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SUMMARY

We identified a previously uncharacterized liver-resident
CD4þ T cell subset in the livers of patients with alcoholic-
associated liver diseases compared with healthy and meta-
bolic dysfunction-associated steatotic liver disease liver
tissue. These CD4þ T cells may play a pivotal immune
pathogenic role in alcoholic-associated liver diseases.

BACKGROUND & AIMS: The immunological mechanisms un-
derpinning the pathogenesis of alcoholic-associated liver dis-
ease (ALD) remain incompletely elucidated. This study aims to
explore the transcriptomic profiles of hepatic immune cells in
ALD compared with healthy individuals and those with meta-
bolic dysfunction-associated steatotic liver disease (MASLD).

METHODS: We utilized single-cell RNA sequencing to analyze
liver samples from healthy subjects and patients with MASLD and
ALD, focusing on the immune cell landscapes within the liver. Key
alterations in immune cell subsets were further validated using
liver biopsy samples from additional patient cohorts.

RESULTS: We observed a significant accumulation of CD4þ T
cells in livers of patients with ALD, surpassing the prevalence of
CD8þ T cells, in contrast to patients with MASLD and healthy
counterparts, whereas natural killer (NK) cells and gdT cells
exhibited reduced intrahepatic infiltration. In-depth transcrip-
tional and developmental trajectory analyses unveiled that a
distinct CD4þ subset characterized by granzyme K (GZMK)
expression, displaying a tissue-resident signature and terminal
effector state, prominently enriched among CD4þ T cells infil-
trating the livers of patients with ALD. Subsequent examination of
an independent ALD patient cohort corroborated the substantial
enrichment of GZMKþCD4þ T lymphocytes, primarily within liver
fibrotic zones, suggesting their potential involvement in disease
progression. Additionally, we noted shifts in myeloid populations,
with expanded APOEþ macrophage and FCGR3Bþ monocyte
subsets in ALD samples relative to MASLD and healthy tissues.

CONCLUSIONS: In summary, this study unravels the intricate
cellular diversity within hepatic immune cell populations, high-
lighting the pivotal immune pathogenic role of the GZMKþCD4þ T
lymphocyte subset in ALD pathogenesis. (Cell Mol Gastroenterol
Hepatol 2025;19:101411; https://doi.org/10.1016/j.jcmgh.2024.101411)

Keywords: Alcoholic-associated Liver Disease; CD4þ

T Lymphocyte; Granzyme K; Metabolic Dysfunction-associated
Steatotic Liver Disease; Single-cell RNA Sequencing.
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lcohol-associated liver diseases (ALD) describes a
Awide range of liver disease entities caused by
excessive alcohol consumption. Recent estimates suggest
that about 1 million deaths per year from liver cirrhosis can
be attributed to alcohol, with a rising incidence at an
alarming rate.1,2 The condition generally progresses from
common hepatic steatosis to steatohepatitis, liver fibrosis,
liver cirrhosis, and eventually hepatocellular carcinoma.1,3,4

Earlier stages of ALD are considered reversible with absti-
nence from alcohol. For the treatment of alcoholic hepatitis,
currently available drugs, such as corticosteroids,5 have a
marginal short-term survival benefit, which is unsatisfactory
for patients. However, for patients with end-stage ALD, the
only curative therapy is liver transplantation.2,4 To date, no
pharmacological agent or treatment has been approved by
the United States Food and Drug Administration (FDA) for
the management of patients with ALD.6 Therefore, there
remains an unmet need for the development of identifica-
tion of new therapeutic targets and safer medical cures for
the treatment of alcohol-induced liver disease.

Despite intense research efforts, mechanisms underlying
ALD involved in the onset and progression remain elusive.
The hepatic immune ecosystem contains many types of
immune cells and involves a number of heterogeneous
subpopulations. Multiple lines of evidence suggest that
inflammation is very important for disrupted liver homeo-
stasis in stress conditions generating from alcohol meta-
bolism, and the immune microenvironment plays vital roles
in the development of ALD at different stages.2,7–9 A salient
component in the development of ALD is Kupffer cell acti-
vation and recruitment of inflammatory monocytes and
macrophages to the liver.8,10 Pro-inflammatory macro-
phages (M1) can drive the process of alcoholic liver injury
via NF-kB signaling pathway.8 Alcohol feeding promotes an
anti-inflammatory macrophage phenotype (M2) by regu-
lating KLF4 expression.11 Cho et al reported that alcohol
could induce neutrophil extracellular trap (NET) formation
that contributes to liver damage.7 Their work uncovered the
heterogeneity of neutrophils in alcohol-associated hepatitis,
including high-density and low-density neutrophils that
show hyper-activated or exhausted transcriptomic profiles,
respectively.7 Excessive alcohol use could also induce gut
bacterial unbalance and elevate bacterial antigens and me-
tabolites, causing depletion of circulating mucosa-associated
invariant T (MAIT) cells that results in bacterial infection in
patients with severe alcoholic hepatitis.12 Nevertheless, the
composition of liver immune cells in ALD and their contri-
bution and interaction to the development of ALD is
incompletely understood. Understanding the heterogeneity
of immune cell types in ALD livers is essential to understand
immune niche, which might be helpful to design effective
immunotherapeutic strategies for the treatment of patients
with ALD.

Single-cell RNA sequencing (scRNA-seq) is a powerful
tool for the investigation of the cellular components and
their interactions in the hepatic homeostatic and pathogenic
microenvironment.13–16 Based on the computational
methods of ligand-target links, scRNA-seq is able to provide
insights into the intercellular crosstalk network.17 To date,
1014
the study of scRNA-seq for gene-expression analyses in liver
disease have been conducted in hepatic cirrhosis,14,16,18

liver cancer,15 non-alcoholic fatty liver disease/nonalco-
holic steatohepatitis,19 and chronic hepatitis B virus (HBV)
infection.20 A detailed definition of the functional hetero-
geneity and interaction of immune cell lineages would
contribute to understand and identify specific immune cell
subpopulations that involve in ALD pathogenesis.

