-subcluster distribution. E. Heatmap showing the
expression of marker genes in each B cell subcluster. F. and G. Group-wise cell populations (F) and proportions (G) of B cells. The legend is shared with
(E). H. GO and KEGG enrichment of the up-regulated and down-regulated genes in B cells. . GO and KEGG enrichment of the up-regulated and down-

regulated genes in Plasma-B cells.

up-regulation of the positive regulation of lymphocyte prolif-
eration and immunological synapse pathways (Figure SH and
I; Tables S29 and S30).

METH inhibits cell crosstalk between Macs and
T cells

CellChat analysis was performed to evaluate the probability
of immune cell-cell communication by integrating gene ex-
pression data with prior knowledge of interactions between
signaling ligands, receptors, and their cofactors. Since we ob-
served that the functions of Kupffer cells and other five

subclusters of Macs (hereafter referred to as ot-Macs)
appeared to be different in the enrichment analyses, we ana-
lyzed these cells separately.

In the analysis of differential interaction strength, we found
that, except for the increase in ot-Macs, METH resulted in
decreased crosstalk of Kupffer cells, DCs, and all lympho-
cytes with T cells, and decreased crosstalk of Kupffer cells,
pDCs, T cells, and NK cells with NK cells. However, Drd1
KO led to the recovery of communication between T cells
and other cells, but the crosstalk of NK cells with ot-Macs,
T cells, and NK cells was further decreased, indicating that
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Figure 6 METH induces impaired crosstalk between immune cells

A. Differential interaction strength of the three groups. Red (or blue) represents increased (or decreased) signaling in WM compared to WS (left) or in DM
compared to WM (right). The top bar plot represents the sum of the values in each column of the heatmap (incoming signaling). The right bar plot represents
the sum of the values in each row of the heatmap (outgoing signaling). B. Relative information flow of interested pathways in the three groups, which is
defined by the sum of communication probability among all pairs of cell groups in the inferred network. C. Visualization of differential outgoing and incoming
signaling changes in ot-Macs (subclusters c0, ¢1, ¢2, ¢4, and c5 of Macs), Kupffer cells (subcluster c¢3 of Macs), T cells, and NK cells from WWM to WS as well as
from DM to WM. Shape of dot: circle, outgoing or incoming signaling of the pathway was detected in both groups; inverted triangle, only incoming signaling of
the pathway was detected in one group; triangle, only outgoing signaling of the pathway was detected in one group; diamond, both outgoing and incoming
signaling of the pathway were detected in one group, or only one signaling of the pathway was detected in one group and the other signaling in another group.
Color of point: gray, shared pathway (detected in two groups); red, WS-specific pathway (lost in WM); blue, WM-specific pathway (lost in WS); green, DM-
specific pathway (lost in WM). ICAM, intercellular adhesion molecule; LCK, tyrosine—protein kinase LCK; MHC |, major histocompatibility complex |; MHC I,
major histocompatibility complex Il; MIF, macrophage migration inhibition factor; FN1, fibronectin 1; THBS, thrombospondin.

METH regulates ot-Macs, Kupffer cells, T cells, and NK cells
differentially (Figure 6A).

In the analysis of the overall information flow of signal
pathways, we found that WM appeared to have lost intercel-
lular adhesion molecule (ICAM), tyrosine-protein kinase
LCK, and MHC II [main pathway triggering CD4" T cell re-
ceptor (TCR)] pathways, but exhibited a significant enhance-
ment of the fibronectin 1 (FN1) pathway (Figure 6B;
Table 2). Further analysis of these pathways of the main cell
types that had changed (Figure 6C), we showed that: (1) the
MHC 1I pathway disappeared in the WM, and the MHC I
signal was markedly weakened, consistent with the down-
regulation of the antigen processing and presentation path-
way in most of the immune cells in this group; (2) in WM,
the signal of the FN1 pathway in ot-Macs and Kupffer cells
increased significantly, which may indicate an increase of im-
mune infiltration or anti-inflammatory M2 [39]; (3) the
ICAM signal disappeared in all cell types in WM, which may

lead to the weakening of the inhibition of T cell pro-
inflammatory factors [40]; (4) the LCK signal disappeared in
T cells in WM, which may affect the triggering of TCR [41];
(5) the macrophage migration inhibition factor (MIF) signal
increased in ot-Macs and Kupffer cells in DM. MIF is a pleio-
tropic cytokine with chemokine-like functions, which may be
related to the decrease of Macs and the increase of B cells in
DM [42,43]. The details of the cell-cell communication
analysis are listed in Table S31.

