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Abstract: The inflammation-related tumor microenvironment (TME) is one of the major driving forces of hepatocar-
cinogenesis. We aimed to investigate cell-to-cell communication among Hepatocellular Carcinoma (HCC) through 
re-analyzing HCC single-cell RNA-seq data, and to confirm such cellular interaction through in vitro and in vivo 
study. We found a subset of Regulatory B cells with PD-L1 expression (PD-L1+ Bregs), mainly located in adjacent 
HCC tissues. In co-localization with PD-L1+ Bregs, a subset of Tumor Associated Macrophages with high expres-
sion of CXCL12 (CXCL12+ TAMs) was also mainly located in adjacent HCC tissues. Moreover, CXCL12+ TAMs can be 
stimulated in vitro using an HCC conditional medium. Using CellChat analysis and Multiplex Immunohistochemistry 
staining (mIHC), CXCL12+ TAMs were found to be first recruited by Cancer-Associated Fibroblasts (CAFs) through 
a CD74/macrophage migration inhibitory factor (MIF) pattern, and further differentiated into TGF-β-enriched tis-
sues. Furthermore, CXCL12+ TAMs recruited PD-L1+ Bregs via the CXCL12/CXCR4 axis, and CXCR4 expression was 
significantly positively correlated to PD-L1 expression in PD-L1+ Bregs. At last, we confirmed the communications 
among CAFs, Macrophages and B cells and their tumor-promoting effects by using an orthotopic mouse model of 
HCC. Immunosuppressive HCC TME involving cell-to-cell communications comprised MIF-secreting CAFs, CXCL12-
secreting TAMs, and PD-L1-producing Bregs, and their regulation could be promising therapeutic targets in future 
immunotherapy for human HCC.

Keywords: Regulatory B cells, CXCL12, CXCR4, hepatocellular carcinoma, tumor-associated macrophages, cancer-
associated fibroblasts

Introduction

Hepatocellular carcinoma (HCC), the most com-
mon type of primary liver cancer, is among the 
leading causes of cancer-related death globally 
[1]. It has been well established that the inflam-
mation-related tumor microenvironment (TME) 
is an essential factor in the initiation and pro-
gression of HCC. In addition, the immunosup-
pressive TME has become the most important 
target for HCC prevention and treatment, espe-
cially for novel HCC gene therapy [2].

Tumor-promoting TMEs usually comprise vari-
ous cells, including tumor cells, hepatic stellate 

cells, cancer-associated fibroblasts, endotheli-
al cells, neuroendocrine cells, tumor-infiltrating 
immunocytes, bone marrow-derived cells, and 
the extracellular matrix [3]. Among all these 
components, tumor-infiltrating immunocytes 
play a dominant role in determining the anti- or 
pro-tumor properties of the TME. Tumor-infi- 
ltrating lymphocytes (TILs) are the primary 
immune components of solid tumors and 
involve a host-anti-tumor reaction [4]. Recent 
research has shown that regulatory B cells 
(Bregs) in the TME can suppress diverse cell 
subtypes, including TILs, through the secretion 
of anti-inflammatory mediators such as inter-
leukin-10 (IL-10) and can facilitate the conver-
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sion of T cells to Regulatory T cells, thereby 
attenuating anti-tumor immune responses [5]. 
However, our knowledge of the recruitment and 
differentiation of B cell in human HCC was still 
insufficient.

Bregs are a subset of B cells that play crucial 
roles in various conditions, including infections, 
allergies, autoimmune diseases, transplanta-
tion, and tumors [6]. The term of “regulatory B 
cells” was first coined in 2002 by Mizoguchi et 
al. They demonstrated that IL-10-producing 
CD1d+ Bregs are induced in a chronic inflamma-
tory environment and dampen the progression 
of intestinal inflammation [7]. In the TME, Bregs 
can suppress effector T cells and target  
other tumor-infiltrating immune cells, such as 
myeloid-derived suppressor cells, natural killer 
cells, and macrophages, to hamper anti-tumor 
immunity [6]. In a mouse model of HCC, 
Shalapour et al. identified an IgA+ population of 
plasma cells, a type of Bregs, accumulating  
in the liver, which suppressed CD8+ T-cell 
responses through PD-L1 expression. The 
PD-L1 blockage significantly decreased HCC 
tumor size, which correlated with increased 
T-cell activation and decreased IgA+ plasma cell 
accumulation in the liver [8].