To get a comprehensive depiction of the immunological
mechanism within ALD pathogenesis, we applied scRNA-seq
and constructed a landscape of hepatic immune cell atlas
using livers from patients with ALD compared with healthy
patients and patients with metabolic dysfunction-associated
steatotic liver disease (MASLD). We identified a previously
uncharacterized population of liver-resident CD4þ T cell
subset with a cytotoxic signature, which was specifically
enriched in the hepatic fibrotic scope. These CD4þ T cells
are very likely to contribute to the pathogenesis of ALD and
could be targeted in novel therapeutic approaches.

Results
scRNA-seq Profiling of the Tissue Niche in Livers
of Patients With ALD

We performed scRNA-seq on 5 fresh liver biopsies from
ALD diagnosed patients (Figure 1A). Detailed clinical and
pathological information are provided in Figure 1B and C.
After rigorous quality control, we obtained 30,149 high-
quality cells with an average of 1569 genes per cell pro-
filed. All scRNA-seq data were merged, normalized, batch-
corrected, and clustered to identify coarse cell types,
including lymphoid, myeloid, endothelial, hepatic stellate
cell, lymphoid endothelial cell, and liver parenchymal cells,
including hepatocytes and cholangiocytes (Figure 1D and E).
The major cell subsets were shared across all patients
investigated (Figure 1F).

Metabolically Responsive Signature of Pro-
inflammatory Macrophage Subsets

To examine the extent to which the changes in the im-
mune atlas may be specific to ALD, we pooled the immune
cells in our cohort and in our recently published data on
metabolic dysfunction-associated steatohepatitis (MASH),21

and assess the differences in immune cell subsets at the
single-cell level (Figure 2A). We first analyzed the myeloid
cell compartments separately to facilitate exact cell type
annotation. Clustering the myeloid-driven compartment
resulted in 2 macrophage (Mf-C1-APOE and Mf-C2-
FCGR3A), 3 monocyte (Mono-C1-FCGR3B, Mono-C2-
FCGR3A, Mono-C3-CD14), and 2 dendritic (DC-C1-FCER1A
and DC-C2-CLEC9A) as well as 1 cycling clusters
(Figure 2B–C). Characteristic markers of different cell pop-
ulations are labeled in Figure 2D. Although the difference
did not reach statistical significance, a slight decrease in the
proportion of dendritic cells can be observed (Figure 2C).
DC-C1-FCER1A highly expressed FCER1A, CD1C, and
CLEC10A, corresponding to cDC2,22 whereas DC-C2-CLEC9A
highly expressed CLEC9A, IRF8, CST3, and HLA-related
genes, representing cDC1 (Figure 2E). cDC1 cells were
11
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comparable in healthy, MASLD, and ALD livers (Figure 2F).
cDC2 cells were higher in MASLD than in healthy or ALD
samples (Figure 2B and Figure 2F), albeit not statistically
significant, consistent with the previous reports that cDC2
are strongly associated with hallmarks of MASH in patients
and the mouse models.23–25

When focusing on macrophages, while Mf-C2-FCGR3A
population corresponded to the classical M1 macrophage
polarization, with expression of FCGR3A in the absence of
CD163, Mf-C1-APOE cells expressed both (Figure 2E),
consistent with previous reports.14,15 Expression of MARCO
in Mf-C1-APOE cells suggested that this subset was most
likely derived from liver resident Kupffer cells26

(Figure 2E). Examination of the 2 macrophage clusters
revealed substantial population shifts, with Mf-C1-APOE
highly enriched and Mf-C2-FCGR3A reduced in livers
from patients with ALD, albeit not statistically significant
(Figure 2G and Figure 3A). Differential gene expression
analysis revealed a transcriptional signature of APOE, C1QA,
C1QB, C1QC, APOC1, CTSD, CTSB, CTSL, FABP5, LAMP1, LIPA,
and LGALS3 in Mf-C1-APOE, signatures associated with
lipid metabolism27–29 and phagocytosis (Figure 3B–C). The
lipid metabolism signature of Mf-C1-APOE is reminiscent of
“lipid-associated macrophage” (LAM) previously defined in
the context of obesity and the “disease-associated microglia”
(DAM) found in the context of Alzheimer’s disease.30 This
remarkable similarity suggested a conserved macrophage
response signature present across different tissues in
response to aberrations in lipid metabolism. In addition to
the lipid metabolism signature up-regulated in Mf-C1-APOE
(Figure 3D), functional analysis by Gene Set Enrichment
Analysis (GSEA) further identified a stronger immune
signature for Mf-C1-APOE (Figure 3E–G). Notably, Mf-C1-
APOE expressed a set of pro-inflammatory genes including
VSIG4, CCL3, IL18, CCL4L2, and CCL4 but not IL1B
(Figure 3H–L), analogous to the LAM and DAM mentioned
above. These data highlighted Mf–C1-APOE subset as a
metabolically responsive macrophage population with pro-
inflammatory functions during ALD progression.
Diversity Within the Monocyte Populations
Heterogeneous monocyte populations consisted of 3

