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Abstract

Background and Aims: Liver transplant rejection signifi-
cantly affects patient prognosis. Myeloid-derived suppres-
sor cells (MDSCs), known for their potent immunoregula-
tory functions, represent a promising target for managing 
liver transplant rejection. This study aimed to systemati-
cally characterize the diversity of MDSC subsets and their 
context-dependent functions, particularly within the context 
of transplant tolerance. Methods: We analyzed clinical and 
murine liver transplants using single-cell RNA sequencing, 
bulk RNA sequencing, flow cytometry, multiplex immuno-
histochemistry, and co-culture assays to phenotype MDSC 
subsets. Results: Single-cell RNA sequencing analysis of 
human and murine samples revealed MDSC involvement in 
transplant rejection. In mice, MDSC scores followed a nor-
mal distribution during the first week post-transplant and 
correlated with clinical flow cytometry data at one month. 
A distinct LDLR+ monocytic MDSC (M-MDSC) subset was 
identified and confirmed through spatial mapping by multi-
plex immunohistochemistry. Flow cytometry demonstrated 
dynamic changes in LDLR+ M-MDSCs across tissues (liver, 
spleen, peripheral blood, bone marrow, and lymph nodes), 
with a peak during acute rejection. Co-culture experiments 
showed that LDLR−/− M-MDSCs exhibited reduced Arg-1/
iNOS expression and an impaired capacity to induce inhibito-
ry receptors (TIGIT, PD1, CTLA-4) or suppress effector mol-
ecules (GZMB, IFN-γ, IL-2) in CD8+ T cells. Conclusions: 
These findings highlight the critical role of MDSCs in liver 
transplant rejection. LDLR+ M-MDSCs exhibited enhanced 
immunosuppressive properties, underscoring their potential 
clinical relevance in mitigating rejection and promoting im-
mune tolerance.
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Introduction
Liver transplantation (LT) represents a convergence of 
medical innovation and complex surgical expertise, offer-
ing a lifeline to patients with end-stage liver diseases. De-
spite substantial progress in immunosuppressive therapies 
that has markedly improved LT success rates and long-term 
outcomes, immune rejection remains a significant clinical 
challenge. Current immunosuppressive regimens, although 
indispensable, are associated with adverse effects such as 
infections, malignancies, hypertension, and nephrotoxic-
ity.1–3 Post-transplantation shifts in immune cell homeosta-
sis and microenvironmental composition critically influence 
the development of immune rejection or tolerance, driven 
by intricate interactions among immune cell populations.4–7 
The ability to direct immune cell differentiation and modu-
late their functional properties holds considerable promise 
for precisely regulating immune responses. Such advance-
ments may transform immunomodulation strategies and un-
lock new therapeutic opportunities. Therefore, investigating 
these dynamics and their underlying mechanisms is essen-
tial for improving clinical outcomes and deepening scientific 
understanding.

Myeloid-derived suppressor cells (MDSCs), a heterogene-
ous population of immature myeloid precursors, proliferate 
and accumulate in response to various pathological stimuli.8 
These cells are classified into monocytic MDSCs (M-MDSCs) 
and granulocytic MDSCs (G-MDSCs) subsets based on their 
myeloid lineage origins, and exhibit potent immunosuppres-
sive properties, rendering them central to disease progres-
sion and immune regulation.9 MDSCs suppress T cell function 
through multiple metabolic pathways, cytokine secretion, and 
signaling mechanisms in conditions such as cancer, autoim-
mune diseases, and infections.10–12 Although the roles of MD-
SCs have been explored in several types of organ transplan-
tation, there is a notable lack of research specifically focused 
on LT, particularly with respect to immune responses.13,14 In 
our previous study, LDLR+ MDSCs were found to expand in LT 
rejection tissues, as identified by single-cell RNA sequencing 
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(scRNA-seq), and were suggested to interact with T cells via 
the NECTIN2–TIGIT pathway to attenuate rejection.15 Given 
their immunosuppressive potential, further investigation into 
the role of MDSCs in LT is warranted.

Therefore, by employing an integrated multi-omics strat-
egy in conjunction with biological experiments, we aimed to 
delineate the heterogeneity and dynamic alterations of MD-
SCs within the context of liver transplant rejection. This com-
prehensive approach sought to advance the understanding 
of the immune microenvironment and critically assess the 
potential of MDSCs to promote immune tolerance.

Methods

Study subjects
This study included LT patients treated at the Organ Trans-
plantation Center of Qingdao University Affiliated Hospital 
between November 2020 and November 2023. Post-trans-
plant liver biopsies were obtained, incorporating data from a 
previous cohort.16 All grafts were obtained from either dona-
tion after cardiac death or living donors, with approval from 
the hospital’s Ethics Committee (IRB: QYFYWZLL29370).

Animals
Male C57BL/6J mice (8–10 weeks old, 23 ± 2 g; donors) 
and C3H/He mice (recipients) were purchased from Beijing 
Charles River and HFK Bioscience. LDL receptor–deficient 
(LDLR−/−) C57BL/6J mice (8 weeks old, 20 ± 2 g) were ob-
tained from GemPharmatech. All animals were housed under 
specific pathogen–free conditions. Orthotopic liver transplan-
tation (OLT) was performed under isoflurane anesthesia in 
accordance with established protocols and was approved by 
the Animal Welfare and Ethics Committee of Qingdao Uni-
versity (Approval No. 20221205C57C3H19220251205159).

Establishment of the mouse OLT model
The detailed surgical procedure17 is provided in the Sup-
plementary Method (Establishment of the Mouse Orthotopic 
Liver Transplantation Model).

