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CD73 promotes the immunoregulatory functions
of hepatic Tregs through enzymatic and
nonenzymatic pathways in MASLD development

Hua Jin"'%*7 Xinjie Zhong"*”, Chunpan Zhang"’, Yongle Wu?’, Jie Sun'?, Xiyu Wang"2, Zeyu Wang"?,
Jingjing Zhu''%, Yuan Jiang''2, Xiaonan Du''%3, Zihan Zhang'>*, Dong Zhang'>°, Guangyong Sun''%%"

ABSTRACT

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a leading chronic liver disease characterized by chronic inflammation.
Regulatory T cells (Tregs) highly express CD73 and play a critical role in modulating the immune response. However, the roles and mechanisms
by which CD73 modulates Tregs in MASLD are still unknown. A choline-deficient high-fat diet (CDHFD) or methionine/choline-deficient diet (MCD)
was used to establish a MASLD model. We found that CD73 expression was upregulated in Tregs via the FFA-mediated p38/GATA2 signaling
pathway. Cd73 KO promoted MASLD progression, accompanied by decreased Treg viability and activity. Compared with Cd73 KO Tregs,
adoptively transferred WT Tregs exhibited increased Treg activity and provided greater protection against hepatic inflammatory responses in
MASLD. This immune protection is mediated by CD73 via both enzymatic and nonenzymatic pathways, degrading AMP into ADO to increase Treg
function and block DR5-TRAIL-mediated cell death signaling. These findings suggest a potential immunotherapeutic approach for MASLD

treatment and highlight its possible relevance for clinical application.

© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD) is
one of the most important causes of liver disease worldwide and is
likely to become a major cause of end-stage liver disease in the
coming decades [1]. MASLD involves the accumulation of intrahepatic
triglycerides (simple steatosis), intrahepatic steatosis, inflammatory
changes, and varying degrees of hepatocellular injury (metabolic
dysfunction-associated steatohepatitis, MASH) and eventually pro-
gresses to liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC)
[2,3]. In most patients with MASLD, liver histology is characterized by
simple steatosis, whereas up to 50% of patients exhibit inflammation
and/or fibrosis [3]. Patients with MASLD, especially those with MASH
or liver fibrosis, suffer from long-term complications that lead to
increased mortality [4].

MASLD can be affected by many factors, such as metabolic factors,
drugs and environmental factors [5]. As a key metabolic organ in the
body, the liver regulates energy and lipid metabolism and has a strong
immune functions [6]. MASLD is characterized by chronic low-grade

inflammation in the liver [7], caused by an imbalance of proin-
flammatory and anti-inflammatory factors between innate immune cells
and adaptive immune cells in the body [8]. In the immune system, a
special CD4™ T-cell population, namely, regulatory T cells (Tregs), plays
an important role in maintaining immune homeostasis in the liver [9].
Tregs inhibit the activation and proliferation of CD4™ and CD8™ T cells
and suppress the secretion of inflammatory factors and cytotoxicity to
maintain peripheral immune tolerance and control immune responses
under pathological and physiological conditions [10,11]. Previous
studies have shown that oxidative stress mediates Treg apoptosis and
leads to the loss of Tregs in the steatotic liver, which in turn activates the
TNF-o signaling pathway, increases liver inflammation, and causes
simple steatosis and further liver injury [12,13]. However, the specific
mechanism by which Tregs regulate the intrahepatic immune micro-
environment and prevent MASLD needs to be further studied.

Tregs highly express CD73 (ecto-5'-nucleotidase) and CD39, and
CD73/CD39-mediated purinergic signaling plays a critical role in the
suppressive properties of Tregs [14]. CD73 is an important ectonu-
cleotidase that catalyzes the conversion of extracellular adenosine
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monophosphate (AMP) to adenosine (ADO) [15]. Many studies have
shown that Tregs in adipose tissue regulate the development of obesity
through the HIF-10-Med23-PPAR-y axis [16]. CD73 also plays an
important role in regulating lipid droplet transport and adipocyte dif-
ferentiation [17]. However, it is unclear how CD73 affects the intra-
hepatic immune microenvironment by regulating Tregs in the MASLD
liver, especially in this special fatty acid environment.

In this study, we found that CD73 expression on Tregs was upregulated
in the livers of individuals with MASLD, which inhibited the intrahepatic
proinflammatory environment by regulating the survival and immu-
nomodulatory function of Tregs and alleviating the pathogenesis of
MASLD. Mechanistically, free fatty acids (FFAs) in the liver upregulate
the expression of CD73 on Tregs through p38 and the transcription
factor GATA2. CD73 affects the survival and immunoregulatory func-
tion of Tregs through enzymatic and nonenzymatic pathways in MASLD
livers with abnormal lipid metabolism. The findings of the present
study provide new targets and therapeutic strategies for the prevention
and treatment of MASLD.

2. MATERIALS AND METHODS

2.1. Animals

Eight-week-old weight-matched male wild-type (WT) C57BL/6 mice
were purchased from Beijing Vital River Laboratory (Beijing, China).
Male C57BL/6 Cd73 knockout (KO) (stock no. 018986),
Foxp3®® * transgenic (stock no. 023800), C57BL/6-GFP (stock no.
004353), and Rag1 KO (stock no. 002216) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). WT mice were divided
randomly and fed a normal control diet (NCD), a choline-deficient and
ethionine-supplemented diet (CDE, Research Diets, New Brunswick,
NJ, USA), a western diet (WD, Research Diets), a methionine/choline-
deficient diet (MCD, Beijing HFK Bioscience), or a choline-deficient
high-fat diet (CDHFD, Research Diets) to establish the MASLD
model. The mice were maintained in a pathogen-free, temperature-
controlled (room temperature: 22 4 2 °C) environment under a 12-
hour light/dark cycle at Beijing Friendship Hospital, and all the ani-
mal protocols were approved by the Institutional Animal Care and
Ethics Committee (No. 20-2042).

2.2. lsolation of liver immune cells via enzymatic digestion

After anesthesia, the liver was perfused with normal saline (NS) until it
appeared pale. The liver was subsequently excised and chopped into
small pieces, followed by dissociation with a gentle-MACS Dissociator
and further digestion in 0.01% type IV collagenase for 30 min at 37 °C.
The cell suspension was filtered through a 70-um cell strainer, and liver
immune cells were purified via 33% Percoll density gradient centrifu-
gation as previously described [18]. Purified immune cells in liver
samples were stained and detected via fluorescence-activated cell
sorting (FACS) with an Aria Il system (BD Biosciences, CA, USA). The
data were analyzed via FlowJo software (Treestar, Ashland, OR, USA).

2.3. Adoptive transfer experiments

CD3™ T cells (5 x 106) from the spleen and lymphoid tissue of male
WT mice were transferred into sex-matched Rag7 KO mice via tail vein
injection to establish a W/WT Treg-transferred model. CD3™ T cells
without CD47CD257CD127 T cells (Tregs) were also transferred into
Rag1 KO mice to establish a W/0 Treg-transferred model. In addition,
CD3™ T cells without Tregs from WT mice and Tregs from Cd73 KO
mice were mixed at a ratio of 10:1 and adoptively transferred to Rag?1

KO mice to establish a W/Cd73 KO Treg-transferred model. The above
recipient mice and control Ragf/ ~ mice not subjected to cell transfer
were subsequently fed an MCD for 4 weeks, after which MASLD
development was estimated.