Discussion

In this study, by using scRNA-seq, we described changes of
different liver-resident immune cells in response to METH
and the possible role of DRD1 in this process. Our dataset
provides new clues to possible therapeutics for METH-
induced immune impairment.
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Table 2 Summary of ligand-receptor pairs in the pathways

Pathway Interaction (ligand-receptor)

ICAM Icam1-Itgal, Icam1-Spn

LCK Lck—(Cd8a + Cd8b1)

MHCI  H2-T23-Cd8a, H2-T24-Cd8a, H2-D1-Cd8a,

H2-K1-Cd8a, H2-Q4-Cd8a, H2-T23-Cd8b1,

H2-T24-Cd8b1, H2-D1-Cd8b1, H2-K1-Cd8b1,

H2-Q4-Cd8b1, H2-T10-Cd8b1, H2-T23—(Klrd1 +

Klrcl), H2-M3-Cd8a, H2-Q10-Cd8a, H2-T22-Cd8a,

H2-M3-Cd8b1, H2-Q10-Cd8b1, H2-T22-Cd8b1

H2-Aa-Cd4, H2-Ab1-Cd4, H2-Eb1-Cd4, H2-Dma—Cd4,

H2-Dmb1-Cd4, H2-Ob-Cd4, H2-Oa-Cd4

MIF Mif—(Cd74 + Cxcr4), Mif—(Cd74 + Cd44),
Mif—(Cd74 + Cxcr2)

FN1 Fnl-(Itga4 + Itgb1), Fnl—(Itga4 + Iigh7), Fnl-Cd44,
Fn1-Sdc4, Fnl1-Sdcl

THBS Thbs1-Cd47, Thbs1-Sdc4, Thbs1-Cd36

MHCII

Note: ICAM, intercellular adhesion molecule; LCK, tyrosine—protein kinase
LCK; MHC 1, major histocompatibility complex I; MHC II, major
histocompatibility complex II; MIF, migration inhibition factor; FN1,
fibronectin 1; THBS, thrombospondin pathway.

Macs, as crucial elements of the innate immune system, can
respond rapidly to various stimuli, such as infections of bacteria,
viruses, or fungi, and other injuries. In this study, we found that
chronic exposure to METH shifted the hepatic ¢0_Mac-
IFITM3 (also named as Ifitrm3+ Mac) and c2_Mac-CCLS (also
named as CclST Mac) to ¢1_Mac-CD14 (also named as Cd14"
Mac), with down-regulation of multiple functional immune
pathways. This shift and down-regulation led to Mac suppres-
sion in WM, supporting that METH exposure leads to suppres-
sion of hepatic immune functions. Among affected immune
factors, the decrease in Ifitm3 and CclS and increase in Cd14
(also named as monocyte differentiation antigen) in Macs
(Figure 3G, Figure S4B) play a key role in the suppression of in-
nate immunity by METH. Ifitm3 restricts various viral infec-
tions and is closely related to the antiviral ability of cells
[44,45]. CCLS facilitates M1 polarization and impedes M2 po-
larization, and is associated with liver injury [46]. CD14, which
is predominantly found in monocytes and Macs, is a marker of
myeloid differentiation and inactivation. The surface expression
of CD14 on monocytes is reduced after cell activation [47].
These results indicate that chronic exposure to METH impairs
the antiviral or immune capacity of Macs. In addition, we
found that Macs in DM almost disappeared, which was consis-
tent with our immunofluorescence results (Figure 3G). Apart
from the reason of Gy cell cycle arrest (Figure S4A), we believed
that the loss of Macs was the result of Drd1 KO rather than an
effect of METH. The loss of Macs and its mechanism need to
be confirmed and investigated further.