subsets (Mono-C1-FCGR3B, Mono-C2-FCGR3A, Mono-C3-
CD14) (Figure 4A). Mono-C3-CD14 highly expressed CD14
in the absence of CD16 (LYZþCD14þþCD16-) (Figure 4A), a
signature of classical monocytes.31 Two additional non-
classical monocyte subsets (LYZþCD14þCD16þ) were
distinguished by the expression of the CD16 isoforms
FCGR3B and FCGR3A among other differentially expressed
genes, and were thereafter referred to as Mono-C1-FCGR3B
and Mono-C2-FCGR3A (Figure 4B), respectively. Mono-C1-
Figure 1. (See previous page). Single-cell transcriptome map
illustrating the overall study design. (B) Information on the patien
images and H&E staining of human livers obtained from the 5 pa
plots displaying major cell types identified in the livers of the 5
heatmap illustrating the gene expression patterns within major c
panel) and bar plots representing the proportion of cell types a
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FCGR3B showed a trend toward upregulation in ALD
(Figure 4C). We performed differential expression (DE) and
pathway analysis to determine subset-specific gene pro-
grams (Figure 4D). Compared with the classical monocytes
of the Mono-C3-CD14 subset, Mono-C2-FCGR3A is enriched
in IFNg-mediated signaling, as well as genes involved in
antigen processing and presentation (Figure 4D–E). In
contrast, Mono-C1-FCGR3B exhibits a pro-inflammatory
pattern of gene expression, including overexpressed genes
regulating cellular response to lipopolysaccaride, unfolded
protein, and temperature stimulus (Figure 4D–E). Of
particular note, this FCGR3Bþ monocyte population closely
resemble a most recently defined subset of monocyte-
derived alveolar macrophages (MoAMs) in patients with
severe COVID-19.32

We next performed the trajectory analysis to infer
changes in the status of monocyte subsets. We identified 2
transformations: Mono-C3-CD14 to Mono-C1-FCGR3B (Tra-
jectory 1) and Mono-C3-CD14 to Mono-C2-FCGR3A (Tra-
jectory 2) (Figure 5A). Several pro-inflammatory molecules,
including PTGS2, CXCL8, PLAUR, and CCL4L2, were up-
regulated along the Mono-C1-FCGR3B axis, whereas CD74
and CLEC10A, implicated in antigen processing, were up-
regulated along the Mono-C2-FCGR3A axis (Figure 5B).
Importantly, Mono-C1-FCGR3B represented the major
source for CXCL8 production (Figure 5C), indicative of its
potential role in inflammatory response and tissue injury
(Figure 5D).
CD4þ T Cell Population Expansion in Livers of
Patients With ALD

We next focused our analysis on the detailed changes of
T cells/natural killers (NKs) subsets (Figure 6A). The re-
clustering of T cells/NKs obtained 6 major cell clusters ac-
cording to the expression and distribution of canonical T cell
markers , including CD4þ T cells (CD3DþCD4þ), CD8þ T
cells (CD3DþCD8Aþ), NKT cells (CD3DþNKG7þ), NK cells
(NKG7þGNLYþ), gd T cells (CD3EþTRDCþ), and 2 clusters
exhibiting a heat-shock stress-activated pathway
(Figure 6A–C), as indicated by expression of HSP family
members (HSPA1A, HSPB1, HSPD1, and HSPA6), as previ-
ously reported.33 One cluster could not be explicitly iden-
tified because of a lack of specific markers. Based on the top
differentially expressed genes (DEGs), we identified unique
markers for all subsets (Figure 6D–E).

Comparison of the abundance of each individual T cell
cluster showed a dramatic loss of NK cells and an expansion
of CD4þ cell in ALD samples (Figure 7A–B). Notably, the 3
NK subsets (NK-C1-GNLY, NK-C2-CCL4, NK-C3-PTGDS)
showed the same decreased trend in ALD samples
(Figure 7C), indicating global rather than subset-specific
of cell types in livers from patients with ALD. (A) Diagram
ts with ALD included in this study. (C) Computed tomography
tients with ALD included in the scRNA-seq analysis. (D) UMAP
individuals with ALD, encompassing 24 clusters. (E) Bubble
ell clusters. (F) UMAP plots presenting major cell clusters (left
cross patients (right panel).
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Figure 2. Mapping of myeloid cell subsets in livers from healthy donors and patients with MASLD and ALD. (A–B) UMAP
plots displaying major immune cell clusters obtained from integrated datasets of healthy donors and individuals with MASLD
and ALD (A). Myeloid cells were highlighted and subjected to re-clustering (B). (C) Bar plots indicating the proportion of
myeloid cell subsets in liver donors. (D) Heatmap displaying the 2 macrophage subsets in liver donors. (E) Heatmap displaying
the expression levels of marker genes within each myeloid cell subset. (F) UMAP plots showing the expression of single marker
genes in the 2 macrophage subsets. (G) UMAP plots demonstrating the expression levels of specific marker genes within 2
macrophage subsets.
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Figure 4. Mapping of monocyte cell subsets in livers from healthy donors and patients with MASLD and ALD. (A) Violin
plots representing the differentially expressed marker genes within the monocyte cell subsets. (B) UMAP plots displaying the
expression levels of specific marker genes within the monocyte subsets. (C) Box plots indicating the proportions of the 3
monocyte cell subsets in liver donors. Data are shown in mean ± SEM; P-value was obtained by Student’s t-test. (D) DE and
pathway analysis revealing subtype-specific gene programs. (E) Radar plot showing the scaled expression levels of the
indicated genes.