Tissue dissection and cell suspension
Human liver biopsies, obtained immediately after transplan-
tation, were preserved in a dedicated storage solution and 
processed using standard tissue dissociation techniques.16 
Samples were minced into 0.5 mm3 fragments in RPMI-
1640 medium (Invitrogen) supplemented with 1% penicil-
lin–streptomycin, followed by enzymatic digestion at 37 °C 
for 30–45 min with constant agitation. The digestion cocktail 
included 0.05% trypsin (Invitrogen, Cat# 25200056), 0.4% 
collagenase IV (Invitrogen, Cat# 17104-019), 0.25% col-
lagenase I (Sigma, Cat# C0130-1G), 0.13% collagenase II 
(BBI, Cat# A004174-0001), and 0.1% elastase (Worthing-
ton, Cat# LS002292). Resulting cell suspensions were se-
quentially filtered through 70 µm and 40 µm strainers (BD), 
centrifuged at 300 g for 10 min, treated with red blood cell 
lysis buffer (Thermo Fisher) on ice for 3 min, washed twice 
with PBS (Invitrogen), and resuspended in PBS containing 
0.04% bovine serum albumin for downstream applications.

Mouse liver tissue was processed using the Liver Dissocia-
tion Kit (Miltenyi Biotec).18 A dissociation mix was prepared 
in a gentleMACS™ C Tube by combining 4.7 mL DMEM with 
200 µL Enzyme D, 100 µL Enzyme R, and 20 µL Enzyme 
A. Following a DMEM rinse, livers were transferred into the 
prepared C Tube, sealed, inverted, and processed using the 
gentleMACS Dissociator with program 37C_m_LIDK_1. The 

resulting cell suspension was filtered through a MACS® 
SmartStrainer (100 µm), rinsed with 5 mL DMEM contain-
ing stable glutamine, and centrifuged at 300 g for 10 min to 
remove the supernatant.

The procedures for preparing PBMCs from patients and 
mice, as well as the dissociation of multiple mouse tissues, 
are detailed in the Supplementary Method.19–22

Single-cell gene expression quantification and sub-
cluster delineation
scRNA-seq data were processed using Seurat (v4.3.0)23 fol-
lowing protocols established in our previous studies.24–26 Af-
ter importing the raw data, stringent quality control was per-
formed to exclude cells with fewer than 501 detected genes 
or more than 25% mitochondrial transcripts. The remaining 
cells were normalized and scaled using Seurat’s default pa-
rameters. Highly variable genes were identified using the 
FindVariableFeatures function and were employed for prin-
cipal component analysis on the scaled data matrix. Dimen-
sionality reduction and clustering were conducted using Find-
Neighbors (dims = 1:10) and FindClusters (resolution = 0.5). 
The transcriptional landscape was visualized using Uniform 
Manifold Approximation and Projection (hereinafter referred 
to as UMAP).

Cell type determination
Differentially expressed genes among clusters were identi-
fied using Seurat’s FindMarkers and FindAllMarkers functions. 
Cell type annotation was guided by canonical marker genes 
from the CellMarker database (http://bio-bigdata.hrbmu.
edu.cn/CellMarker/)27 and corroborated with published stud-
ies. To improve classification accuracy, the SingleR package 
(v2.0.0)28 was applied to match scRNA-seq profiles with ref-
erence datasets for robust cell identity assignment.

Functional enrichment analysis
Following cell type annotation, functional enrichment anal-
ysis of differentially expressed genes among clusters was 
conducted using Gene Ontology terms and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways. These 
analyses were carried out with the clusterProfiler package 
(v3.17.0)28 in conjunction with the org.Hs.eg.db annotation 
database (v3.11.4). A P-value threshold of 0.05 was applied 
for both Gene Ontology and KEGG analyses. Enrichment re-
sults were visualized using bar plots or dot plots to summa-
rize the key biological processes and pathways associated 
with each cell type.

MDSC scores
MDSC scores were calculated in Seurat using the AddMod-
uleScore function and a set of marker genes associated with 
MDSCs.29 Gene sets were curated based on published studies 
and publicly available datasets. For each cell, scores were de-
rived from the aggregated expression levels of genes within 
the specified set, allowing assessment of expression patterns 
at the single-cell level.

Cell-cell communication analysis
Intercellular communication was examined using the Cell-
Chat package (v1.6.1),30 which incorporates ligand–receptor 
interactions from the KEGG signaling pathway database and 
recent experimental findings. The analysis workflow com-
prised three main steps: identification of differentially ex-
pressed signaling genes, computation of ensemble average 
expression across cell types, and estimation of communica-
tion probabilities. This approach facilitated the mapping of 
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signaling networks and interaction patterns among distinct 
cell populations.

Bulk RNA sequencing analysis
To validate the findings, transcriptomic data were retrieved 
from the NCBI Gene Expression Omnibus. The GSE145780 
dataset,31 which comprises microarray-based liver transplant 
biopsy profiles from both rejection and non-rejection cases, 
was analyzed to evaluate gene expression differences associ-
ated with transplant outcomes.

Histological staining
Fresh liver tissue was fixed in 4% paraformaldehyde, embed-
ded in paraffin, and sectioned at a thickness of 4 µm. Mor-
phological evaluation was conducted using hematoxylin and 
eosin (H&E) staining.32

Immunohistochemistry (IHC) and multiplex immu-
nohistochemistry (mIHC) staining analysis
For IHC, tissue sections were deparaffinized, rehydrated, and 
subjected to antigen retrieval, then blocked and incubated 
sequentially with primary and secondary antibodies.33 Color 
development and counterstaining were then performed. For 
mIHC, prepared slides underwent microwave heating, block-
ing, and antibody incubation, with signal amplification. These 
steps, microwave heating, blocking, and antibody incubation, 
were repeated as necessary, followed by DAPI counterstain-
ing and mounting.34 Stained slides were scanned using a 
Pannoramic MIDI scanner (3DHISTECH, Hungary), and im-
ages were analyzed with the HALO 2.0 Area Quantification 
algorithm (Indica Labs, Corrales, NM) at Nanjing Freethink-
ing Biotechnology Co., Ltd. (China).