DA binds to D1-like receptors expressed by mouse Tregs
and can inhibit the inhibitory activity of Tregs on Teff cells
[48]. The concentration of DA also regulates the proliferation of
T cells. At a physiological concentration range of 0.001-1 uM,
DA usually suppresses activated Teff cells, leading to inhibi-
tion of their proliferation, cytokine secretion, and other
processes and responses. However, at a much higher concen-
tration of approximately 0.1-1 mM, DA can be toxic and kill
T cells [32]. The administration of METH results in a marked
increase in extracellular DA [20]. We speculate that changes
in T cell numbers in WM and DM may be related to the in-
crease in DA concentration due to METH and Drd1 KO, re-
spectively. In addition, the proportion of Macs in DS and
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DM decreased significantly, indicating that DRD1 is required
for hepatic Mac homeostasis, but further research is needed
to confirm this theory.

In our study, chronic exposure to METH inhibits the func-
tions or proportions of most liver immune cells, leading to
the down-regulation of some immune-related pathways.
Some of these pathways are restored in the Drd1 KO group
(DM), indicating the involvement of DRD1 in the suppressive
effects of METH. Among these pathways, the antigen proc-
essing and presentation pathway appears to be the most sig-
nificant (Figures 3G, 4E, 5C, and 5G), especially in the
communication between T cells and Macs or other antigen-
presenting cells through MHC II, LCK, and ICAM, as well as
in the communication between T cells and NK cells through
LCK. These findings demonstrate that the structure and the
function of DRD1 are associated with MHC II, LCK, and
ICAM signaling pathways (Figure 6C; Table S31). We specu-
late that the main mode of METH affecting liver immunity
may be via the DRD1-MHC II/DRD1-LCK relationship.
The mechanism by which METH functions in immune-
related pathways dependent or independent of DRD1 needs
to be explored further.

Lymphocytes, especially T cells, are the main cells involved
in adaptive immunity against viruses and other infections.
METH is likely to cause disorders of other immune organs in
addition to the liver [5], as shown for opioid addiction in pre-
vious studies. Opioid-associated blood exhibits an abnormal
distribution of immune cells characterized by significant ex-
pansion of fragile Tregs, and shows enhanced Treg-derived
IFN-y expression [49]. In our study, there was a similar
Foxp3™ subcluster (c9_CD4-CTLA4-Tex) that lost its inhibi-
tory function (Figure 4B). However, this subcluster had high
expression of Hifla but did not express IFN-y (Figure S5B).
Furthermore, our results showed that METH exposure de-
creased the ratio of CD8™ T cells in the liver, consistent with
the results in peripheral blood [50], and inhibited a series of
functions such as cell differentiation, proliferation, and cyto-
toxicity (Figure 4D and G). This discrepancy between our
findings and those from studies on opioids may be related to
the different effects and mechanisms of opioids and METH.
Opioids are central nervous system inhibitors that act
through opioid receptors, whereas METH is a central nerve
stimulant that increases extracellular DA levels through inter-
actions with DAT [20] and decreases the DAT expression
[50]. Both DA and DAT have critical immunoregulation
effects [51]. The addiction-associated mechanisms of opioids
and METH are similar (related to DA and reward circuits),
but their effects on the immune system may be different.

In our study, we found that chronic exposure to METH
shifted the hepatic immune active c4_CD4-FYN-Teff (also
named as FyntCd4" Teff), CD8' T, and NKT (c8_NKT-
CCLS) to c0_CD4-FOS-Tnaive (also named as Fos™Cd4™ T)
and ¢7_ILC2-ROR« (also named as Rora™ ILC2), and inhib-
ited the function of B and NK cells, leading to lymphocyte
immune suppression. Our data reveal that METH may regu-
late various effectors via DRD1, in which granzymes A and B
(GZMA and GZMB) play a key role (Figure S7). Cytotoxic T
lymphocytes and NK cells use perforin to deliver serine prote-
ase granzymes into target cells to kill them [52]. The decrease
of granzyme levels in WM in our study confirmed the de-
creased cellular immune capacity.

This study also found that METH increased the oxidative
stress of liver immune cells. The enrichment analysis of DEGs
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across most cell types, such as Mac, T cell, NK cell, and B
cell, showed up-regulation of pathways related to peroxidase
activity and cellular response to oxidative stress in WM
(Tables S6, S10, S20, S24, S28, and S30). Compared with
that in WM, the cell death pathway in response to oxidative
stress was down-regulated in DM. We selected the top 50 ox-
idative stress-related genes with the highest correlation scores
from the literature [53], and analyzed their relative expres-
sion levels in our data. We found that these genes were
mostly up-regulated in WM (Figure S8). The proportion of
Neut cells in WM was significantly increased (Figure 2B),
which is consistent with previous reports on METH-induced
liver Neut infiltration [54], and such an increase may also be
linked to elevated oxidative stress.