Although accumulating evidences suggested 
that specific signals control Breg generation in 
different settings, the extrinsic and intrinsic 
factors involved in Breg cell regulation are yet 
to be elucidated [9]. It has been reported that 
myeloid-derived cells producing IL-6 (in the 
mesenteric lymph nodes) and both IL-6 and 
IL-1β (in the spleen) are responsible for Breg 
induction in arthritis [10], and IL-21-producing 
CD4+ T cells located in the spleen are respon-
sible for Breg induction in experimental autoim-
mune encephalitis [11].

Cancer-associated fibroblasts (CAFs) can be 
summarized as key cellular components within 
the tumor microenvironment, playing pivotal 
roles in the development and metastasis of 
various cancers through mechanisms like cyto-
kine secretion, extracellular matrix remodeling, 
and angiogenesis [12]. Distinct from normal 
fibroblasts, CAFs exhibit unique biological char-
acteristics and functional diversity [13]. Their 
potential as therapeutic targets has gained sig-
nificant attention in recent years, underscoring 
their importance in understanding tumor biolo-

gy and developing novel cancer treatment 
strategies [14].

Tumor-associated macrophages (TAMs), one of 
the most abundant stromal cell types in the 
HCC TME, not only suppress anti-tumor immu-
nity but also secrete various inflammatory 
mediators to promote tumor progression 
through inducing extracellular matrix remodel-
ing, angiogenesis, metastasis, and therapeutic 
resistance [15]. Our research has elucidated 
that CAFs play a pivotal role in HCC progres-
sion, engaging in a reciprocal signaling relation-
ship with TAMs to foster a metastasis-prone 
environment. The discovery of a previously 
unrecognized dialogue between CXCL12+ TAMs 
and PD-L1+ regulatory B cells, facilitated by the 
CXCL12/CXCR4 axis, adds a layer of comple- 
xity to the immune evasion tactics within the 
TME. Moreover, the collaborative role of TAMs 
and CAFs in cultivating an immunosuppressive 
TME underscores an urgent need for therapeu-
tic interventions aimed at dismantling this alli-
ance, intending to restore an immune contex-
ture conducive to tumor eradication.

Materials and methods

Clinical samples

Paraffin-embedded tumors and paired adja-
cent tissues were collected from 35 patients 
with HCC who underwent surgical resection 
between January 2019 and October 2020 at 
the Affiliated Drum Tower Hospital of Nanjing 
University Medical School (Nanjing, Jiangsu, 
China). All the tissues were combined into a 
single tissue array. None of the patients with 
HCC had undergone anticancer therapy prior to 
surgery, and individuals with concurrent auto-
immune disease, HIV infection, or syphilis were 
excluded. The patients’ clinical characteristics 
were classified according to the Union for 
International Cancer Control (TNM staging) 
guidelines. All experiments were performed in 
compliance with government policies and the 
principles of the Declaration of Helsinki. The 
individuals were informed about the study and 
provided consent prior to specimen collection. 
This study was approved by the Ethics Com- 
mittee of the Affiliated Drum Tower Hospital of 
Nanjing University Medical School (2021-304). 
The clinical features of all patients involved in 
this study are presented in Table 1.
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Table 1. The clinicopathological of 35 HCC 
patients

Number
Gender
    Female 10 (29.4%)
    Male 25 (70.6%)
Age
    ≥50 28 (88.2%)
    <50 7 (11.8%)
Capsule
    No 24 (82.4%)
    Yes 11 (17.6%)
Vessel
    No 29 (76.5%)
    Yes 6 (23.5%)
Child-Pugh stage
    classA 27 (70.6%)
    classB 8 (29.4%)
HbsAg
    Negative 10 (23.5%)
    Positive 25 (76.5%)
Cirrhosis
    S0 1 (5.9%)
    S1 12 (29.4%)
    S2 8 (29.4%)
    S3 5 (11.8%)
    S4 9 (23.5%)
AFP
    Abnormal 15 (41.2%)
    Normal 20 (58.8%)
TNM
    I 15 (29.4%)
    II 15 (52.9%)
    III 5 (17.6%)

Data source

The single-cell transcriptome file of GSE149614 
was downloaded from the Gene Expression 
Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/).