Flow cytometry
For flow cytometric analysis, cells were stained using multi-
ple panels of fluorochrome-conjugated antibodies, including 
anti-CD45, anti-HLA-DR, anti-CD11b, anti-CD33, anti-CD14, 
anti-CD15, anti-Ly6C, anti-Ly6G, anti-LDLR, anti-NECTIN2, 
anti-PDL1, anti-Arg-1, anti-iNOS, anti-CD8A, anti-TIGIT, 
anti-CTLA-4, anti-PD1, anti-GZMB, anti-IFN-γ, and anti-IL-2. 
All antibodies were obtained from BioLegend and Invitrogen.

For cell surface staining, cells were adjusted to 5–10 × 
106/mL in 100 µL of 1× PBS containing 5% bovine serum al-
bumin and blocked in the dark for 15 min. Primary antibodies 
were then added and incubated for 15–20 min, followed by 
two washes and resuspension for flow cytometric analysis.35

For intracellular staining, cells were first blocked and in-
cubated with primary surface antibodies as described above, 
then washed and fixed with 100 µL of fixation buffer (Invit-
rogen) for 30 min. Following permeabilization (Invitrogen), 
cells were incubated with primary intracellular antibodies 
for 20 min, washed twice, and resuspended for analysis.35 
Samples were acquired using a flow cytometer (CytoFLEX S, 
USA) and analyzed with FlowJo software (v10.8.1) to quan-
tify cell populations based on fluorescence intensity and an-
tibody binding.

Co-culture experiment
Bone marrow cells were harvested from the tibias and fe-
murs of wild-type and Ldlr−/− C57BL/6J mice by flushing with 
1× PBS. Red blood cells were lysed using ACK lysis buffer, 
and the remaining cells were plated in 25 cm2 culture flasks 
(Corning, USA). For M-MDSC induction, bone marrow cells (1 
× 106/mL) were cultured in DMEM (HyCyte, China) supple-
mented with 40 ng/mL GM-CSF and IL-6 at 37 °C in 5% CO2 
for four days.36 M-MDSCs were then isolated using magnetic 

microbeads (Miltenyi Biotec).37

Single-cell suspensions prepared from lymph nodes were 
used to isolate CD8+ T cells with CD8a microbeads (Miltenyi 
Biotec).38 For co-culture assays, 1 × 106 CD8+ T cells were 
cultured with M-MDSCs in 2 mL RPMI 1640 medium (HyCyte, 
China) in 6-well round-bottom plates for three days, followed 
by flow cytometric analysis.

Statistical analysis
Statistical analyses and data visualization were performed 
using R (v4.3.0) and GraphPad Prism (v8.0.2). Data are pre-
sented as mean ± standard error of the mean. Differences 
between two groups were assessed using an unpaired Stu-
dent’s t-test, whereas comparisons among multiple groups 
were evaluated using the Kruskal–Wallis H test. Statistical 
significance is denoted as *P < 0.05, ** P < 0.01, and *** 
P < 0.001.

Results

scRNA-seq analysis highlights myeloid cells in pa-
tients after LT
As an initial step, the myeloid immune cell repertoire of pa-
tients following LT (post-LT) was characterized using scRNA-
seq profiling. Unsupervised clustering identified 11 distinct 
clusters among 18,148 myeloid cells. Canonical marker 
genes (Supplementary Table 1) were analyzed to annotate 
specific cell types (Fig. 1A), including dendritic cells, Kupffer 
cells, macrophages, and MDSCs (Fig. 1B). Tissue distribu-
tion analysis revealed a predominance of macrophages in 
liver samples (20.3%, 16.2%, 52%, and 11.5%), whereas 
peripheral blood samples were overwhelmingly enriched in 
macrophages (4.0%, 1.1%, 78.2%, and 16.8%) (Fig. 1C). 
Macrophages (clusters C0, C1, C3, C4, and C7), character-
ized by the expression of S100A9, CD68, and FCN1 (Fig. 1D), 
were significantly enriched in rejection tissues (Fig. 1E), indi-
cating a potential key role in immune regulation following LT. 
In contrast, dendritic cells (C5, C8, C10), defined by the ex-
pression of CD1C, CLEC10A, FCER1A, and IRF8, and Kupffer 
cells (C6, C9) were reduced in rejection samples. MDSCs 
(C2), identified by S100A8, S100A9, FCN1, and VCAN, were 
predominantly liver-derived and showed elevated abundance 
in rejection tissues.

IHC staining of liver biopsies from patients with mild and 
severe acute rejection revealed pronounced immune cell in-
filtration in the portal areas (Supplementary Fig. 1A). CD4+ 
and CD8+ T cells, along with CD68+ macrophages, were 
markedly increased, suggesting their involvement in the im-
munopathology of acute rejection.

scRNA-seq analysis unveils functionally distinct sub-
sets of MDSCs
The aforementioned cells represent key components of the 
immune response following LT. However, the present study 
focuses specifically on MDSCs. Further analysis revealed 
three distinct MDSC subsets: C0-LIPA+ MDSC, C1-LDLR+ 
MDSC, and C2-S100P+ MDSC (Fig. 2A). Violin plots demon-
strated that all subsets expressed characteristic MDSC mark-
ers, including S100A8 and S100A9 (Fig. 2B). Notably, the 
C1-LDLR+ MDSC subset exhibited significantly higher expres-
sion levels of these markers. Given the established associa-
tion between S100A8 and S100A9 and MDSC proliferation, 
these findings suggest that C1-LDLR+ MDSCs may possess 
enhanced immunosuppressive capacity compared with the 
other subsets.

All clusters exhibited high CD14 expression and relatively 
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low CD15 expression. Immunohistochemical analysis further 
confirmed that MDSCs in liver tissues with varying degrees of 
rejection predominantly displayed monocytic characteristics 
(Supplementary Fig. 2).