Our study has some limitations. First, hepatic NPCs were
isolated predominantly, which restricts understanding of the
crosstalk between liver parenchymal cells and immune cells.
Second, although bulk RNA-seq revealed some effects of
Drd1 KO on liver immune function, DS was not included in
the scRNA-seq experiments as we focused on METH, thus
the effects of Drd1 KO alone on hepatic immunity at the
single-cell level are not known. Third, the alterations in the
proportions of some cell types, such as Macs, T cells, and
B cells, in scRNA-seq were not completely consistent with
those observed in other experiments, such as immunofluores-
cence, flow cytometry, or immune infiltration analysis in
bulk RNA-seq. This discrepancy may be due to differences
between messenger RNA (mRNA) and protein or differences
in the technologies themselves. In this study, we used flow cy-
tometry and scRNA-seq to quantify cells based on the recog-
nition of cell surface protein markers by using specific
antibodies and by analyzing mRNA expression, respectively.
We also conducted the immune infiltration analysis to esti-
mate the abundance of immune cells based on cell type-
associated mRNAs. The levels of mRNA expression and pro-
tein synthesis differ inherently over time and are time-
sensitive. As a result, there should be inconsistencies depend-
ing on mRNA and surface protein expression levels at the
same or similar time points. Although scRNA-seq is a highly
effective method for cell type-based gene expression analysis
and visualization of such expression landscapes specific to
different cell types, the interpretation of its data should be
more careful, due to technical constraints such as experimen-
tal procedures and algorithms used for data analysis, espe-
cially when data across different studies are used.

Potential actions for future studies include: (1) clarifying
the crosstalk between liver parenchymal cells and immune
cells; (2) validating key findings in human samples (METH
addict vs. healthy subject); (3) using diverse addiction models
to study liver immunity; and (4) stratifying demographic
parameters in METH chronic exposure studies, such as gen-
der, age, and symptom severity.

In conclusion, we examined the effects of chronic METH
exposure on hepatic immune cells and investigated whether
DRD1 was involved based on the scRNA-seq data from two
mouse models, METH-exposed and Drd1-KO mice. The
chronic METH exposure shifted the immune cells from
Ifitm3™" Mac and CclS™ Mac to Cd14" Mac as well as from
Fyn™Cd4" Teff, Cd8" T, and NKT to Fos*Cd4" T and
Rora™ ILC2, coupled with suppression of multiple functional
immune pathways, and these effects were partially prevented
by Drd1 KO. Based on our findings, we propose that METH
may suppress hepatic Macs through DA-DRD1/MHC
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I-IRF7-IFN/CCLS5/others effectors and suppress T cells
through DA-DRD1/MHC II-CEBPB-CCLS/others effectors.

Materials and methods
METH chronically exposed mouse model

The experimental animals were provided by Prof. Ming Xu
(University of Chicago, USA). Genotypes of the Drd1-KO
mice and their matched WT mice were determined by poly-
merase chain reaction (PCR) using gene-specific primers as
previously reported [55]. All mice were housed in a
pathogen-free animal facility at Xi’an Jiaotong University,
and the temperature and humidity of the room were con-
trolled. Mice were group-housed in a 12-h light/12-h dark cy-
cle with free access to food and water.

METH chronically exposed mouse model was modified
based on a previous study [56]. Briefly, METH was dissolved
in sterile 0.9% physiological saline. Male 8-week-old WT (W
set) and Drd1-KO mice (D set) were randomly divided into
four groups (two groups per set, # = 8) and received intraper-
itoneal injections of saline (WS and DS) or METH (WM and
DM) for 2 weeks. During the initial 7 days, the mice received
daily injections of 1 mg/kg of body weight, and for the subse-
quent 7 days, the dose was increased to 2 mg/kg of body
weight. The mice were sacrificed 24 h after the last injection
under deep anesthesia, and the livers were dissected and
stored according to the requirements of subsequent
experiments.