2.4. Histology and immunohistochemistry

Liver tissues from the mice were fixed, dehydrated, embedded in
paraffin, and cut into 5 pm sections. Hematoxylin and eosin (H&E)
staining and Oil Red O staining were performed via Servicebio Tech-
nology (Wuhan, China). Activated hepatic stellate cells were assessed
via immunohistochemistry with a pAb against a-smooth muscle actin
(«-SMA) (Servicebio). Three experienced liver pathologists, with no
prior knowledge of the experimental groups, were blinded during the
analysis of the NAS scores (based on steatosis, inflammation, and
ballooning) for H&E staining of liver sections from the mice, Oil Red O-
positive areas, and a.-SMA-positive areas.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Mouse TNF-o (EK0527), IFN-y (EK0375), IL-1B (EK0394), and IL-6
(EK0411) ELISA kits were purchased from BOSTER Biological Tech-
nology Co., and the cytokine levels in plasma were detected according
to the manufacturer’s protocols.

2.6. Reagents and antibodies

Fluorochrome-conjugated antibodies against mouse CD45 (clone 30-
F11), CD11b (clone M1/70), F4/80 (clone BM8), Ly6G (clone 1A8-
Ly6g), CD3 (clone 145-2C11), CD4 (clone GK1.5), CD8 (clone 53—
6.7), TNF-a. (clone MP6-XT22), IFN-y (clone XMG1.2), IL-17 (clone
TC11-18H10.1), CD25 (clone 3C7), CD127 (clone A7R34), FOXP3 (clone
MF-14), Ki67 (clone 16A8), Granzyme B (clone QA16A02), CTLA4 (clone
UC10—4B9), Tim-3 (B8.2C12), IL-10 (clone JES5-16E3), CD69 (clone
H1.2F3), DR5 (clone MD5-1), Perforin (clone S16009A), TGF-B1 (clone
TW7-16B4), and CD73 (clone TY/11.8) were obtained from BioLegend;
antibodies against human CD3 (clone SK7), CD4 (clone A161A1), CD25
(clone BC96), CD127 (clone A019D5), and CD73 (clone AD2) were
purchased from BioLegend. An Annexin V-PE kit (640908; BD Bio-
sciences), a Caspase-3 staining kit (C1168M; Beyotime Biotechnology,
China), antibodies against B-cell lymphoma 2 (BCL-2; 3498; CST), and
B-cell lymphoma-extra large (BCL-XL; 2767; CST) were used to evaluate
cell survival. Alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and total bilirubin (TBIL) detection kits were purchased
from Nanjing JianCheng Biochemical Institute (China).

2.7. Treg and monocyte isolation

Tregs were obtained from the splenocytes of WT or Cd73—KO0 mice via
a MojoSort™ Mouse Regulatory T-Cell isolation kit (480137; Bio-
legend). Tregs were cultured with complete medium consisting of
RPMI-1640 supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin, and 2 mM L-glutamine in 96-well plates with an anti-
mouse CD3 antibody (3 pg/ml; 100238; Biolegend) and an anti-
mouse CD28 antibody (1 pg/ml; 102116; Biolegend) at 37 °C with
5% C02.

Monocytes were collected from the bone marrow of C57BL/6 mice,
and erythrocytes were lysed after cell filtration with a 70-pum cell
strainer. Gr1™, B220™, and Ter119™ cells were removed via magnetic
column selection, and purified monocytes were obtained from the
remaining cells. Next, monocytes were cultured in complete medium
supplemented with 20 ng/ml M-CSF for 5 days in 6-well plates and
incubated with or without 100 ng/ml LPS for an additional 12 h.
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2.8. In vitro coculture assay

Tregs (CD3*NK1.1-CD4*tCD8 CD251CD127  subsets) from the
livers of MCD-fed WT and Cd73 KO mice were sorted via flow
cytometry. CD3™ T cells from C57BL/6-GFP mice were obtained from
the spleens via mouse T-cell enrichment columns. CD3%P+ T cells
were cultured with or without Tregs at a ratio of 4:1 in 96-well plates
with an anti-mouse CD3/CD28 antibody. After 3 days, the apoptosis
and proliferation of the CD3%P+ T cells were detected via flow
cytometry.

2.9. In vitro stimulation assay with Tregs

FFAs (200 M) were prepared by mixing oleic acid (01008; Sigma) and
palmitic acid (P0500; Sigma) at a ratio of 2:1 as previously described
[19]. FFAs with or without 100 ng/ml recombinant mouse TRAIL
protein (1121-TL; R&D) were added to Tregs for 48 h. Tregs were also
incubated with 500 ng/ml of recombinant mouse CD73 protein (4488-
EN; R&D) or control IgG for 6 h, followed by treatment with 200 puM
FFAs and 100 ng/ml of recombinant mouse TRAIL protein for another
48 h.

ATP (A6419; Sigma—Aldrich), AMP (A9396; Sigma—Aldrich), or
adenosine (ADO) (A4036; Sigma—Aldrich) was separately added to
Tregs from WT or Cd73 KO mice for 24 h.

For the experiments with inhibitors, Tregs were separately incubated
with 10 uM of the p38 inhibitor SB203580 (HY-10256; MCE), 2.5 uM
of the AKT inhibitor MK2206 (HY-10358; MCE), 10 uM of the ERK1/2
inhibitor PD98059 (HY-12028; MCE), or 15 uM of the GATA2 inhibitor
K-7174 (HY-12743; MCE) for 1 h and then stimulated with 200 puM
FFAs for another 48 h.

2.10. Measurement of ATP, AMP, and ADO concentrations

The serum from peripheral blood or culture supernatant was collected
to determine the concentrations of ATP, AMP, and ADO. An Enhanced
ATP Assay Kit (50027; Beyotime, China), AMP Assay Kit (LE-M1602;
Lai Er Biotech, China), and Adenosine Assay Kit (ab211094; Abcam)
were used to determine the concentrations of ATP, AMP, and ADO,
respectively, according to the manufacturers’ instructions.

2.11. Real-time PCR

TRIzol™ reagent (Sigma—Aldrich, USA) was used to extract total RNA,
and PrimeScript™ RT Master Mix (TaKaRa, Japan) was used for
reverse transcription into cDNA. Real-time PCR assays were performed
via an ABI QuantStudio 3 system (Applied Biosystems, USA). The
amplification of each sample represents the relative expression level
compared with Gapdh expression, and gene expression was quantified
via the 2-24% method. The primers used in the present study are
listed in Supplementary Table 1.

2.12. Transcriptome sequencing analysis

A total of 1 x 10* Tregs (CD3™NK1.1-CD4"CD8~CD25"CD127
subsets) in the livers of WT and Cd73 KO mice fed a NCD or MCD were
sorted via flow cytometry. Each group included 2-3 biological repli-
cates. Total RNA was extracted, and transcriptome sequencing li-
braries were generated using the lllumina®’s NEBNext® Ultra™ RNA
Library Preparation Kit (NEB, USA) and sequenced on the lllumina
HiSeq platform (lllumina, San Diego, CA). Differentially expressed
genes (DEGs) in Tregs between MCD- and NCD-fed WT mice or be-
tween MCD-fed WT and Cd73 KO mice were identified using the
DESeq2 package and defined as those with an absolute fold change
>1.5and a Pvalue < 0.05. The DEGs were subsequently subjected to
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses. The mRNA sequencing data described in
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this study were uploaded to the Gene Expression Omnibus (GEO)
database of the National Center for Biotechnology Information (NCBI).