A total of 227 differentially expressed genes were identi-
fied across the three clusters (Supplementary Table 2). The 
C0-LIPA+ MDSC subset expressed genes associated with 
lysosomal function, including LIPA and PLD3. Compared with 
the other subsets, C0-LIPA+ MDSCs showed greater enrich-
ment for genes involved in mitochondrial function (such as 
MT-ND1, MT-ATP6, MT-CO1, and MT-CO3). These genes en-
code key enzymes that are integral components of the mito-
chondrial electron transport chain, which plays a critical role 
in cellular respiration and energy production. The C1-LDLR+ 
MDSC subset exhibited a distinct metabolic profile charac-
terized by elevated expression of lipid metabolism markers 
(LDLR, PLIN2, OLR1) and glucose metabolism–related genes 
(GK, TYMP). This profile suggests metabolic reprogramming 
potentially linked to immune regulation in the context of 
metabolic disorders. The C2-S100P+ MDSC subset preferen-
tially expressed genes involved in cellular signaling, including 
TLR4, PTPRE, and TRIB1, suggesting a role in modulating 
immune regulatory networks.

Distinct differences in the expression of immune func-
tion–related genes were observed across the three MDSC 
subsets. The C0-LIPA+ MDSC subset favored antigen pres-
entation and immune cell recognition, with significant ex-
pression of genes encoding MHC class II molecules, including 
HLA-DPA1, HLA-DQA1, and HLA-DRA. These genes are criti-

cal in antigen-presenting cells for initiating antigen-specific 
immune responses. Functional enrichment analysis revealed 
significant involvement in regulating lymphocyte proliferation 
and the negative regulation of leukocyte cell–cell adhesion 
(Fig. 2E and Supplementary Table 3). The C1-LDLR+ MDSC 
subset expressed genes directly associated with inflamma-
tory response regulation, including chemokines (CXCL2, 
CXCL3, CXCL8), interleukin-related genes (IL1β and IL6R), 
and NLRP3, a key component of the inflammasome com-
plex. These genes are essential for immune cell recruitment, 
activation, and signal transduction. Functional enrichment 
analysis highlighted roles in modulating acute inflammatory 
responses and promoting immune tolerance, with potential 
implications for the regulation of liver transplant rejection. 
The C2-S100P+ MDSC subset exhibited elevated expression 
of genes associated with antiviral defense, such as IFIT1, 
IFITM3, and RSAD2, suggesting a specialized role in antiviral 
immunity. Functional enrichment further supported involve-
ment in the negative regulation of viral processes and modu-
lation of innate immune responses.

We further mapped the intercellular communication net-
work. The dot plot illustrated predicted ligand–receptor in-
teractions among MDSCs, CD8+ T cells, and regulatory T 
cells (Tregs) (Fig. 2C and D). The analysis suggests potential 
interactions mediated by HLA-E/KLRK1 and LGALS9/CD45 li-
gand–receptor pairs (Supplementary Table 4).

LDLR+ MDSCs participate in rejection after LT
To validate the scRNA-seq findings, flow cytometry was per-

Fig. 1.  scRNA-seq analysis of humans after liver transplantation. (A) UMAP of myeloid cells divided into 11 clusters. (B) UMAP plot colored by tissue source 
(liver and peripheral blood). (C) UMAP plot colored by cell type. (D) Dot plot showing the representative gene expression of clustered cells. (E) Heatmap showing the 
OR of cell clusters for non-rejection (left) and rejection patients (right). scRNA-seq, single-cell RNA sequencing; UMAP, uniform manifold approximation and projection; 
OR, odds ratio.
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Fig. 2.  Identification of MDSC subsets in human transplanted liver and peripheral blood. (A) UMAP plot for re-clustering of MDSCs. (B) Violin plot illustrating 
differentially expressed genes in MDSCs. (C) Dot plot showing cellular communication between MDSCs and CD8+ T cells. (D) Dot plot showing cellular communication 
between MDSCs and Tregs. (E) Bar plots illustrating Gene Ontology and KEGG pathway enrichment analyses among the three clusters. MDSCs, myeloid-derived sup-
pressor cells; UMAP, uniform manifold approximation and projection; Tregs, regulatory T cells; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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formed on peripheral blood samples collected from post-LT 
patients (Fig. 3A). The gating strategy for MDSCs is provided 
in Supplementary Figure 3A. Following LT, the proportion of 
MDSCs among immune cells increased rapidly, remained el-
evated during the acute phase (up to seven days), and sub-
sequently declined to preoperative levels. Within the MDSC 
compartment, the proportion of M-MDSCs increased pro-
gressively throughout the acute phase, peaking on POD7, 
and then gradually decreased. Moreover, similar temporal 
trends were observed in the proportion of M-MDSCs relative 
to the total immune cell population.

In the bulk RNA sequencing analysis (Fig. 3B), a signifi-
cant elevation in the expression of the myeloid cell marker 
CD11b was observed in rejection samples. Markers associ-
ated with MDSCs, including S100A8 and S100A9, were also 
significantly upregulated in the rejection group. Although 
LDLR expression was increased in rejection samples, the dif-
ference did not reach statistical significance. Additionally, a 
significant upregulation of immune checkpoint molecules—
NECTIN2, PDL1, and TIGIT—was observed, consistent with 
our previous findings. mIHC performed on transplanted liver 
samples exhibiting varying degrees of rejection (mild and se-
vere acute rejection, as well as chronic rejection) confirmed 
the presence of LDLR+ M-MDSCs and LDLR+ G-MDSCs (Fig. 
3C and Supplementary Fig. 3B).

scRNA-seq analysis identifies specific subsets of MD-
SCs within mouse OLT models
To further substantiate the role of LDLR+ MDSCs in graft re-
jection, scRNA-seq analysis was performed using a mouse 
OLT model (C57BL/6J to C57BL/6J) across seven time 
points: preoperative LT (pre-LT), 3 h post-LT, 6 h post-LT, 
12 h post-LT, POD3, POD5, and POD7.39 This dataset gener-
ated a comprehensive myeloid cell atlas comprising 14,372 
cells. The analysis identified 14 distinct clusters, visualized 
using UMAP plots that illustrated their distribution across the 
dynamic time course (Fig. 4A, B, and Supplementary Table 
5). Among them, nine macrophage clusters, three monocyte 
clusters, and two MDSC clusters were identified.