METH (purity of 99.1%, identified by the National
Institute for Food and Drug Control, Guangzhou, China)
was obtained from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China).

Bulk RNA-seq and data processing

The liver tissues were used for bulk RNA-seq as previously
described [57]. Briefly, total RNA was extracted from liver
samples, and a complementary DNA (cDNA) library was
constructed using the MGIEasy RNA Library Prep Kit V2
(Catalog No. 1000005269, MGI, Shenzhen, China) (7 = 6
per group). We utilized limma (v3.52.4), edgeR (v3.38.4),
and DESeq2 (v1.36.0) to analyze DEGs [58-61], with the in-
tersection as the final result. DEGs were identified based on
the criteria of P < 0.05 and [log, FC| > 1. DEG enrichment
analysis was performed using clusterProfiler (v4.4.4) [62].
Immune infiltration analysis was performed using
ImmuCellAl-mouse (v0.1.0) [63].

Liver NPC isolation

Primary hepatic NPCs were isolated using the digestion solu-
tion PSCeasy dispase (Catalog No. CA3001500, Cellapy,
Beijing, China) according to the manufacturer’s instructions,
as previously described [64]. Briefly, the liver was perfused
with perfusion solution [calcium-free Hanks with 0.5 M eth-
ylene diamine tetraacetic acid (EDTA)] for 5 min, and then
minced and digested in PSCeasy dispase at 37°C for 20 min.
The disassociated cells were filtered through a 40-pum cell
strainer (Catalog No. 352340, Falcon, One Riverfront Plaza,
NY), and then the immune cells and liver cells were separated
by centrifugation at 50 g and 4°C for 5 min. Erythrocytes
were lysed with red blood cell lysis buffer (Catalog No.
C3702, Beyotime, Shanghai, China) for 2 min and washed
twice. The liver NPCs were filtered again to remove dead cells
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before being captured using a 10X Chromium Controller
(GCG-SR-1, 10X Genomics, Pleasanton, CA).

Flow cytometry

The liver cells were collected by gently mashing liver tissue
through a 45-um cell strainer without liver perfusion.
Subsequently, the cells and cell debris were separated by Percoll
(Catalog No. 17089101, Cytiva, Uppsala, Sweden).
Erythrocytes were lysed as described above. Flow cytometry
was used for cell type analysis of NPCs as previously described
[65]. Briefly, the isolated cells were centrifuged at 350 g for
5 min at 4°C, and then washed and re-suspended in cold
phosphate-buffered saline, followed by incubation with anti-
CD16/CD32 antibody (Catalog No. 101301, BioLegend, San
Diego, CA) to block Fc receptors. Fluorochrome-conjugated
antibodies, APC-conjugated anti-CD11b (Catalog No. 101211,
BioLegend), brilliant violet 421-conjugated anti-F4/80 (Catalog
No. 123131, Biolegend), APC/Cyanine7-conjugated anti-
CD8a (Catalog No. 100713, BioLegend), PE-conjugated
anti-CD4 (Catalog No. 100407, BioLegend), and Alexa Fluor
488-conjugated anti-CD3 (Catalog No. 100212, BioLegend),
were used to distinguish cell types. Macs were gated
as CD11b"F4/80"; CD4" T cells were gated as
CD3"CD47CD8™; and CD8" T cells were gated as
CD3*CD8"CD4". Samples were analyzed using BD FACSAria
Fusion Flow Cytometer (FACSAria Fusion, BD, CA). Data
were analyzed using Flow]Jo software (https://www.flowjo.
comy/).