2.13. CUT&Tag assay

Tregs were stimulated with or without 200 uM FFAs for 48 h and
sorted to obtain 100,000 live cells for the CUT&Tag assay. The GATA2
antibody (2B5A1; Proteintech) or control IgG antibody, Hyperactive
Universal CUT & Tag Assay Kit (TD903-01, Vazyme), and TruePrep
Index Kit V2 (TD202; Vazyme) were used to extract the GATA2 binding
site and amplify the cDNA libraries. The libraries were subsequently
sequenced by Berry Genomics.

2.14. Single-cell RNA sequencing analysis

We analyzed single-cell data from the GEO database, including data
from CDHFD-fed mouse liver cells (GSE232182), MCD-fed mouse liver
nonparenchymal cells (GSE166178), and WD-fed mouse liver CD45™
lymphocytes (GSE156059). For the GSE156059 dataset, we used
“Liver CD45™ cells derived from mice fed a WD for 24 weeks” as the
experimental group (WD) and “Liver CD45™ cells derived from mice fed
a standard diet for 24 weeks” as the control group (NCD). The raw
single-cell sequencing data were processed using R (version 4.3.0)
and the Seurat V5 package. After quality control filtering, dimension-
ality reduction was performed using PCA, followed by UMAP visuali-
zation. Tregs were identified based on the coexpression of canonical
markers including Cd3d, Cd3e, Cd3g, Cd4, and Foxp3. We analyzed
the expression of Cd73 (Nt5e) on Tregs in CDHFD, MCD, and WD
groups. For GSE156059 dataset, the Treg population was further
stratified into Cd73 (Nt5e)™ and Cd73 subsets. DEG analysis between
Cd73" and Cd73 Tregs was performed using Wilcoxon rank-sum test,
with significance thresholds set at adjusted P value < 0.05 and |
log2FCl > 0.26. The functional implications of the differentially
expressed genes were assessed through GO enrichment analysis
using the clusterProfiler R package.

2.15. Clinical study

The study involved 21 MASLD patients from Beijing Chao-yang Hos-
pital who met the MASLD definition [20]. Twenty patients visiting the
Physical Examination Center of Beijing Chao-yang Hospital for routine
physical examinations served as healthy controls. The demographic
and clinical characteristics of the patients are shown in Supplementary
Table 2. Healthy subjects were required to be nondiabetic and free of
major organ disease, chronic inflammatory conditions, cancer, active
psychiatric diseases, and surgical history. Plasma was collected in
vacutainer tubes, and ALT, AST, cholesterol, TBIL, HDL, LDL, and TG
levels were measured via standard laboratory techniques. All the
subjects provided written informed consent to participate in the study,
and the study protocol was approved by the Human Institutional Re-
view Board of Beijing Chao-yang Hospital (No. 2024-ke-380).

2.16. Statistical analysis

Statistical analyses were conducted using Prism 10.0 software
(GraphPad Software, USA). The normality of variables was assessed
via the Shapiro—Wilk test. For normally distributed and homoscedastic
data, comparisons between two groups were performed using the
unpaired two-tailed t-test. For datasets fulfilling both normality and
homogeneity of variance assumptions, multiple comparisons were
analyzed using one-way/two-way ANOVA with Sidak’s test as rec-
ommended by GraphPad Prism 10.0. For normally distributed but
heteroscedastic data, we performed Welch’s ANOVA followed by
Tamhane’s T2 test. For non-normally distributed data, differences
were compared using the Kruskal—Wallis test followed by Dunn’s test
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for multigroup comparisons. A two-sided P-value <0.05 was
considered statistically significant (*P < 0.05; **P < 0.01).

3. RESULTS

3.1. CD73 expression on Tregs is increased during MASLD
progression

To explore CD73 variation during MASLD development, we established
a MASLD mouse model by feeding C57BL/6 mice a CDE diet for 16
weeks, an MCD for 4 weeks, a CDHFD for 16 weeks, or a WD for 24
weeks. As shown in Figure S1A, the Nit5e (encoding CD73) mRNA level
significantly increased after 16 weeks of the CDE diet. Similarly,
compared with that in the livers of the mice fed a NCD, the expression
of Nt5e in the livers of the MCD-, CDHFD- and WD-fed mice was
significantly greater (Figure 1A, B and Fig. S1B). Next, we separated
liver cell suspensions into mononuclear cells (MNCs) and hepatocytes,
and found that Nt5e expression was elevated in MNCs but not hepa-
tocytes in MCD- and CDHFD-fed mice (Figure 1C,D).

To determine which immune cells altered CD73 expression in
MASLD, we further assessed the expression of CD73 on immune
cells. A typical flow cytometry gating strategy was utilized to
distinguish the different immune cells (Fig. S1C). Compared with that
in the control mice, CD73 expression was elevated on CD4™ T cells
in the peripheral blood and liver of the MCD- and CDHFD-fed mice
but not on CD8" T cells, natural killer (NK) cells, neutrophils,
monocytes, or Kupffer cells (Figure TE—H). A typical flow cytometry
gating strategy used to distinguish Tregs is also shown in
Figure S1C. According to previous reports [21,22], the
CD4"CD257CD127" subset is a good surrogate for FOXP3™ Tregs.
We revealed that the CD47CD257CD127" phenotype was strongly

correlated with  FOXP3 in the liver and spleen of
Foxp3GFP T transgenic mice (Fig. S1D). Since FOXP3 staining can
reduce cellular viability, we also defined Tregs as

CD4"CD257CD127° T cells to adoptively transfer live Tregs, and
detected the Treg survival rate and mRNA levels. Further analysis
revealed that Tregs (CD4TCD257CD127 T cells) highly expressed
CD73 and that CD73 expression was markedly elevated in Tregs in
both the liver and peripheral blood of MCD- and CDHFD-fed mice
(Figure 11—K). To confirm this result, we also labeled Tregs with
FOXP3 antibody, and the ratio and CD73 expression of FOXP3™' Tregs
were increased in CDHFD-fed mice, which is similar to the results of
Tregs with CD41TCD257CD127" labeling (Fig. S1E and S1F). In
addition, an increase in CD73 expression in the Foxp3-GFP™ Tregs of
the CDHFD- and MCD-fed mice was also validated using
Foxp3GFP * transgenic mice (Fig. S1G and S1H). We analyzed data
from the GEO public databases (GSE232182 and GSE166178) and
confirmed that the expression of Nt5e in intrahepatic Tregs of the
CDHFD and MCD models was greater than that in the NCD groups
(Fig. S1I). Similarly, increased soluble CD73 was also detected in the
blood of the mice with MASLD (Fig. 1L).