Consistent with the human scRNA-seq findings, cluster 
C2 was annotated as LDLR+ MDSC. This subset exhibited 
elevated expression of lipid metabolism–related genes, in-
cluding LDLR and OLR1. Source analysis of C2-LDLR+ MDSCs 
revealed that the majority of cells originated from the 12 h 
post-LT time point (59%). Within the datasets correspond-
ing to the first 12 h after transplantation, NFKBIA expression 
levels were notably elevated (Fig. 4C). Longitudinal gene 
expression analysis demonstrated a significant increase in 
ARG1 expression from POD3 to POD7, whereas NOS2 ex-
pression remained relatively unchanged. Using the MDSC 
gene signature, gene-scoring analysis was performed across 
the identified clusters (Fig. 4D). The analysis revealed a sub-
stantial increase in MDSC-associated scores within the first 
24 h following LT, with peaks at 3, 6, and 12 h post-LT. Scores 
subsequently declined by POD3 and POD7, indicating a tem-
poral pattern of MDSC activation.

To simulate immune-state transitions following trans-
plantation, four mouse OLT rejection models (C57BL/6J to 
C3H/He) were established. Liver tissues were collected at 
sequential time points—one, two, three, and four weeks 
post-LT—and analyzed using H&E staining, IHC, mIHC, and 
flow cytometry to evaluate tissue damage and immune 
cell infiltration during the transition from acute rejection 
to immune tolerance (Fig. 4E). H&E staining revealed pro-
nounced immune cell infiltration in the portal areas, ac-
companied by pathological features such as hepatocyte 
necrosis, bile duct injury, and sinusoidal congestion, which 

were particularly prominent compared with normal liver 
tissue (Fig. 4F and Supplementary Fig. 4C). Immune in-
filtration peaked at two and three weeks post-LT, with a 
marked reduction by four weeks. IHC staining for CD3, 
CD4, CD8, and FOXP3 confirmed the presence of the corre-
sponding lymphocyte subsets (Fig. 4F and Supplementary 
Fig. 4A).

Specifically, CD8+ T cell infiltration peaked at two weeks 
post-LT, as illustrated in the bar graph (Supplementary Fig. 
4B). Overall, lymphocyte infiltration increased sharply at one 
and two weeks post-LT and then gradually declined at three 
and four weeks post-LT.

Dynamic, multi-tissue changes of LDLR+ M-MDSCs in 
mouse OLT models
To comprehensively assess the dynamics of MDSCs in 
mouse OLT models (C57BL/6J to C3H/He), tissues includ-
ing liver, spleen, peripheral blood, lymph nodes, and bone 
marrow were collected across the post-LT timeline (one, 
two, three, and four weeks post-LT) for mIHC and flow 
cytometry analysis, with quantification expressed as n/
CD11b%. mIHC revealed variable infiltration of LDLR+ M-
MDSCs in the portal areas of transplanted livers, peaking 
at one week post-LT (Fig. 5A). Flow cytometry, using gating 
strategies to distinguish G-MDSCs (CD11b+Ly6ClowLy6G+) 
and M-MDSCs (CD11b+Ly6ChighLy6G−) (Supplementary Fig. 
5), revealed distinct temporal distributions across different 
tissues (Fig. 5B).

The results demonstrated that the proportions of various 
cell populations in the bone marrow increased at one week 
post-LT. Following this initial rise, the proportions of myeloid 
cells (CD11b/Alive) and G-MDSCs stabilized, whereas the 
proportions of M-MDSCs and their subsets gradually declined 
over time. A similar trend was observed in the liver, where 
myeloid cell proportions increased at one week post-LT, fol-
lowed by a fluctuating decrease; however, levels at four 
weeks post-LT remained elevated compared with pre-LT val-
ues. The proportion of G-MDSCs showed an upward trend 
throughout the observation period. Notably, M-MDSCs and 
their subsets displayed a sharp increase at one week post-LT, 
representing the most pronounced change among all tissues, 
followed by a gradual decline.

In the spleen, a distinct pattern was observed: the pro-
portions of myeloid cells, G-MDSCs, and M-MDSCs gradually 
increased over the first three weeks post-LT and then de-
clined. In contrast, the proportions of M-MDSC subsets de-
creased modestly within the first two weeks post-LT and then 
gradually returned to pre-LT levels. In peripheral blood, the 
proportion of LDLR+ M-MDSCs increased slowly, peaking at 
two weeks post-LT, and then declined, while the proportions 
of other cell types fluctuated throughout the observation pe-
riod. In the lymph nodes, the proportion of myeloid cells re-
mained relatively stable, and the proportion of G-MDSCs was 
nearly undetectable. Meanwhile, the proportions of M-MDSCs 
and their subsets demonstrated variable, fluctuating patterns 
over time.