2025 Immune Cell Landscape in Alcoholic Liver Disease 7
reduction of NK cells. IHC staining using the NK cell marker
NCR1 further confirmed decreased proportion of NK cells in
liver samples from ALD cases as compared with control and
Figure 3. (See previous page). Immunological features of mac
subsets in liver donors. (B) UMAP plots showing the expression
plots depicting the proportion of the 2 macrophage subsets in li
provide a clearer comparison between each group. (D) UMAP plo
(E–H) GSEA analysis of the indicated gene sets, comparing
macrophage subsets. (J) Bar plots illustrating the expression d
shown in mean ± SEM; ****P < .0001 by Student’s t-test. (K) Ba
genes in the 2 macrophage subsets. Data are shown in mean
showing the expression difference of pro-inflammatory genes in
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MASLD (Figure 7D). Besides NK cells, cells of gd-C2-CMC1,
gd-C4-VCAM1, and CD8-C2-NKG7 subsets were also reduced
(Figure 7C). Immunofluorescence (IF) staining of CD8 and
rophage subsets. (A) Heatmap displaying the 2 macrophage
of single marker genes in the 2 macrophage subsets. (C) Bar
ver donors. One-way ANOVA followed by Fisher’s LSD test to
ts exhibiting the expression levels of individual marker genes.
the 2 macrophage subsets. (I) Ranking of DEGs in the 2
ifferences of genes in the 2 macrophage subsets. Data are
r plots showing the expression difference of pro-inflammatory
± SEM; ****P < .0001 by Student’s t-test. (L) UMAP plots
the 2 macrophage subsets.
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Figure 5. Immunological features of monocyte cell subsets. (A) Visualization of the monocyte trajectories inferred by Slingshot
and VIA. The color map on the right represents pseudotime, ranging from early (purple) to late (yellow). (B) Expression of the
indicated genes along the pseudotime axis. (C) UMAP plots illustrating the correlated expression of pro-inflammatory genes in
monocyte cell subsets. (D) CSOmap showing the correlation of the CXCL8-CXCR2 L-R pair among immune cell subsets.
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NKG7 confirmed marked reduced of CD8þNKG7þ T cells in
livers from ALD cases (Figure 7E). A total of 6 CD4þ T-cell
clusters were identified, including naive (CD4-C1-CCR7),
effector memory (CD4-C2-GZMK), memory-like (CD4-C2-
S100A4), central memory (CD4-C4-ANXA1), TH17 (CD4-
C5-IL23R), and regulatory (CD4-C6-FOXP3) T cells
(Figure 7C). The 9 subsets of CD8þ T cell clusters included 2
effector CD8þ T cell subsets (CD8-C1-GZMK and CD8-C2-
NKG7), 2 memory (CD8-C3-CCL4L2 and CD8-C4-CCL4)
subsets, central memory (CD8-C5-ANXA1) subset, 1 subset
characterized by high expression of PLCG2 (CD8-C6-
CCL4L2), and 3 subsets of MAIT cells (MAIT-C1-LTB,
MAIT-C2-JUN and MAIT-C3-CCL4), sharing expression of
SLC4A10 (Figure 7C). IF staining for CD4, CD8, and ANXA1
revealed a significant expansion of the central memory T
cell subset (CD4-C4-ANXA1) and a slight expansion in the
central memory CD8 T cell subset (CD8-C5-ANXA1) in ALD
liver samples compared with control and MASLD
(Figure 7E). The 3 subsets of NK cell clusters were defined
as NK-C1-GNLY, NK-C2-CCL4, and NK-C3-PTGDS subsets.20

The 4 subtypes of gd T cells included gd-C1-AREG, gd-C2-
CMC1, gd-C3-CCL4L2, and gd-C4-VCAM1 subsets.34,35

Focusing on the CD4þ and CD8þ T cells, we identified
increased proportion of CD4þ T cells were found in the
samples from ALD as compared with control and MASLD,
and we also observed CD4þ T cells mainly localized in the
fibrotic zone (Figure 7D). CD8þ T cells show an increased
trend in ALD but did not reach statistical significance as
compared with control and MASLD (Figure 7D). The
numbers of CD4þ T cells and CD8þ T cells do not differ
between MASLD and healthy cases, in line with the data on
MASH and control groups from report by Ma et al.36
Tissue-resident GZMKþCD4þ T Cells Enrichment
in Livers of Patients With ALD

Quantification of the relative percentage of each CD4þ T
cell subset revealed that the CD4-C2-GZMK and CD4-C4-
ANAX1 subsets were expanded in livers from patients
with ALD (Figure 7C), of which the CD4-C2-GZMK subset
was most prominently upregulated. Representative highly
expressed genes in the CD4-C2-GZMK subset include those
well-documented in T cell activation/differentiation (eg,
IKZF3, MAF, BATF)37, and effector function (eg, GZMK, GZMB,
GZMM), whereas genes involved in T cell stemness/quies-
cence (eg, CCR7, SELL, LEF1)20 were expressed at low levels
(Figure 8A–B). The CD4-C2-GZMK subset also showed fea-
tures of tissue residency, including the relatively high
expression of surface receptor CD49A (encoded by ITGA1)
and CXCR4, as well as the master transcription factor for
tissue residency ZNF683 (Figure 8B). These features suggest
Figure 6. (See previous page). Mapping of lymphocyte cell
MASLD and ALD. (A) UMAP plots illustrating the major immu
donors and individuals with MASLD and ALD. The lymphocyte p
distinct NK & T-cell subsets. (B) UMAP plots displaying single
identified NK & T-cell subsets. (C) Violin plots representing the D
plots revealing 26 subclusters within the NK & T-cell subsets.
within the 26 NK & T-cell subsets.
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that they represent tissue-resident cytotoxic CD4 T cells.
Indeed, the transcriptional features of the CD4-C2-GZMK
subset was analogous to a group of granzyme A-producing
CD4þ T cells implicated in acute graft-vs-host disease.37

We next applied unsupervised inference method
Monocle and partition-based graph abstraction (PAGA)
analysis15 to construct the potential developmental trajec-
tories of CD4þ T cells (Figure 8C), excluding TH17 cells of
CD4-C5-IL23R as they were distantly segregated from the
other subsets. Both analyses showed that the CD4-C1-CCR7
cells were at the beginning of the trajectory path, whereas
the CD4-C2-GZMK and CD4-C6-FOXP3 cells were at the
different terminal states (Figure 8D). We next investigated
the transcriptional changes associated with transitional
states. Genes implicated in T cell differentiation and effector
function were increased gradually along the trajectory
(Figure 8D). Also, the expression of the HVEM receptor
CD160, ITGA1, CXCR4, and CXCR6, as well as the master
transcription factor for tissue residency ZNF683,38 showed
the same trend, implying that the tissue residency programs
were activated along with terminal effector differentiation
in the CD4-C2-GZMK subset (Figure 8D). CD4-C3-S100A4
and CD4-C4-ANXA1 cells located in the middle of the tra-
jectory and were enriched for genes in the NF-kB signaling
and AP-1, in line with their intermediate activation state.
The Treg markers and effectors were also co-expressed,
including the expression of IL32, which has been recently
reported as key regulators of Treg cell development39