The CD4™ population of Tregs in human PBMCs expresses high levels
of CD25 and low levels of CD127, and the majority of
CD4"CD257CD127 subsets are FOXP3™ cells, suggesting that a
combination of CD4, CD25, and CD127 could represent a highly pu-
rified population of Tregs in human PBMCs [23,24]. Therefore, we also
measured CD73 expression in human Tregs (CD4"CD25"CD127")
(Fig. S1J). We collected peripheral blood mononuclear cells (PBMCs)
and plasma from 21 MASLD patients and 20 healthy controls. Notably,
increased levels of CD73 in Tregs and soluble CD73 in plasma were
detected in MASLD patients (Fig. 1M). Furthermore, both the proportion
of CD73" Tregs and the soluble CD73 content were inversely

correlated with ALT and AST levels in MASLD patients (Supplementary
Table 3), suggesting that CD73 on Tregs might have a key effect on the
progression of MASLD.

3.2. Cd73 knockout decreases intrahepatic Treg survival and
immunomodulatory activity and promotes MASLD progression

To elucidate the role of CD73 in MASLD, we fed WT and Cd73 KO mice
a CDHFD or MCD. The Cd73 KO mice gained markedly more weight
than the age-matched WT mice did (Figure 2A). After 16 weeks of
CDHFD feeding, the Cd73 KO mice presented significantly increased
plasma levels of ALT, AST, and TBIL (Fig. 2B). Similarly, fasting glucose
levels were greater in the CDHFD-fed Cd73 KO mice than WT mice
(Fig. 2C). H&E, QOil Red O and «-SMA staining revealed greater fat
accumulation in the livers of the Cd73 KO mice than in those of the WT
mice, accompanied by increased hepatocellular ballooning, histologi-
cal signs of lobular inflammation and focal liver fibrosis (Fig. 2D).
Compared with WT mice, Cd73 KO mice presented elevated mRNA
levels of proinflammatory cytokines (/77 and Tnfa) and fibrosis-related
genes (Col1al, Col3ai, and Acta2) after CDHFD feeding, but not hy-
droxyproline, suggesting that Cd73 KO promoted MASLD progression
in these mice (Figure 2E—G).

Next, we compared the lymphocyte composition in the liver between
CDHFD-fed WT and Cd73 KO mice. Compared with WT mice, Cd73
deficiency increased the proportion of bone marrow-derived mono-
cytes and promoted monocyte differentiation into proinflammatory
subtypes, such as Ly6C"9" Trem1*, and TNF-o* (Fig. S1K-STM). We
also found that the amount of IL-17A secreted by CD4™" T cells was
increased in Cd73 KO mice (Fig. S1M). The above results suggest that
CD73 altered the liver immune microenvironment in individuals with
MASLD. Importantly, Cd73 deficiency decreased the proportion
(Figure 2H,I) of Tregs and suppressed Treg survival, as shown by
increased Annexin V' and Caspase-3 activity and decreased Ki67 and
BCL-2 expression (Fig. 2J). Furthermore, Cd73 KO significantly
inhibited the immunomodulatory activity of Tregs, resulting in
decreased secretion of Granzyme B and IL-10 and decreased
expression of CTLA4 and CD69, as shown in Fig. 2K-2N.

Next, we assessed the above results in MCD-fed mice to confirm the
role of CD73 in MASLD. As expected, compared with WT mice, Cd73
KO mice fed an MCD diet presented markedly increased plasma ALT,
AST and TBIL levels and increased fat accumulation, lobular inflam-
mation, and focal necrosis (Fig. S2A-S2C). The upregulated mRNA
expression of Col1al, Col3ai, and ActaZ, indicating liver fibrosis, was
exacerbated in the MCD-fed Cd73 KO mice (Fig. S2D). Consistent with
the findings in the CDHFD-fed MASLD model, Cd73 deficiency
increased the proportion of proinflammatory monocytes in MCD-fed
mice, as well as Th1 and Th17 cells (Fig. S2E-S2H). Moreover,
Cd73 KO decreased the ratio of Tregs in CD45™ immune cells or CD4™"
T cells and inhibited Treg survival and immunomodulation in MCD-fed
mice (Fig. S2I-S2M). We also validated the effect of CD73 on immu-
nomodulation by sorting Tregs from MCD-fed WT or Cd73 KO mice and
coculturing them with CD3™ T cells in vitro. Compared with MCD diet-
fed WT mice, Cd73 KO mice presented reduced suppressive activity of
Tregs (Fig. S2N). Taken together, these data revealed that Cad73
deficiency significantly promoted MASLD progression and inhibited
Treg survival and immunomodulation.

3.3. CD73 maintains Treg survival and immunomodulatory activity,
protecting against MASLD progression

To further elucidate the role of CD73 in regulating Tregs in MASLD, we
adoptively transferred WT mouse-derived CD3™ T cells (W/WT Tregs)
or CD3™ T cells without Tregs (W/O Tregs) into Rag1‘/‘ mice

4 MOLECULAR METABOLISM 96 (2025) 102131 © 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

Liver
**
- 5 8 s %] ©NeD — g 107 O NCD — 804 % © NCD
$ 2 *% H K] ° -
o 2 == = @ CDHFD < s © MCD _ ° © CDHFD
< < 6 £ =37 Z A R 60
z3 Z3 © z3g € 6] e
£S EZ Ez ns e Z4) ns 3 o
© = © w4 8 821 — B O —_ © 40
v o v O (@) 2 = 52 +
s ST 23 23 2 Q
£z Sz <3 . 8 o||8
2 e 2e 2 1 2 14 O 20
5 8 FE% s s
© ° 2 @
x L T T % T T 0 T T 0 T T T T T T
QL 90 o o o o > .Y & 2 2 2
O & (¢} & O D & N
& ® & & & & & & N & & &
O o & o )
2 i o & Q’{\
Qgg &Q & & &
7 sl *x © NCD
80
Blood 80 _* Liver
© NCD @ McD
- —_ [©]
:\; 60 © CDHFD T 60 *%
~ - O
@ 2
3 > @ o
© 407 £ 40 o)
g ) 2
] 8 °
© 20 20 * (¢} ﬁ %
" : | %I D o am i : : qu : @1 :
(3 & & A . 2 @
00 00 > é{. 00“ 00% é{- é\\\g Gi@ oe}\
5 &° ¢
G « *_OQ
H I Isotype NCD CDHFD
s O NCD
100 Blood
ek © McD
80 |
9
o 60
°©
Qo
& 40 -
~
8
R
0 T T T T
™ ® & A
L & A N
J s K w L M
*_
100 100 * 100 o 100 15+ ® 60 *% 15
S S a0 S B 3 — <
$ 3 _ E 5o 4 .
S a0 < = 80 o 80 % 5 5 50 . £ ok
@ g = o| £ <104 = N £
F 60 F e |5 = 60 & 60 o 4] 2o HE, o .
PN & © ~ [a] |= o uj B =
e 19 5 a o ! s i 8
9 4 a o G 40 O 40 8 5 R 30 eges "= g - 'H
] 3 g e % a s . E 51 ofa
2 20 g 204 2 20 = 20+ B 20 K
| o o 57‘ o !‘o. "
H
0 T T o T T 0 T T 0 T T 0 T T 0 T T o= T
HC MASLD
P L 9 S L o P S HC MASLD
@) Q $ @) O 9 3
< 00‘2{‘ & ooef‘ N LR = 00‘?‘ (n=20) (n=21) (n=20) (n=21)