Detailed statistical analyses of M-MDSCs and their sub-
sets (n/Alive%) across different tissues revealed significant 
differences, particularly at one week post-LT (Fig. 6 and 
Supplementary Fig. 6). In both the liver and bone marrow, 
the previously described trend—an initial increase followed 
by a gradual decrease—was consistently validated. By three 
weeks post-LT, increased variability in the spleen and pe-
ripheral blood made it challenging to achieve statistical sig-
nificance, although the overall trends in M-MDSC subsets 
remained evident. In the lymph nodes, aside from the statis-
tically significant increase observed at one week post-LT, the 
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Fig. 3.  Identification of marker expression of MDSCs during rejection. (A) Flow cytometry showing dynamic changes in MDSCs and M-MDSCs in peripheral 
blood post-LT. (B) Gene expression of MDSC-related markers between non-rejection and rejection samples using bulk RNA sequencing. (C) mIHC of DAPI (blue), CD11b 
(cyan), CD33 (yellow), CD14 (green), LDLR (gray), and PDL1 (red) in transplanted livers with different severities of rejection. White arrows indicate cells co-expressing 
CD11b, CD33, CD14, LDLR, and PDL1. Whole/insert image scale bar, 50 µm. *p < 0.05. MDSCs, myeloid-derived suppressor cells; M-MDSCs, monocytic myeloid-
derived suppressor cells; LT, liver transplantation; mIHC, multiplex immunohistochemistry.
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Fig. 4.  Identification of myeloid cell subsets at multiple time points after transplantation. (A) UMAP plot of myeloid cells divided into 14 identified clusters. 
(B) UMAP plot colored by chronological time points post-LT. (C) Dot plot showing gene expression in C2-LDLR-MDSCs across chronological time points post-LT. (D) Violin 
plot illustrating MDSC scores across chronological time points post-LT. (E) Establishment of mouse OLT models with defined time intervals for sample collection (liver, 
spleen, peripheral blood, bone marrow, lymph nodes). Livers were used for IHC and mIHC, and livers, spleen, peripheral blood, lymph nodes, and bone marrow were 
used for flow cytometry. (F) H&E staining and IHC of CD3 in transplanted livers obtained from mouse OLT models. Whole/insert image scale bar, 100 µm. UMAP, uniform 
manifold approximation and projection; LT, liver transplantation; MDSCs, myeloid-derived suppressor cells; OLT, orthotopic liver transplantation; IHC, immunohisto-
chemistry; mIHC, multiplex immunohistochemistry; H&E, hematoxylin and eosin.
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proportions of M-MDSCs and their subsets remained consist-
ently low across the remaining time points.

LDLR+ M-MDSCs induced exhaustion of CD8+ T cells
mIHC was employed to map the spatial distribution of LDLR+ 
M-MDSCs and TIGIT+ CD8+ T cells across the post-LT timeline 
(Supplementary Fig. 7A). Proximity analysis using Ripley’s K-
function revealed a significantly enhanced spatial clustering 
between these cell populations at four weeks post-LT (Fig. 
7A). Co-culture experiments were conducted to verify wheth-
er LDLR+ M-MDSCs possessed stronger immunosuppressive 
capabilities. Microbeads were used to isolate M-MDSCs and 
LDLR−/− M-MDSCs from bone marrow cells induced in vitro, 
which were then co-cultured with CD8+ T cells (Fig. 7B). Sup-
plementary Figure 7B shows the flow cytometric analysis of 
M-MDSCs purified by microbeads (CD11b+Ly6C+). Flow cy-
tometry assessed changes in exhaustion markers (TIGIT, 
PD1, and CTLA-4), functional markers of CD8+ T cells (GZMB, 
IFN-γ, and IL-2), and functional markers of MDSCs (Arg-1 
and iNOS). The gating strategy is shown in Supplementary 
Figures 7C–E. The results demonstrated that wild-type M-
MDSCs significantly increased the levels of exhaustion mark-
ers and decreased the expression of functional markers, 

whereas the capacity of LDLR−/− M-MDSCs was compara-
tively weaker (Figs. 7C and 8C).

Following microbead-based sorting of M-MDSCs, flow cy-
tometry was immediately performed to assess the expres-
sion of functional markers. The analysis revealed that wild-
type M-MDSCs exhibited significantly higher expression of 
iNOS compared with LDLR−/− M-MDSCs (Fig. 8A). Further 
examination of functional markers in co-cultured M-MDSCs 
showed elevated expression levels of both Arg-1 and iNOS, 
exceeding those observed in LDLR−/− M-MDSCs (Fig. 8B). 
Notably, LDLR−/− M-MDSCs did not show a significant change 
in iNOS expression relative to wild-type M-MDSCs.

Discussion
Achieving immune tolerance following organ transplantation 
is essential, particularly for patients at high risk of rejection 
or with a history of prior rejection episodes. Identifying safe 
and effective target cells or therapeutic agents remains a 
critical priority. MDSCs have emerged as key mediators due 
to their potent immunosuppressive functions, which operate 
through multiple mechanisms.40–42 In oncology, chemokines 
recruit MDSCs to tumor sites, where they contribute to im-

Fig. 5.  Flow cytometry shows temporal variation in M-MDSCs across different tissues. (A) mIHC of DAPI (blue), CD11b (yellow), Ly6C (white), and LDLR 
(magenta) in transplanted livers. Whole/insert image scale bar, 100 µm. The bar graph represents quantification of CD11b+ Ly6C+ LDLR+ cells (LDLR+ M-MDSCs). (B) 
Line chart illustrating dynamic changes in cell proportions across distinct tissue types. *p < 0.05. **p < 0.01. ***p < 0.001. M-MDSCs, monocytic myeloid-derived 
suppressor cells; mIHC, multiplex immunohistochemistry.
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mune dysfunction, resistance to immunotherapy, and tu-
mor progression.43–46 In the context of infectious diseases, 
MDSCs suppress T cell activity primarily by increasing ROS 
production.47,48 Collectively, these findings highlight the role 
of inflammatory conditions in driving MDSC activation and 
expansion, positioning them as central components of the 
pathological immune microenvironment.49–51 In this study, 
we employed multi-omics approaches to conduct a compre-
hensive bioinformatic analysis of MDSCs in the context of 
liver transplant rejection. We elucidated their role in the re-

jection process, characterized the post-transplant dynamics 
of MDSC subsets, and validated their functional mechanisms 
through in vitro experiments.