Processing of scRNA-seq data

Processing of scRNA-seq data was performed 
using the Seurat package (V.4.0.3) in R [16]. 
Low-quality cells with maximum gene expres-
sion ≥4000, minimum gene expression ≤500, 
or a proportion of mitochondrial gene expres-
sion ≥20 were discarded.

Clustering analysis

FindVariableFeatures in the Seurat package 
was used to identify highly variable genes and 
then principal component analysis was per-
formed with the top 2000 variable genes. 
Clusters were partitioned using FindClusters in 
the Seurat package. SingleR package (V.1.6.1) 
was then used and the SingleR method was 
applied to identify each cluster using the 
Human Primary Cell Atlas database as a refer-
ence library [17].

Re-clustering analysis

B cell and macrophage clusters were selected 
for re-clustering analysis using the Garnett 
package (V.0.2.17) in R [18]. We populated a 
marker file that included each of the expected 
cell types using literature-based markers [18]. 
The Garnett package enables the use of mark-
er information provided to select cells, which 
we then used to train a regression-based clas-
sifier. After the classifier was trained, it was 
applied to the single-cell dataset for re-cluster-
ing analysis and cell identification. The cells 
were then projected into a two-dimensional 
space with a uniform manifold approximation 
and projection (UMAP).

Deferentially expressed gene (DEG) analysis

The limma package (V.3.48.1) was used for 
DEGs [19]. DEG analysis was performed 
between CXCL12+ TAM and other macrophages 
and between PDL1+ Breg and other B cells. 
DEGs were determined using an adjusted p-val-
ue of <0.05 as the screening criteria. Anti- and 
pro-inflammatory genes were selected from the 
DEGs.

Gene set variation analysis (GSVA)

We used the GSVA package (V.1.40.1) for GSVA 
involving 87 basal metabolic pathway genes 
[20]. GSVA was performed to compare CXCL12+ 
TAM and other macrophages.

Cellular interaction analysis

Cell-to-cell interaction analysis was conducted 
using the CellChat package (V.1.1.3), which can 
visualize and analyze intercellular communica-
tion from scRNA-seq data [21, 22]. We followed 
the official workflow, loaded the normalized 
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counts into CellChat, and applied the standard 
preprocessing steps, including the functions 
identifyOverExpressedGenes, identifyOverEx-
pressedInteractions, and projectData with a 
standard parameter set. We then calculated 
the potential ligand-receptor interactions bet- 
ween all macrophage clusters and B-cell clus-
ters, based on the functions computeCommun-
Prob, computeCommunProbPathway, and agg- 
regateNet, using standard parameters.

Multiple-colored immunofluorescence (mIHC)

All tissue specimens were evaluated by two 
independent experienced pathologists. Par- 
affin-embedded human HCC tissues were cut 
into 5-μm sections to undergo tissue microar-
ray (TMA) staining. The sections were stained 
with antibodies against human Tim3 (1:200; 
Signalway Antibody LLC, #28301), CD8 (1:200, 
Cell Signaling Technology, C8/144B), CD163 
(1:200, Cell Signaling Technology, D6U1J), 
CD38 (1:200, Proteintech, 25284-1-AP), IgA 
(1:200, Proteintech, 11449-1-AP), CXCL12 
(1:200, Proteintech, 17402-1-AP), CXCR4 (1:50, 
Abcam, 60042-1-Ig), PD-L1 (1:40, Abcam, 
ab58810), HRP-conjugated anti-mouse or  
anti-rabbit IgG (PANOVUE), and PPD 520/ 
540/570/620/650/690/DAPI (PANOVUE). Po- 
sitive cells were detected using a Vectra 3 auto-
mated quantitative pathology imaging system 
(Vectra 3, Akoya Biosciences) and analyzed 
using an inForm (PerkinElmer).

In vitro macrophage stimulation and RNA-seq

The human monocyte cell line THP1 was main-
tained in RPMI 1640 supplemented with 10% 
heat-inactivated FBS at 37°C and 5% CO2. All 
experiments were performed using mycoplas-
ma-free cells. For macrophage stimulation, 
THP1 was treated with 5 ng/mL PMA (Sigma) 
for 48 h. For TAM stimulation, THP1-derived 
macrophages were treated in sample tissue 
lysate-derived conditional medium (adjusted  
to a final protein concentration of 50 μg/mL)  
for 48 h. The macrophages were then collect-
ed, and RNA library sequencing was performed 
on Illumina HiseqTM 2500/4000 using Gene 
Denovo Biotechnology Co., Ltd. (Guangzhou, 
China).