(Figure 8D). By integrating the trajectory information, this
transition was determined to initiate with CD4-C1-CCR7
cells, through an intermediate activation state characterized
by CD4-C3-S100A4 and CD4-C4-ANXA1 cells, and finally
reach either an effector state of CD4-C2-GZMK cells, or a
regulatory state of CD4-C6-FOXP3 cells (Figure 8D). By
analyzing the trajectories of CD4þ T cells in control, MASLD,
and ALD cases separately, we confirmed that CD4-C2-GZMK
cells were substantially enriched in livers of patients with
ALD (Figure 8E). Pathway analysis further confirmed that
genes increased along the trajectory were related to allo-
graft rejection, indicative of the roles of CD4-C2-GZMK cells
in mediating tissue damage (Figure 8F). Using serial section
of liver tissue samples on immunohistochemistry (IHC)
staining of CD4 and GZMK, we found a similar distribution
and expansion trend between GZMKþ cells and CD4þ cells
in livers of patients with ALD as compared with livers of
patients with MASLD and healthy donors (Figure 8G). Dual
IF staining of CD4 and GZMK further confirmed marked
expansion of these double-positive T cells in livers from ALD
cases in the fibrotic septa (Figure 8H), probably reflecting
its immune-pathogenic features associated with ALD
pathogenesis.
subsets in livers from healthy donors and patients with
ne cell clusters obtained from integrated datasets of healthy
opulation was re-clustered, resulting in the identification of 8
gene expression levels of specific marker genes within the
E of marker genes within the NK & T-cell subsets. (D) UMAP
(E) Bubble heatmap displaying the gene expression patterns

11



2025 Immune Cell Landscape in Alcoholic Liver Disease 11

101411



12 Gao et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 2
Gene Regulatory Networks Involved in CD4þ

T Cell Subsets
We next used single-cell regulatory network inference

and clustering (SCENIC) to map the gene regulatory net-
works governing these CD4þ T cell states.40 Marked differ-
ences in regulon activity between each subset were
observed (Figure 9A). As expected, the CD4-C6-FOXP3
cluster had the highest regulon activity for FOXP3, whereas
specific to the CD4-C1-CCR7 cluster were the TCF7 and
LEF1 regulons (Figure 9A–C). Besides the key transcription
regulators that previously known to be associated with T
cell differentiation and functionality, including IKZF1 and
RORA, SCENIC analysis identified KLF13 and KMT2A with
high regulon specificity in CD4-C2-GZMK cells. These data
are highly relevant, given that KLF13 has been demon-
strated to cooperate with c-Maf to regulate IL-4 expression
in Th2 cells.41 KLF13 has also been shown to correlate with
the cytotoxic program in CD8þ T cells.42 KMT2A plays
crucial roles for the retention of cytokine production, spe-
cifically in memory Th2 cells.43 These TFs were inferred to
regulate a network of genes implicated in critical functions
of T cells (Figure 9C), pointing to them as driving forces of
the development of CD4-C2-GZMK cells, although this
should be further verified.
Cell-cell Communication Analysis Among
Immune Cell Subsets

To gain insights into the regulatory relationships among
cell subsets, we utilize immune-related ligand-receptor (L-
R) pairs to calculate the strengths of the interactions.44

Comparison of the overall communication probability
across the 3 conditions revealed that IL1 and TNF signaling
pathways were highly active in livers from patients with
ALD (Figure 10A–C), with the myeloid cells as the main
signal receivers (Figure 10B–D). Focusing on the cytotoxic
CD4þ T cells, the CD4-C2-GZMK subset from all 3 conditions
showed strong potential interaction via the TCR signaling
and the co-stimulator CD28/B7 family CD86-CD28
(Figure 10D), consistent with their fundamental roles in
mediating T cell activation. Pathways through KLRB1, CD6,
and CD55 were specifically active in livers from patients
with ALD (Figure 11A–E). KLRB1 is reported to play both
co-stimulatory and co-inhibitory roles in T cells.45–47 Of
note, KLRB1 has recently been reported to mark the cyto-
toxic CD4þ T cells.48 CD6 is a co-stimulatory receptor
expressed on T cells that binds activated leukocyte cell-
adhesion molecule (ALCAM), modulating effector T cell
activation and trafficking.49,50 ADGRE5/CD55 interaction
drives CD4þ T cell activation, expansion, and function,
Figure 7. (See previous page). Up-regulated infiltration of C
showing the altered cell abundance in ALD samples compared w
proportions of NK & T-cell subsets in the livers of 3 different
between groups. (C) Bar plots indicating the proportions of 5 NK
staining and quantification of NK, CD4, and CD8 in the 3 types
human liver tissue sections from healthy donors (Ctrl) and pat
against CD8 (green) and NKG7 (red), CD4 (green) and ANXA1
shown in mean ± SEM; P-value was obtained by Student’s t-te
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comparable with CD28 costimulation.51,52 The stronger in-
teractions via KLRB1, CD6, and CD55 suggest that these
pathways might contribute to the expansion of the CD4-C2-
GZMK subset, which may drive disease pathogenesis in ALD.
Discussion
In this study, we applied single-cell sequencing to char-

acterize the hepatic immune cell atlas of ALD. Our findings
highlight a distinct population of GZMK-producing CD4þ T
cells exhibiting a terminal effector state and liver-resident
signature that is the prominently enriched CD4þ T cell
population and particularly localizes within the fibrotic
livers of patients with ALD as compared to individuals with
MASLD and healthy controls. In myeloid populations, a
significant shift in the composition is noted, with an
expansion of APOEþ macrophages and FCGR3Bþ monocytes.
These observations provide further insights into the
immunopathogenesis of ALD in humans.