Figure 1: CD73 expression on Tregs is increased during MASLD progression.
(A—B). The mRNA levels of Nt5e in the livers of the MCD- or CDHFD-fed mice were determined by real-time PCR. (C—D). The Nt5e mRNA levels in hepatocytes or liver MNCs of the
MCD- or CDHFD-fed mice were measured by real-time PCR. (E). CD73 expressions on liver CD4™ T, CD8™ T, NK cells, neutrophils, monocytes, and Kupffer cells were determined
in NCD- and CDHFD-fed mice. (F). CD73 expressions on blood CD4" T, CD8™ T, NK, and NKT cells were measured in NCD- and CDHFD-fed mice. (G). CD73 expressions on liver
CD4™ T, CD8™ T, NK cells, neutrophils, monocytes, and Kupffer cells were determined in the NCD- and MCD-fed mice. (H). CD73 expressions on blood CD4™ T, CD8™ T, NK, and
NKT cells were measured in the MCD-fed mice. (). Representative flow cytometry plots of CD73 expression on Tregs (CD4+CD25"CD127°) in the livers or blood of the CDHFD-fed
mice. (J—K). Statistical analysis of the percentages of CD73™ Tregs in the liver or blood of the CDHFD- and MCD-fed mice. (L). CD73 concentration in plasma was determined. (M).
The ratio of CD73™ Tregs in PBMCs (left) and the concentration of soluble CD73 in plasma (right) from the healthy controls or MASLD patients. n = 5—21 per group. *P < 0.05,

**p < 0.01.
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Figure 2: Cd73 knockout decreases intrahepatic Treg survival and immunomodulatory activity in CDHFD-induced MASLD model.

(A). Body weight of the NCD- or CDHFD-fed WT or Cd73 knockout mice. (B). Plasma ALT, AST, and TBIL levels were determined. (C). Fasting plasma glucose levels were
determined in the NCD- or CDHFD-fed mice. (D). Representative H&E, Oil Red 0, and o-SMA staining and quantification of liver histology staining. (E). The relative mRNA ex-
pressions of proinflammatory cytokines (/fng, /117, and Tnfa) in the liver were measured. (F). Fibrosis-related genes (Col3a1, Col1a1, and Acta2) were assessed by real-time PCR.
(G). Hydroxyproline levels in liver tissues from the NCD- or CDHFD-fed mice. (H—I). Ratio of Tregs among liver CD4 ™ T cells and CD45™ cells. (J). Apoptosis (Annexin V, Caspase-3
activity) and proliferation (Ki67, BCL-2) of liver Tregs were detected by flow cytometry. (K). Representative flow cytometry plots and statistical analysis of Granzyme Bpositive Tregs
in the liver. (L—N). Proportion of CTLA4 ™, IL-10", and CD69™ Tregs in each group of mice. n = 5 per group. *P < 0.05, **P < 0.01. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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separately. Moreover, WT mouse-derived CD3™ T cells without Tregs
were mixed with Cd73 KO mouse-derived Tregs and transferred into
Hagf/’ mice (W/Cd73 KO Tregs). Additionally, a control group of
Ragf/* mice that received no cell transfer was included. All the
Rag1‘/ ~ mice were subsequently fed an MCD for 4 weeks (Figure 3A).
Compared with those in control Ragf/ ~ mice, transferring CD3" T
cells without Tregs markedly accelerated liver injury, as shown by
increased plasma ALT and AST levels and severe liver inflammation
and lipid accumulation, whereas supplementation with WT Tregs
alleviated liver injury, but not Cd73 KO Tregs (Figure 3B—E). In addi-
tion, considering that adoptively transferring CD3™ T cells without
Tregs into Ragf/ ~ mice might result in symptoms of colitis, we also
monitored the body weights of the mice. As shown in Figure 3F,
compared with control Rag1‘/ ~ mice, adoptively transferring CD3™ T
cells without Tregs significantly reduced body weight, whereas WT
Tregs but not Cd73 KO Tregs inhibited weight loss. We also measured
the representative proinflammatory cytokines in plasma, e.g. TNF-a,
IL-1B, IL-6, and IFN-y. Compared with control Rag? KO mice, those in
which CD3" T cells without Tregs were transferred presented
increased levels of systemic inflammation. However, supplementation
with WT Tregs but not Cd73 KO Tregs decreased the levels of in-
flammatory cytokines (Fig. 3G). To determine whether the transferred
Tregs in the adoptive transfer model could be recruited to the liver, we
assessed their homing ability by detecting the frequencies of Tregs
(CD3"CD4TFOXP3™ subset) using flow cytometry. As expected, there
was almost no Treg recruitment to the liver in the CD3™ T cells without
the Treg model, while a certain number of Tregs were detected in the
livers of the W/WT Treg group, which was greater than that in the Cd73
KO Treg group (Fig. 3H). In addition, Cd73 deficiency in Tregs resulted
in impaired cell viability and suppressive activity in vivo (Figure 3l,J).
We also detected changes in the intrahepatic immune microenviron-
ment. As shown in Fig. 3K-3M, the administration of CD3™ T cells
without Tregs exacerbated the proinflammatory response in the liver,
whereas supplementation with WT Tregs significantly suppressed this
inflammatory response, except Cd73 KO Tregs. These results suggest
that CD73 protects Tregs against MASLD by maintaining Treg viability
and immunoregulatory activity.

3.4. FFAs increase CD73 expression on Tregs via the p38/Gata2
signaling pathway

To determine the mechanisms of CD73 upregulation on Tregs during
MASLD progression, highly purified (>98% purity) Tregs
(CD4TCD251CD127 T cells) isolated from the livers of MCD- or NCD-
fed WT mice were compared via transcriptome sequencing (Fig. S3A).
GSEA, KEGG and Gene Ontology (GO) pathway analyses revealed that
MCD promoted fatty acid metabolic processes, including cholesterol
metabolism and fat digestion and absorption (Figure 4A and S3B—
S3C). Therefore, we hypothesized that a lipid-accumulating environ-
ment in MASLD has the potential to increase CD73 expression on
Tregs. To test this hypothesis, we stimulated Tregs with FFAs (a
mixture of oleic acid and palmitic acid at a ratio of 2:1) for 48 h, and
CD73 expression was significantly upregulated (Fig. 4B). KEGG and GO
pathway analyses also revealed that MASLD promoted the MAPK and
PI3K-AKT signaling pathways in Tregs (Fig. S3B). In an in vitro study
involving FFAs stimulation, we confirmed that FFAs increased the levels
of phosphorylated AKT and MAPK signaling pathway components
(including phosphorylated ERK1/2 and p38) but decreased the level of
phosphorylated JNK (Figure 4C,D). The p38 inhibitor (SB203580), but
not the AKT inhibitor (MK2206) or ERK1/2 inhibitor (PD98059),
reversed the effect of FFAs on Tregs, suggesting that p38 signaling
contributes to the upregulation of CD73 expression on Tregs (Fig. 4E).
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To further explore how p38 transduces intranuclear signals and pro-
motes Nt5e (encoding CD73) transcription in Tregs, we predicted the
transcription factor-binding sites of the Nit5e promoter region via the
JASPAR CORE database. Four transcription factors (Runx2, GataZ,
Sox9, and Tcf4) were found at the intersection of transcription factor-
binding sites and DEGs in Tregs from MCD- versus NCD-fed mice
(Fig. 4F). Among the four transcription factors, only Gata2 was elevated
after FFAs treatment and downregulated after treatment with a p38
inhibitor (SB203580), suggesting that the p38/Gata2 signaling
pathway plays a key role (Figure 4G—I). A CUT&Tag assay was sub-
sequently performed to explore the Gata2 binding sites, and the peak
distribution was found near the Nt5e promoter region (Fig. 4J). Real-
time PCR confirmed that FFAs treatment significantly increased
Gata2 binding at the Nt5e promoter site (Fig. 4K). Further study
revealed that the GATA2 inhibitor K7174 successfully abolished the
FFAs induced increase in CD73 expression in Tregs (Fig. 4L), indicating
that FFAs upregulate CD73 expression via the p38/Gata2 signaling
pathway.