Analysis of human scRNA-seq data revealed that MDSCs 
exhibit low heterogeneity and are predominantly liver-de-
rived, likely reflecting the inflammatory microenvironment 
that promotes their recruitment and accumulation during 
transplant rejection. This recruitment process parallels the 
infiltration of MDSCs into the tumor microenvironment, which 
occurs through diverse chemokine-mediated pathways.52,53 

Fig. 6.  Detailed analysis of M-MDSCs in different tissues. Box plots depicting statistical analyses of cell proportion changes over time within specific tissues. *p 
< 0.05. **p < 0.01. ***p < 0.001. M-MDSCs, monocytic myeloid-derived suppressor cells.
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Fig. 7.  Interactions between LDLR+ M-MDSCs and CD8+ T cells. (A) Proximity analysis and Ripley’s K-function calculations for LDLR+ M-MDSCs and TIGIT+ CD8+ T 
cells. Solid lines represent observed K(r), while dashed lines indicate theoretical K(r). (B) Diagram of the co-culture experiment. (C) Flow cytometry analysis of exhaustion 
markers in CD8+ T cells co-cultured with M-MDSCs and LDLR−/− M-MDSCs. *p < 0.05. **p < 0.01. ***p < 0.001. M-MDSCs, monocytic myeloid-derived suppressor cells.
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We identified three M-MDSC clusters with distinct metabol-
ic profiles that may contribute to their immunosuppressive 
functions. Notably, the C1-LDLR+ MDSC cluster was enriched 
in genes associated with lipid metabolism and protein fold-
ing, including HSPA1A, HSPA1B, and XBP1, suggesting a po-
tential role in modulating endoplasmic reticulum stress. The 
elevated expression of S100A8 and S100A9, markers linked 
to diminished T cell immunity and improved transplant out-
comes,54 further supports the enhanced immunosuppressive 
capacity. Complementary murine scRNA-seq data reveal that 
the C2-LDLR+ MDSC shows enrichment in genes related to 
immune regulation (IL1RN, FCGR2B, and TREM2), cell ad-
hesion and migration (TGFBI, FN1, and SDC4), and signal 

transduction (DOK2, MS4A6D, and PHLDA1). Additionally, 
dynamic variation in MDSC scores across time points exhib-
ited a distinct temporal pattern.

During the acute phase following LT, the proportion of MD-
SCs increased significantly, with rejection tissues displaying 
markedly elevated expression of MDSC marker genes. These 
observations are consistent with the known functional char-
acteristics of MDSCs in inflammatory settings, suggesting 
that M-MDSCs are recruited to sites of inflammation through 
classical monocytic trafficking pathways to mitigate tissue 
damage.55 However, immunosuppressive therapies, includ-
ing glucocorticoids and CNIs, have been shown to influence 
the mobilization and functional activity of MDSCs.56–58 Simi-

Fig. 8.  Co-culture experiments of M-MDSCs and CD8+ T cells. (A) Flow cytometry analysis of functional markers in M-MDSCs and LDLR−/− M-MDSCs. (B) Flow 
cytometry analysis of functional markers in M-MDSCs and LDLR−/− M-MDSCs co-cultured with CD8+ T cells. (C) Flow cytometry analysis of functional markers in CD8+ 
T cells co-cultured with M-MDSCs and LDLR−/− M-MDSCs. *p < 0.05. **p < 0.01. ***p < 0.001. M-MDSCs, monocytic myeloid-derived suppressor cells.
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lar trends have been reported in kidney and small intestine 
transplantation, where sustained M-MDSC levels contrib-
ute to Treg expansion and improved graft survival.59–63 In 
parallel, liver transplant recipients experiencing rejection 
exhibit higher static proportions of M-MDSCs.64 The mouse 
OLT models validated these dynamic patterns. Flow cytom-
etry analyses of the liver, bone marrow, and peripheral blood 
in mice revealed trends in M-MDSC populations—including 
LDLR+ M-MDSCs—that closely mirrored clinical observations. 
These findings provide strong evidence that M-MDSCs, par-
ticularly the LDLR+ subset, play a pivotal immunosuppressive 
role in liver transplant rejection. Furthermore, the parallel 
expression of NECTIN2 and PDL1 with LDLR suggests that 
immune checkpoint pathways may mediate the immunosup-
pressive effects of these cells.

The immune system regulates appropriate responses 
through a balance of co-stimulatory and inhibitory signals. 
In acute liver transplant rejection, the activation and pro-
liferation of CD8+ T cells represent key mechanisms driv-
ing graft injury.15,16 Consequently, promoting functional 
exhaustion of CD8+ T cells may serve as an effective strat-
egy to attenuate transplant rejection and preserve graft 
function. Functionally, exhausted T cells diverge from ef-
fector and memory T cells by exhibiting a loss of effector 
function and increased expression of inhibitory receptors. 
Spatial analysis via mIHC in mice revealed significant clus-
tering of LDLR+ M-MDSCs and TIGIT+ CD8+ T cells during 
the tolerance-prone phase (four weeks post-LT), suggest-
ing that LDLR+ M-MDSCs may contribute to the induction 
of CD8+ T cell exhaustion. Effector T cells are typically 
marked by the expression of IFN-γ, GZMB, and IL-2, which 
distinguish them from exhausted T cells.65,66