CD4þ T cells have been extensively studied in a range of
etiologies of liver fibrosis such as MASLD,14,36 MASH,16 and
alcoholic steatohepatitis (ASH),14 but many gaps remain
regarding their potential role in immune-mediated fibrosis.
More recently, the roles of CD4þ T cells during the pro-
gression from MASLD to MASH have been investigated at a
single-cell level by Woestemeier et al, showing that CD4þ T
cells with a TH17 polarization state are enriched in the
fibrotic livers of patients with MASH compared with pa-
tients with MASLD.16 Work of Ma and coworkers also report
CD4þ T lymphocytes characterized by producing more IL-17
in methionine choline-deficient diet (MCD)-induced MASLD
mice.33 Our current data have identified 6 human CD4þ T
cell populations, that are naive (CD4-C1-CCR7), effector
memory (CD4-C2-GZMK), memory-like (CD4-C2-S100A4),
central memory (CD4-C4-ANXA1), and TH17 (CD4-C5-
IL23R) and regulatory (CD4-C6-FOXP3) T cells. Interest-
ingly, we also find that the number of these TH17 cells in-
creases in patients with ALD compared with patients with
MASLD and healthy humans. Moreover, our integration on
developmental trajectories reports here that this TH17
(CD4-C5-IL23R) subset is distantly segregated from the
other CD4þ T cell subsets we have clustered in our data.
Another single-cell level report by Ramachandran et al
shows that one CD4þ T cell subset reduces significantly,
whereas the other subset increases significantly in liver
cirrhosis cohorts by combining ALD and MASLD samples
when compared with healthy control samples according to
their annotation.14 Interestingly, among the 6 subsets in our
data, the naive (CD4-C1-CCR7) subset is reduced and the
other 5 subsets are increased in patients with ALD, which
D4D T cells in livers from patients with ALD. (A) Heatmap
ith healthy and MASLD samples. (B) Box plots illustrating the
donors. The Wilcoxon test was used to analyze differences
& T-cell subclusters in the livers of different donors. (D) IHC

of liver samples. (E) Representative photomicrographs of the
ients with MASLD and ALD after IF staining with antibodies
(red), CD8 (green) and ANXA1 (red). For B and D–E, data are
st.
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might be in line with the widely different 2 populations
described by Ramachandran et al.14

In recent years, cytotoxic CD4þ T lymphocytes (CD4þ

CTLs) have been repeatedly characterized in humans and
mice.16,37,48,53,54 Hashimoto et al reported that GZMBþCD4þ

T cells were quite abundant in supercentenarians. CD4þ

CTLs extracted from supercentenarians could produce IFN-
g and TNF-a upon ex vivo stimulation.48 A single-cell tran-
scriptome sequencing study has identified infiltrating CD4þ

CTLs in human bladder cancer,55,56 where they could
directly kill tumor cells in a major histocompatibility com-
plex (MHC) class II-dependent manner, suggestive of their
important role in immunosurveillance. Another potential
function of CD4þ CTLs is antiviral immunity, in which their
cytotoxic effector mechanisms, the Fas ligand (CD95L) and
Perforin (PFP)/Granzyme-dependent pathways, are impor-
tant for cell-mediated killing.53 However, the understanding
of the pathophysiological role of CD4þ CTLs remains
incomplete, particularly in the context of the conversion
from CD4þ helper T cells to CD4þ CTLs. Our scRNA-seq
analysis suggests that subset of CD4þ CTLs, GZMKþCD4þ

T cells is significantly enriched in livers from patients with
ALD. Histological data also reveal its role associated with
hepatic fibrosis. We describe here that these GZMKþCD4þ

T cells are in a terminal effector differentiation, particu-
larity involving immune regulation such as allograft
rejection, IL6/Jak/STAT3 signaling, IFNg response, and
TNF signaling, indicative of the roles in mediating
inflammation and tissue damage. These findings in ALD
suggest that cytotoxic CD4þ T lymphocytes might have a
pathogenic function. Further functional experimental
studies are warranted to investigate its detailed expres-
sion profiles and functions in ALD, as well as other pa-
thologies featured by fibrosis and tissue damage.

In contrast to marked expansion of CD4þ T cell subsets
in patients with ALD, NK cells are the most reduced liver-
infiltrating subsets in ALD cases in our analysis, contain-
ing all the NK subsets (NK-C1-GNLY, NK-C2-CCL4, NK-C3-
PTGDS). NK cells, a key component of innate immunity,
are much known to be functionally impaired due to the
oxidative breakdown of alcohol and acetaldehyde in the
progression of ALD.57 In the mouse model of ALD,58 chronic
ethanol feeding significantly reduces the numbers of intra-
hepatic NK cells and suppresses their killing capacity on
activated HSCs that are responsible for fibrogenesis. In the
liver of patients with severe alcoholic hepatitis, studies have
reported reduction of activated NK cells,59 and impairment
on their cytotoxic functions diminish the expression of IFN-
g as well as IFN-g-activated signal pathway, which leads the
limitation upon IFN-g-induced cell cycle arrest and
apoptosis that thus accelerates liver fibrosis.60 Our study
Figure 8. (See previous page). Characteristics of GZMKDCD
(B) showing the expression levels of specific marker genes withi
CD4þ T cell subsets. (D) Feature genes along the developmenta
subsets in healthy donors (Ctrl) and MASLD and ALD sample
allograft rejection pathway. (G) IHC staining of GZMK and CD4
staining of CD4 and GZMK in livers from the 3 types of liver don
Student’s t-test.
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incisively strengthened this notion that the numbers of
cytotoxicity NK cells were significantly reduced in livers of
patients with ALD as analyzed by subpopulation statistics.
This observation is in line with the fact that patients with
ALD display a reduction of NK cells, resulting in a decrease
in antiviral, anti-fibrotic, and anti-tumor effects of NK cells,
thereby contributing to an increased susceptibility to viral
hepatitis and an accelerated progression of liver fibrosis and
hepatocellular carcinoma (HCC) in patients with ALD.61