3.5. CD73 protects Tregs from AMP-induced toxicity, while the
degradation product adenosine promotes Treg survival and function
in the presence of FFAs

Transcriptome sequencing was also performed to compare Tregs from
MCD-fed WT and Cd73 KO mice. Consistent with the flow cytometry
results, Cd73 knockout decreased leukocyte-mediated cytotoxicity and
increased apoptosis in Tregs from the MASLD group (Fig. S3D-S3H). In
addition, we analyzed 24-week scCRNA-seq data from the GSE156059
dataset to confirm the effect of CD73 on liver Tregs within a WD-
induced MASLD mouse model. This data exhibited temporal consis-
tency with our established WD feeding protocol and better simulated
diet-induced metabolic imbalance, while the limited sample size (one
biological replicate) might constitute a notable statistical limitation. As
shown in Fig. S4A and S4B, Tregs were identified based on the
coexpression of Cd3d, Cd3e, Cd3g, Cd4, and Foxp3. The expression of
Ntbe (Cd73) in the WD model was significantly greater than that in the
control group (Fig. S4C). Compared with Cd73 Tregs, Cd73" Tregs
from WD-fed mice highly expressed the functional molecules /70,
Tgfb1, Lag3 and downregulated Havcr2 (Tim-3), and highly upregu-
lated the transcription factor Gata2, which could promote CD73
expression on Tregs (Fig. S4D). And Cd73" Tregs also increased the
expression of the antiapoptotic gene Bcl2/12 and downregulated
Tnfrsf10b (DR5). In addition, enrichment pathway analysis revealed
that CD73 enhanced Treg homeostasis, fatty acid metabolic process,
and cell viability, findings similar to those of CDHFD- or MCD-fed
mouse models (Fig. S4E). Therefore, we further explored the mecha-
nisms by which Cd73 knockout affects Treg survival and function in
MASLD.

CD73 is a key ecto-5'-nucleotidase that catalyzes AMP, which is
derived from ATP degradation by CD39 and produces adenosine (ADO).
Hence, we investigated whether CD73 is an ectonucleotidase that
regulates Treg functions in MASLD. Compared with WT mice, Cd73
deficiency did not change the plasma ATP content but significantly
elevated AMP and decreased the ADO concentration in CDHFD- and
MCD-fed mice and in MCD-fed mice with Cd73-specific knockout in
Tregs (Figure 5A—C). An in vitro assay with additional ATP stimulation
also revealed the critical role of CD73 in the conversion of AMP to ADO
in Tregs (Fig. 5D), suggesting that distinct variations in plasma AMP
and ADO levels in vivo might result from CD73 expression on Tregs.
Combined with previous results showing that Cd73 KO affects Treg
apoptosis and function in vivo, we hypothesize that an imbalance in
AMP/ADO influences Treg viability and the immune microenvironment.
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Figure 3: CD73 maintains Treg survival and immunomodulatory activity, protecting against MASLD progression.

(A). The Rag?~'~ mice were adoptively transferred with WT mouse-derived CD3* T cells (W/WT Treg group) or CD3* T cells without Tregs (W/O Treg group). In the W/Cd73 KO
Treg group, Rag?~'~ mice received CD3* T cells without Tregs (from WT mice) together with Cd73 KO Tregs (from Cd73 KO mice). The above recipient mice and control Rag7 '~
mice not receiving cell transfer were subsequently fed MCD for 4 weeks. Created in https://BioRender.com. (B—C). Plasma ALT and AST levels were determined. (D). H&E and Oil
Red 0 staining of representative paraffin-embedded liver sections. (E). Quantification of liver H&E and Oil Red O staining. (F). The body weight of mice at a different time. (G). The
cytokine levels in plasma were measured by ELISA. (H) Ratio of CD4FOXP3™" Tregs in liver CD4™ T cells. (I, J) Ratio of Annexin V™, Tim-3", CTLA4™ Tregs in the livers of
transplanted Rag7~'~ mice. (K). Ratio of monocytes (CD11h"9"F4/80/°") in liver CD45+Ly6G ™ cells. (L). The level of TNF-o. secreted by monocytes was detected. (M). Ratio of Thi
(IFN-y™) or Th17 (IL-17") in CD4™ T cells. n = 3—5 per group. *P < 0.05, **P < 0.01. $: A comparison between group Rag? KO and W/0 Treg with P < 0.05; $$: A comparison
between group Rag7 KO and W/0 Treg with P < 0.01; #: A comparison between group W/0 Treg and W/WT Treg with P < 0.05; ##: A comparison between group W/0 Treg and
W/WT Treg with P < 0.01; & A comparison between group W/WT Treg and W/Cd73 KO Treg with P < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Figure 4: FFAs increase CD73 expression on Tregs via p38/Gata2 signaling pathway.
(A). GSEA of Tregs from MCD-versus NCD-fed mice was performed. (B) After the addition of FFAs for 48 h, the expression of CD73 on Tregs was measured by flow cytometry. (C)
Phosphorylated AKT activity in the Tregs after FFAs treatment. (D). MAPK signaling was detected in FFAs-stimulated Tregs by flow cytometry. (E). Tregs isolated from WT mice were
preincubated with p38 inhibitor (SB203580), AKT inhibitor (MK2206), or ERK1/2 inhibitor (PD98059) for 1 h followed by FFAs treatment for 48 h, and the CD73 expression was
detected by flow cytometry. (F). Transcription factor-binding sites of the Nt5e promoter region were predicted through the JASPAR CORE database and intersected with DEGs of
Tregs from MCD- versus NCD-fed mice. (G). Relative mRNA levels of transcription factors (Runx2, Gata2, Sox9, and Tcf4) were determined by real-time PCR. (H—I). Runx2 and
Gata2 expression was detected in Tregs incubated with p38 inhibitor (SB203580) followed by FFAs stimulation. (J). CUT&Tag assays of GATA2 binding sites showed a peak
distribution around the Nit5e promoter region in the FFAs-treated Tregs. (K). The enrichment of GATA2 binding sites in the Nt5e promoter region was confirmed by real-time PCR,
and the data were normalized to those of IgG. (L). CD73 expression on Tregs with pre-treatment of Gata2 inhibitor (K7174) and subsequent FFA stimulation. n = 4—5 per group.