scRNA-seq and data processing

We used Cell Ranger (v2.0.1; 10X Genomics) to pool and
process the raw RNA-seq data. All reads were aligned to the
mouse transcriptome reference genome (Mus. musculus,
GRCm38.p5) through the Cell Ranger count pipeline. After
data aggregation, we performed all filtering, normalization,
and scaling of data using Seurat (v4.1.0) [66,67]. Cells with
fewer than 200 and more than 3000 detected genes, as well
as cells with fewer than 600 unique molecular identifiers and
more than 5% mitochondrial counts, were filtered out. Genes
detected in fewer than 10 cells were removed. Gene count for
each cell was normalized by total expression, multiplied by a
scale factor of 10,000, and transformed into a log scale.
Principal component analysis based on the highly variable
genes detected (dispersion of 2) was performed for dimen-
sionality reduction, and the top 35 principal components
were selected for further analysis. The clusters were visual-
ized using Uniform Manifold Approximation and Projection
(UMAP). The top expressed genes for each cluster and the
DEGs between the three groups (WS, WM, and DM) were
defined by the Seurat FindMarkers function with the
Wilcoxon rank sum test. Cell type-specific gene signatures
were determined from the overlaps of the top expressed genes
of the cell clusters which were calculated in the previous step
and canonical gene markers. DEGs were identified based on
the criteria of adjusted P value (P.adj) < 0.05 and |log, FC| >
0.5. Enrichment analyses of the DEGs, including GO, KEGG,
and Gene Set Enrichment Analysis (GSEA), were performed
by using clusterProfiler (v4.4.4) [62]. Intercellular crosstalk
was inferred and analyzed using CellChat (v1.6.1) [68],
which predicts major signaling inputs and outputs for cells by
integrating gene expression with prior knowledge of the
interactions between signaling ligands, receptors, and
their cofactors. Transcription factors and their target
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genes were reconstructed and termed “regulons” by SCENIC
(v1.2.0) [69].

Immunofluorescence

Liver tissues from the four groups, WS, DS, WM, and DM
(n = 3 per group), were fixed in situ with 4% paraformalde-
hyde and embedded in paraffin. The methods for staining,
scanning, and observation of sections are as previously de-
scribed [64]. The primary antibodies used in the immunofluo-
rescence analysis were anti-CD3 (Catalog No. GB13014,
Servicebio, Wuhan, China), anti-CD45 (Catalog No.
GB113886, Servicebio), anti-F4/80 (Catalog No. GB113373,
Servicebio), anti-CD14 (Catalog No. GB11254, Servicebio),
anti-IFITM3 (Catalog No. GB114087, Servicebio), anti-IRF7
(Catalog No.GB111169, Servicebio), and anti-CEBPB
(Catalog No. ET1610-9, HUABIO, Hangzhou, China). All
primary antibodies were rabbit anti-mouse, and the signals
were detected with Alexa Fluor 488-conjugated (Catalog No.
GB25303, Servicebio) or Cy3-conjugated (Catalog No.
GB21303, Servicebio) goat anti-rabbit IgG. Sections were
scanned with PANNORAMIC DESK (3D HISTECH,
Budapest, Hungary). The browser software CaseViewer
(v2.4) was used to acquire images (x40). Cell proportion
refers to the ratio of positive cells vs. all cells with nuclei
counterstained by 4’,6-diamidino-2-phenylindole (DAPI), all
F4/80" Macs, or CD3" T cells in the image. GraphPad Prism
(v9.0) was used to calculate the statistically significant differ-
ences in the immunofluorescence data using analysis of vari-
ance (ANOVA) at a 95% confidence level. P < 0.05 indicates
a threshold of statistical significance.

Ethical statement

The animal study was reviewed and approved by the Xi’an
Jiaotong University Health Science Center, China (Approve
No. 2019-172).

Code availability

The R codes used to perform analyses are available at
GitHub (https://github.com/XiaomingLi-xjtu/METH-DRD1-
Lv) and BioCode  (https://ngdc.cncb.ac.cn/biocode/
tools/7506).

Data availability

The raw sequencing data and processed data in this study have
been deposited in Gene Expression Omnibus (GEO:
GSE247843). The raw sequencing data and processed data
have also been deposited in the BioProject at the National
Genomics Data Center (NGDC), Beijing Institute of Genomics
(BIG), Chinese Academy of Sciences (CAS) / China National
Center for Bioinformation (CNCB) (BioProject:
PRJCA026681), and are publicly accessible at https:/ngdc.
cncb.ac.cn/bioproject/. The raw sequencing data and processed
data have also been deposited in the Genome Sequence Archive
and the Open Archive for Miscellaneous Data [70] at the
NGDC, BIG, CAS / CNCB (GSA: CRA016806; OMIX:
OMIX006594), and are publicly accessible at https:/ngdc.cncb.
ac.cn/gsa/ and https://ngdc.cneb.ac.cn/omix/, respectively.
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