Recent publications emphasize on the infiltration of
myeloid-derived cells could foster ALD, but the involved
mechanism is not clearly defined, especially for macro-
phages and monocytes. Under physiological conditions, it
was reported that the role of polarized macrophages within
tissues was regulated by various signals derived from
microenvironment.62 Our study defined APOEþ tissue-
resident macrophages as a group of ALD unique lipid-
associated macrophages in contrast with the
GpnmbþSpp1þ counterparts in healthy subjects and pa-
tients with MASH,63,64 which might be shaped by molecular
patterns from lipid overload hepatocytes induced by
alcohol. Accordingly, the primary function of this special
macrophage population is to engulf and remove the
damaged tissue; thereafter, a battery of cytokines and che-
mokines may recruit and evoke other immune cells for
further responsive process.65 CD14þFCGR3Bþ monocyte
subtypes, as a specific population responding to gut-derived
endotoxin, were involved in the aforementioned process.
Current single-cell transcriptome data show that FCGR3B
gene expression also increases significantly in CCL3L1-
positive non-classical monocytes in severe COVID-19
cases,32,66 indicating conserved response signature across
different tissues and disease. Notably, CD14þFCGR3Bþ

monocytes were the major source of CXCL8 production in
the liver in humans with ALD, and they may in turn interact
and promote the activation of immune cells through CXCL8-
CXCR2 axis, thereby exacerbating ALD progression. Addi-
tionally, recent studies demonstrated that CXCL8 can also
interact with activated endothelial cells, which potentially
facilitate leukocyte recruitment and infiltration in heart
failure67 and cirrhosis.68 Considering CD14þFCGR3Bþ

monocytes as the hub cells in intercellular interaction
network, inhibiting CXCL8 might be a possible future
immunotherapy approach to ALD.

In summary, we report a remarkably expanded effector
population of CD4þ CTLs in livers from ALD-related pa-
tients. This population specifically enriched in liver fibrotic
zones seems to have an inflammation regulatory function,
reflecting their roles in ALD immunopathogenesis. These
findings not only improve our understanding of hepatic
immunological components in the context of ALD, but also
4D T cell subset. (A–B) UMAP plots (A) and bubble heatmap
n 6 CD4þ T cell subsets. (C) Developmental trajectories of the
l trajectories. (E) Developmental trajectories of the CD4þ T cell
s. (F) GSEA on CD4-C2-GZMK showing enrichment of the
in serial sections of liver samples from different donors. (H) IF
ors. Data are shown in mean ± SEM; P-value was obtained by
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Figure 9. TFs related to T cell differentiation and functionality. (A) Heatmap displaying the expression of 4 TFs in the 5
CD4þ T-cell subsets. (B) UMAP plots showing the expression levels of individual TFs in CD4þ T-cell subsets. (C) Interaction
network highlighting 4 key TFs related to T cell differentiation and functionality.
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might have implications for clinical diagnostics and might
behave as a potential biomarker in patients with ALD in
different disease stages. Our discovery may offer valuable
insights for the development of targeted therapeutic in-
terventions in the future.
Materials and Methods
Human Subjects

Fresh samples used in the study were obtained from
patients undergoing liver biopsy at Qilu Hospital. A total of 5
patients diagnosed with ALD at Qilu Hospital, Shandong
University were enrolled in this study. The liver samples
were 1 � 1 cm in size, and were processed for scRNA-seq, as
described below. For the validation cohort, paraffin-
embedded tissue sections from controls and MASLD and
ALD cohorts were obtained. The study protocol was
reviewed and approved by the Ethical Committee of School
of Basic Medical Sciences, Shandong University (Document
1014
No. ECSBMSSDU2022-1-40). Informed consent was ob-
tained from all participants.

Preparation of Single-cell Suspensions
Each tissue sample was placed in a sterile Petri dish on

ice. The tissue was subsequently minced to smaller pieces of
less than 3 mm. Sample pieces were transferred to a gentle
MACS C Tube (Miltenyi #130-093-237) containing 5 ml
digestion enzyme mix. The C tube was then placed on a
gentleMACS Octo Dissociator for mechanical dissociation.
Upon run completion, the sample was incubated for 30
minutes at 37 �C under continuous low shaking. Subse-
quently, the sample was filtered using a 70-mm nylon mesh
(Miltenyi #130-095-823). Ten ml of this cell suspension was
counted by Trypan Blue to determine the concentration of
live cells. The sample was then centrifuged at 300 � 3 g and
4 �C for 5 minutes, and the supernatant was discarded. The
cell pellet was resuspended in 1 ml freezing media (Gibco).
Throughout the dissociation procedure, cells were
11



Figure 10. Immunological features of L-R pairs. (A) Heatmap showing the expression levels of immune-related ligands and
receptors in the livers of different donors. (B–C) CSOmap showing the immune-related L-R pairs in liver donors. (D) Bubble
heatmap showing the L-R pairs in the immune cell subsets in liver donors.
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Figure 11. L-R pairs in GZMKDCD4D T cell subset. (A) Bubble heatmap highlighting the enriched L-R pairs specific to
patients with ALD. (B–E) CSOmap showing the correlation of the L-R pairs enriched in patients with ALD in the livers of
different donors.
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maintained on ice whenever possible, and the entire pro-
cedure was completed in less than 1 hour.
cDNA Library Preparation and Single-cell RNA-
seq