*P < 0.05, **P < 0.01.
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Figure 5: CD73 protects Tregs from AMP-induced toxicity, while the degradation product adenosine promotes Treg survival and function in the presence of FFAs.
(A—C). The plasma concentrations of ATP, AMP, and adenosine (ADO) were measured in the CDHFD- or MCD-fed WT and Cd73 KO mice, as well as the MCD-fed Treg-transplanted
Rag1~'~ mice. (D) Relative AMP and ADO levels in the supernatant after the addition of ATP to cultures of WT or Cd73 KO Tregs. (E). Apoptosis of CD4 T cells without Tregs was
detected after ADO treatment with or without FFAs treatment. (F). Apoptosis and TNF-o. secretion were measured in ADO-stimulated monocytes with or without FFAs treatment. (G).
Apoptosis of ADO-stimulated Tregs was detected by flow cytometry. (H). The expression of immunomodulatory molecules (CTLA4, Perforin, IL-10, Granzyme B, and TGF-f3) on WT
Tregs were detected after ADO stimulation with or without FFAs treatment. (I—K). Treg apoptosis (Annexin V and 7AAD) and IL-10 expression were compared between WT and
€d73 KO mice after AMP supplement with or without FFAs treatment. (L) The relative mRNA expression of Bcl2, Ctla4, Gzmb, Prf1, 110, and Tgfb in Tregs from WT and Cd73 KO
mice was determined after AMP supplement with or without FFAs treatment. n = 4—5 per group. *P < 0.05, **P < 0.01.
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To confirm the effects of adenosine on immune cells, such as
monocytes, CD4™ T cells, and Tregs, which are important effector cells
in MASLD, we treated monocytes with or without LPS or sorted naive
Tregs and CD4™ CD25™ cells (CD4™ T cells without Tregs) with or
without anti-CD3/CD28 beads and then observed changes in the
mRNA expression of adenosine receptors. All adenosine receptor levels
increased to different degrees in monocytes, CD47CD25™ T cells, and
Tregs after stimulation (Fig. S3I and S3J), indicating that adenosine
might affect immune cell activation. Interestingly, under basal control
or FFAs induced conditions, we found that ADO treatment markedly
inhibited the survival and activation of proinflammatory effector cells
(CD4™ €D25" T cells and monocytes, Figure 5E,F), but increased Treg
viability and activation (Figure 5G—H), suggesting that ADO acts as an
immunoregulatory factor and has different effects on proinflammatory
and immunoregulatory cells.

Moreover, the viability of Tregs did not significantly differ between WT
and Cd73 KO mice under normal conditions. However, AMP stimulation
decreased WT Treg viability, whereas Cd73 deficiency significantly
increased this effect, especially with FFAs supplementation (Fig. 5I-
5L). Taken together, these data show that CD73 is an important hy-
drolytic enzyme that converts the toxicant AMP into the immunoreg-
ulatory factor ADO, which is critical for maintaining Treg viability and
function during MASLD progression.

3.6. CD73 inhibits Treg apoptosis by suppressing the TRAIL-DR5
interaction

Deletion of Cd73 in mice with MASLD significantly increased Treg
apoptosis (Fig. S3E and S3G), however, the factors affecting Treg
survival and apoptosis remain unclear. TRAIL-DR5 (TRAIL-RII) is one of
the most common signaling pathways closely related to cell death. We
found that the liver expression levels of Tnfrsf10b (DR5) and Tnfsf10
(TRAIL) were increased in CDHFD- and MCD-fed WT mice, suggesting
that MASLD activated the TRAIL-DRS5 signaling pathway (Figs. 6A and
S3K). Moreover, the CDHFD-fed mice presented increased levels of
TRAIL (Figure 6B), and the proportions of DR5™ Tregs were increased
in the MASLD model (Fig. 6C).

To study the effect of CD73 on TRAIL-DRS5 signaling, we added FFAs and
TRAIL proteins to Tregs or CD4™" effector cells (CD4"CD25") for 48 h.
TRAIL significantly increased the apoptosis of CD4™ effector T cells but
not that of Tregs under FFAs stimulation (Fig. 6D). We speculated that
this finding might be related to the high expression of CD73 on Tregs,
which could interfere with the combination of TRAIL and DR5. To
confirm our speculation, we divided Tregs into three groups (CD73h'gh,
€D73"™ and CD73"9) according to the level of CD73 expression and
found that the greater the expression of CD73 was, the lower the level of
apoptosis induced by FFAs and TRAIL (Fig. 6E), suggesting that TRAIL-
induced cell apoptosis was inhibited by highly expressed CD73 on
Tregs. Tregs from WT or Cd73 KO mice were treated with FFAs and
TRAIL to further validate the role of CD73 in the TRAIL-DR5-mediated
cell death signaling pathway. Compared with WT Tregs, TRAIL notice-
ably promoted Cd73 KO Treg apoptosis (Figure 6F,G). Finally, we pre-
treated Tregs with the CD73 protein to block DR5 in Tregs and then
treated the Tregs with the TRAIL protein. The results showed that the
CD73 protein successfully rescued Tregs from apoptosis, suggesting
that CD73 increased Treg survival by suppressing the TRAIL-DR5
interaction under fatty acid conditions (Fig. 6H).

4. DISCUSSION

Tregs act as key regulators of immune regulation by limiting the in-
flammatory response and maintaining immune homeostasis. Previous
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studies have shown that an imbalance in the Th17/Treg ratio promotes
the pathogenesis of MASLD in mice and humans [25], however the
specific mechanism of Tregs in MASLD needs to be further studied.
Here, we note that CD73 is a key molecule that regulates the role of
Tregs in MASLD by inhibiting the liver proinflammatory environment
and promoting Treg viability and activity. Specifically, CD73 modulated
Treg function via enzymatic- and nonenzymatic-mediated pathways
(Fig. 6l).

In this study, we established a MASLD mouse model by feeding a
CDHFD or MCD and found that CD73 expression on Tregs was
significantly increased in mice with MASLD. Similar alterations in CD73
expression on Tregs were also observed in the PBMCs of MASLD
patients and were strongly correlated with MASLD pathogenesis. This
phenomenon is related to previous reports showing increased in CD73
expression under inflammatory conditions [26]. In addition to the cell
membrane-bound form of CD73, a soluble variant of the CD73 protein
has also been detected in human plasma and serum, and a CD73
inhibitor blocked this AMPase activity, confirming the presence of
soluble CD73 [27]. We detected an increase in soluble CD73 in the
plasma of both MASLD mice and MASLD patients. Further tran-
scriptome sequencing studies suggested that alterations in CD73
expression might be related to the unique liver environment in MASLD,
which is characterized by FFAs accumulation. Previous reports have
shown that unsaturated fatty acids increase the expression and
enzyme activity of CD73 on endothelial cells [28,29]. Our study
revealed that FFAs upregulated CD73 expression on Tregs via the p38
signaling pathway-mediated transcription factor GATA2. GATA2, a
critical regulator of hematopoiesis, and mutation of GATAZ results in
monocytopenia, deficiencies in dendritic and B cells, and eventhe
absence of Tregs [30]. Here, we found that GATA2 was the key
molecule that upregulated CD73 expression on Tregs, increasing Treg
viability and immunoregulatory activity.