MDSCs suppress T cell function primarily through the ac-
tions of ARG-1 and iNOS.11,67 ARG-1 depletes L-arginine in 
the T cell microenvironment, thereby impairing T cell recep-
tor signaling and inhibiting proliferation. Additionally, ARG-1 
contributes to the differentiation of Th17 cells and Tregs.65,68 
iNOS catalyzes the production of NO in large quantities, which 
suppresses T cell activation and induces apoptosis.69–71 We 
first assessed the expression of functional molecules in wild-
type M-MDSCs and LDLR−/− M-MDSCs using flow cytometry. 
The analysis revealed a significant reduction in iNOS expres-
sion in LDLR−/− M-MDSCs. Co-culture experiments further 
showed that, upon stimulation by CD8+ T cells, wild-type M-
MDSCs exhibited increased expression of both ARG-1 and 
iNOS, whereas LDLR−/− M-MDSCs displayed an upregula-
tion of ARG-1 alone. These findings suggest that wild-type 
M-MDSCs exert their immunosuppressive effects, at least 
in part, through elevated iNOS expression, and that LDLR 
modulates iNOS expression via an as-yet undefined regula-
tory pathway. Together, these results—including changes in 
effector molecule and inhibitory receptor expression in CD8+ 
T cells, alongside altered functional marker expression in 
M-MDSCs—demonstrate a diminished immunosuppressive 
capacity in LDLR−/− M-MDSCs. This highlights the essential 
role of LDLR in supporting the immunosuppressive function 
of M-MDSCs.

Moreover, in the mouse OLT model, we concurrently de-
tected the expression of the immune checkpoint molecules 
NECTIN2 and PDL1 in M-MDSCs, with expression patterns 
closely paralleling those of LDLR+ M-MDSCs. These find-
ings suggest that during liver transplant rejection, LDLR+ 
M-MDSCs may mediate immunosuppressive effects through 
ARG-1, iNOS, and immune checkpoint pathways, with iNOS 
serving as a particularly distinctive and functionally relevant 
marker.

Changes in metabolic states significantly affect MDSC ac-

tivity. In dyslipidemia, elevated CCR5 expression in M-MDSCs 
enhances their sensitivity to chemokines, thereby promoting 
their accumulation in inflammatory regions.70,72 Variations in 
LDLR expression in M-MDSCs may be associated with altera-
tions in cholesterol metabolism before and after LT. Prior to 
transplantation, patients with end-stage liver disease often 
exhibit reduced cholesterol levels due to malnutrition and di-
minished activity of synthetic enzymes. SREBP2, a key tran-
scriptional regulator of LDLR, is modulated by intracellular 
cholesterol content, thereby influencing LDLR expression.73 
Following transplantation, nutritional support and recovery 
of liver function typically lead to increased cholesterol levels, 
potentially triggering a reactive upregulation of LDLR expres-
sion during the acute phase. Over time, LDLR levels may sta-
bilize as the patient’s clinical condition improves. Cholesterol 
metabolism plays a critical role in regulating the immune 
microenvironment, impacting both innate and adaptive im-
mune responses.74 In hepatocellular carcinoma, reduced 
LDLR expression promotes tumor progression by disrupt-
ing cholesterol homeostasis.75 In addition to its role in cho-
lesterol transport, LDLR functions as an immunoregulatory 
membrane protein essential for the activation, proliferation, 
and effector functions of CD8+ T cells.76 Therefore, LDLR may 
influence MDSC function by modulating cholesterol homeo-
stasis within these cells.

In this study, LDLR+ M-MDSCs were identified as a func-
tionally superior immunosuppressive subset with distinct 
temporal and spatial dynamics following LT. These cells ex-
panded during the acute post-transplantation phase and 
early rejection in mouse OLT models, declined with immune 
stabilization, and exhibited a close spatial and functional as-
sociation with exhausted CD8+ T cells within the graft. This 
pattern suggests that LDLR+ M-MDSCs may serve as a poten-
tial non-invasive biomarker for immune status stratification, 
allowing dynamic assessment of rejection risk or transition 
toward immune tolerance beyond static histological evalua-
tion. Clinically, sustained elevation of circulating LDLR+ M-
MDSCs may indicate ongoing alloimmune activation and un-
resolved rejection, thereby facilitating earlier optimization of 
individualized immunosuppressive regimens. Furthermore, 
LDLR+ M-MDSCs represent a promising therapeutic target, 
as their ability to induce CD8+ T cell exhaustion via ARG-1, 
iNOS, and immune checkpoint pathways supports strategies 
to selectively enhance this subset to promote graft toler-
ance. The association between LDLR expression, lipid me-
tabolism, and the immunoregulatory function of M-MDSCs 
highlights immunometabolism as a clinically actionable axis 
that can be pharmacologically modulated through the LDLR 
pathway. Notably, PCSK9 inhibitors, which prevent LDLR 
degradation77 and have been shown in oncology to enhance 
CD8+ T cell–mediated antitumor immunity,78 offer a particu-
larly compelling therapeutic option. In the context of LT for 
hepatocellular carcinoma, PCSK9 inhibition may confer dual 
benefits by simultaneously augmenting antitumor immunity 
and enhancing M-MDSC-mediated suppression to promote 
graft acceptance, a hypothesis that warrants further inves-
tigation.

This study has several limitations. First, although periph-
eral blood flow cytometry data from clinical patients revealed 
trends in MDSCs, the relatively small sample size limited the 
depth of subsequent analyses. In addition, the functional 
experiments involving LDLR+ M-MDSCs did not comprehen-
sively examine metabolic differences, thereby constraining 
the understanding of the underlying mechanisms. Address-
ing these limitations in future research will be essential for 
achieving a more comprehensive understanding of the role 
of MDSCs in LT.
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Conclusions
MDSCs play a pivotal role in liver transplant rejection. This 
study advances the understanding of MDSC-mediated im-
mune tolerance and highlights the critical influence of LDLR 
expression on the immunosuppressive capacity of M-MDSCs. 
Further investigation is needed to elucidate the underlying 
immunoregulatory mechanisms and the therapeutic potential 
of LDLR+ M-MDSCs, which may inform novel strategies to 
improve transplant outcomes and advance the field of trans-
plant immunology.
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