Single-cell RNA-seq libraries were prepared with Chro-
mium Single cell 30 Reagent v2 Kits according to the man-
ufacturer’s protocol. The Chromium Single Cell 30 Library
and Gel Bead Kit v2 (PN-120237), Chromium Single Cell 30
Chip kit v2 (PN-120236), and Chromium i7 Multiplex Kit
(PN-120262) were used. Briefly, single-cell suspensions
were loaded on the Chromium Single Cell Controller In-
strument (10 � Genomics) to generate single-cell gel beads
in emulsions (GEMs). After generation of GEMs, reverse
transcription reactions were engaged barcoded full-length
cDNA followed by the disruption of emulsions using the
recovery agent and cDNA clean up with DynaBeads Myone
Silane Beads (Thermo Fisher Scientific). cDNA was then
amplified by polymerase chain reaction (PCR) with appro-
priate cycles which depend on the recovery cells.
1014
Subsequently, the amplified cDNA was fragmented, end-
repaired, A-tailed, index adaptor ligated, and library ampli-
fication. Then these libraries were sequenced on the Illu-
mina sequencing platform (HiSeq X Ten), and 150 bp
paired-end reads were generated.
Single-cell RNA-seq Data Processing
The Cell Ranger software pipeline (version 2.2.0) pro-

vided by 10 � Genomics was used to demultiplex cellular
barcodes, align reads and generate the feature barcode
unique molecular identifier (UMI) matrices based on the
human reference genome GRCh38. We processed the UMI
count matrix using the Seurat R package (v2.4.3).69 As a
quality-control step, the gene expressed less than 1% of
cells were discarded. Following visual inspection of the
distribution of cells by the fraction of mitochondrial genes
expressed, we further discarded low-quality cells where
>20% of the counts belonged to mitochondrial genes. Li-
brary size normalization was performed in Seurat on the
filtered matrix to obtain the normalized count. We
11
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performed principal component analysis (PCA) on the
normalized expression matrix using highly variable genes
identified by “FindVariableGenes” function. Cells were
clustered based on a graph-based clustering approach and
were visualized in 2-dimensions using UMAP. Likelihood
ratio test that simultaneously test for changes in mean
expression and in the percentage of expressed cells was
used to identify DEGs between clusters using the Seurat
“FindAllMarkers” function. GSEA was performed using the
fgsea package in R with the Hallmark gene sets and Reac-
tome pathway. Intercellular communication were analyzed
in an unbiased manner using the CellChat package (v1.5.0)
to identify significant ligand-receptor pairs within healthy,
ALD, and MASLD samples.

Cell Developmental Trajectory
The cell lineage trajectory of CD4þ T was inferred by

using Monocle2. We used the “differentialGeneTest” func-
tion to derive DEG from each cluster and genes with a q-
value < 1e-5 were used to order the cells in pseudotime
analysis. After the cell trajectories were constructed, DEGs
along the pseudotime were detected using the “differ-
entialGeneTest” function.

Histology Staining
Mouse livers were removed, fixed overnight in 4%

formalin and processed for paraffin embedding. Tissue
sections were stained with hematoxylin and eosin (H&E)
using standard reagents and protocols. For IHC staining,
slides were de-paraffinized, rehydrated, and boiled in a
microwave for 10 minutes in 10 mM citrate buffer or Tris-
EDTA buffer (according to manufacturer’s protocol). The
slides were allowed to cool, washed 3 times, incubated with
3% H2O2 to block endogenous peroxidase activity, washed 3
times, and blocked with 5% albumin bovine in IHC wash
buffer for 30 minutes. Slides were incubated with primary
antibodies overnight at 4 �C, including Anti-CD4 (1:500,
Cat#67786-1-Ig, Proteintech), anti-CD8a (1:20000,
Cat#66868-1-Ig, Proteintech), anti-GZMK (1:200,
Cat#ab282703, Abcam), and anti-NCR1 (1:400,
Cat#ab224703, Abcam). The next day, slides were washed 3
times and incubated with horseradish peroxidase (HRP)-
linked secondary antibodies for 1 hour at room tempera-
ture. Specimens were washed 3 times then developed with
the DAB substrate kit (ZLI-9018, ZSGB-BIO) and counter-
stained with hematoxylin.

IF Staining
For IF staining, slides were de-paraffinized, rehydrated,

and boiled in a microwave for 12 minutes in Tris-EDTA
buffer (pH 9.0). The slides were allowed to cool, washed 3
times, and treated with 5% albumin bovine for 30 minutes
at room temperature. Slides were incubated with primary
antibodies overnight at 4 �C, including anti-CD4 (1:200,
Cat#67786-1-Ig, Proteintech), anti-GZMK (1:100,
Cat#ab282703, Abcam), anti-CD8 (1:200, Cat#66868-1-Ig,
Proteintech), anti-NKG7 (1:200, Cat#84835, CST), anti-
ANXA1 (1:200, Cat#32934, CST). The next day, slides
1014
were washed 3 times and incubated with HRP-linked sec-
ondary antibodies for 1 hour at room temperature. the
corresponding secondary antibodies (goat anti-mouse Alexa
488 [1:400] and/or goat anti-rabbit Alexa 594 [1:400]) for 1
hour at room temperature. Nuclei were visualized with 4,6-
diamidino-2-phenylindole (DAPI) staining before the sec-
tions were covered with coverslips.
Statistical Analysis
Statistical significance was assessed by 2-tailed unpaired

Student t-test, 1-way analysis of variance (ANOVA) followed
by Fisher’s least significant difference (LSD) test or Wilcoxon
rank-sum test, as indicated in the figure legends. Statistical
analysis was performed using GraphPad Prism 7 (GraphPad
Software). P values< .05 were considered significant.
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