Previous studies on ectonucleotidases in Tregs have focused on CD39
rather than CD73, as CD39 is an important effector molecule in Tregs
that suppresses immunity and controls autoimmune diseases [31—
33]. CD73 has also been reported to play a critical role in concert
with CD39 in generating adenosine to increase Treg suppressive ac-
tivity [34]. This study investigated whether CD73 could modulate Tregs
to limit the intrahepatic inflammatory response. Adoptively transferring
CD73-expressing Tregs into Hag1‘/ ~ mice revealed that Treg-
mediated protection was effective, while CD73 deficiency signifi-
cantly impacted Treg survival and activity and exacerbated MASLD
progression, suggesting that CD73 plays a critical role in Treg-
mediated immunosuppression. In addition, except for MCD-induced
MASLD, adoptive transfer of CD3™ T cells without Tregs into Ragf/
~ mice also induced a systemic response, accompanied by abnormal
changes in body weight and inflammatory cytokine levels in plasma.
These findings suggest that the weight loss and secretion of inflam-
matory cytokines in this mouse model may result from both colitis and
the MCD diet. To investigate the role of CD73 in regulating Treg
function during MASLD progression, we focused primarily on evalu-
ating liver steatosis and inflammatory response. Our data revealed that
Tregs influence both the progression of MASLD and systemic condi-
tions, such as colitis, in a CD73-dependent manner.

CD73 is a key ectonucleotidase that catabolizes AMP into the subse-
quent purine metabolite adenosine. Similarly, we discovered that Cd73
KO markedly elevated AMP and decreased ADO levels both in the
plasma of mice with MASLD and in vitro in Tregs stimulated with ATP.
Intracellular AMP is an important metabolite that regulates cell growth
and energy metabolism by activating the AMPK signaling pathway [35].
However, the released extracellular AMP is rapidly hydrolyzed into
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Figure 6: CD73 inhibits Treg apoptosis by suppressing the TRAIL-DR5 interaction.

(A). The relative mRNA expression of Tnfrsf10b (DR5) and Tnfsf10 (TRAIL) in the liver was measured by real-time PCR. (B). Plasma content of TRAIL in the CDHFD- or NCD-fed mice.
(C). DR5 expression on liver Tregs. (D). Relative apoptotic levels were compared between CD4™ T cells without Tregs and Tregs followed by FFAs treatment with or without TRAIL.
(). Relative apoptotic levels were compared among CD73™9", D73 and CD73™¢ Tregs after FFAs treatment with or without TRAIL. (F—G). Relative Annexin V and Caspase-3
activity were measured in the WT and Cd73 KO Tregs treated with FFAs with or without TRAIL. (H). Tregs were blocked with CD73 protein or IgG for 6 h, followed by the addition of
FFAs and TRAIL for 48 h. The proportions of Annexin V' Tregs after TRAIL supplement. (I). CD73 on Tregs limits inflammation and maintains homeostasis during MASLD
progression (Created in https:/BioRender.com). n = 3—6 per group. *P < 0.05, **P < 0.01.
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adenosine, suppressing proinflammatory mediators’ secretion by
neutrophils and macrophages [36,37]. Therefore, the inherent role of
extracellular AMP in immune cell growth and function is still unclear.
Excessive extracellular AMP was an important factor limiting Treg
survival, especially with FFAs supplementation. Our data revealed that
depletion of CD73 in Tregs induced an imbalance in AMP/adenosine,
and high levels of AMP could directly mediate Treg apoptosis and
inactivation, suggesting that CD73 plays a critical role as an ectonu-
cleotidase. In combination with other nucleotides, adenosine is critical
in inflammatory effects. In T cells, adenosine reduces IL-2 generation
to suppress effector T-cell proliferation, whereas A2A adenosine re-
ceptor engagement increases the expression of Foxp3 to restore Treg
function [38,39]. The expression of CD39 and CD73, and their cata-
bolic ability to secrete adenosine are also related to M1/M2 differen-
tiation and cytokine production in monocytes [40]. Similarly, this study
found that adenosine generated by Tregs limited the survival and
activation of CD4™ T cells and monocytes while increasing Treg activity
and viability.

Transcriptome sequencing analysis revealed that CD73 deficiency
hampered Treg immunomodulatory function and limited cell viability.
We also acknowledge that the relatively small sample size (n = 2—3
per group) in our RNA-seq analysis has statistical limitation, future
studies with larger sample sizes will address this issue. A previous
report showed that CD73 blocks TRAIL-DR5 activity in Jurkat cells,
thereby inhibiting cell apoptosis [41]. We found that TRAIL-DR5
signaling was strongly activated in MASLD-affected livers. TRAIL
together with fatty acids in the liver environment of MASLD syndrome
patients caused Treg apoptosis, and this unique environment also
increased the expression of CD73 on Tregs, which were able to resist
TRAIL-induced cell death by blocking the TRAIL-DR5 interaction.
Several limitations in this study need to be addressed. CD73 is an
ectonucleotidase expressed on various types of cells. Snider et al. have
reported that hepatocyte specific Nt5e (CD73) knockout could lead to
MASLD phenotypes in middle-aged male mice, suggesting the impor-
tant effect of hepatocyte CD73 on liver metabolic homeostasis under
physiological conditions [42]. In the MASLD mouse model, we found that
global knockout of Cd73 significantly enhanced the proinflammatory
effects on T cells and monocytes. Therefore, we cannot rule out the
possibility that CD73 directly affects other immune cells or that CD73
regulates Tregs during MASLD progression. Moreover, we used both
global Cd73knockout mice and specifically adoptively transferred Cd73
knockout Tregs to identify the effect of CD73 on Tregs during MASLD,
while the exact role of CD73 on Tregs in a more physiologically relevant
manner in Treg-specific Cd73 knockout mice will be dissected.

In summary, CD73 increases Treg survival and immunomodulatory
functions to inhibit MASLD progression. FFAs increased CD73 expres-
sion on Tregs via p38/GATA2 signaling during MASLD progression.
CD73 promoted Treg survival and function via enzymatic and nonen-
zymatic pathways, limiting the inflammatory response and maintaining
liver immune homeostasis (Fig. 6l). Our study not only reveals the
mechanism by which Tregs inhibit intrahepatic inflammation but also
provides important immunological markers for the diagnosis of the
degree of intrahepatic inflammation in MASLD patients.
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LIST OF ABBREVIATIONS

ADO

adenosine

ALT

alanine aminotransferase
AMP

adenosine monophosphate
a-SMA

o.-smooth muscle actin

AST

aspartate aminotransferase
ATP

adenosine triphosphate

CDE

choline-deficient and ethionine-supplemented
CDHFD

choline-deficient high-fat diet
DEGs

differentially expressed genes
FFAs

free fatty acids

GO

Gene Ontology

GSEA

gene set enrichment analysis
H&E

hematoxylin and eosin

HCC
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hepatocellular carcinoma

KEGG

Kyoto Encyclopedia of Genes and Genomes
KO

knockout

MCD

methionine/choline-deficient diet

MNCs

mononuclear cells

MASLD

metabolic dysfunction-associated steatotic liver disease
MASH

metabolic dysfunction-associated steatohepatitis
NCD

normal control diet

PBMCs

peripheral blood mononuclear cells

Treg

regulatory T cells

WD

western diet

WT

wild-type
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