Tumor infiltrating leukocytes extraction and 
flow cytometry

Tumor infiltrating leukocytes were extracted 
according to the methods described previously 

[23]. Briefly, Fatty, connective, and necrotic tis-
sue was removed. Tissues were minced into 
1-2 mm pieces in RPMI 1640, transferred into 
15 or 50 mL conical tubes, and incubated with 
triple enzyme digestion medium containing 
DNase (30 U/mL), hyaluronidase (0.1 mg/mL), 
and collagenase (1 mg/mL) for 2 hours at room 
temperature with gentle shaking. Tissues were 
resuspended in 10 mL RPMI 1640 and filtered 
through a 70-μm cell strainer (BD Pharmingen). 
Tissue trapped by the strainer was placed into 
individual wells containing 1 mL of T-cell growth 
medium in a 24-well plate for isolation or detec-
tion by flow cytometry.

Flow cytometry and flow cytometry sorting after 
isolation cells were washed and resuspended 
in FACS buffer (1× PBS, 2% iFCS, 2 mM EDTA) 
for counting using a Neubauer chamber in 
Trypan blue. 2-3^106 cells were used for FACS 
staining. Single cell suspensions were incubat-
ed with viability dye (1:400) in 1× PBS for 20 
min. After washing with FACS buffer, cells were 
incubated with FcR-block (1:100) for 10 min 
and sequentially stained with the antibody list-
ed in Table S1. After washing, samples were 
fixed stained for 10 min with streptavidin, 
washed and fixed with 4% PFA for 30 min and 
washed with FACS buffer before analysis using 
an LSRII Flow Cytometer (BD Bioscience). Data 
was analyzed using FlowJo software (Tree Star 
Inc.).

An orthotopic mouse model of hepatocellular 
carcinoma

In investigating the regulation of MIF positive 
CAF on the production of CXCL12 in infiltrating 
macrophage, the C57BL/6 (Gemphamatec, 
Nanjing, China) mice and underwent the were 
first underwent the treatment of administration 
of CCl4 20% (vol/vol) three times per week for 6 
weeks controlled by olive oil. Both fibrosis and 
non-fibrosis mouse were used for orthotopic 
HCC model, which was setup by using mouse 
HCC cell line Hep1-6 according to previous pub-
lication (step 18-42) [24], during the tumor 
growth, inhibitor of MIF, MIF098 (Aobious, Cat. 
No. AOB33430), in the dose of 20 mg/kg was 
injected into mice via tail vein every two weeks. 
Eight weeks after the orthotopic transplanta-
tion, the mice were sacrificed for further inves-
tigation including tumor volume measurement 
and mIHC staining.
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For the investigation for the regulation of mac-
rophage derived CXCL12 on the production of 
PD-L1 in tumor infiltrating B cells, same ortho-
topic mouse model of HCC was also setup in 
C57BL/6 mice, 6^106 bone marrow derived 
mouse macrophage transduced with or without 
lentiviral derived mouse CXCL12 were adop-
tively transferred into mice by tail vein injection 
every two weeks, the inhibitor of CXCR4 
AMD3100 (Cat. No. S8030, Selleckchem, TX) 
was injected into mice treated with CXCL12+ 
macrophage in the dose of 5 mg/kg every  
other day, and the production of lentivirus were 
based on previous publication [25].

Data analysis

Data are presented as mean ± standard error 
of mean. The χ2 test and Student’s t-test analy-
sis of variance were performed to evaluate the 
differences in demographic and clinical charac-
teristics. Pearson’s correlation analysis was 
performed to analyze the relationships be- 
tween associated factors. Statistical analyses 
were performed using R and presented using R 
(version 4.1.0) or GraphPad Prism (CA, USA). In 
all cases, statistical significance was set at a 
p-value of <0.05.

Results

High PD-L1 expression IgA-secreting Bregs 
were mainly distributed in adjacent human 
HCC tissue

To investigate B cells related to TME in human 
HCC, we re-analyzed an HCC single-cell dataset 
with GEO number GSE149614. After discarding 
low-quality cells, 5979 cells were used for fur-
ther analysis. We defined all clusters into eight 
broad cellular lineages, including endothelial 
cells, hepatocytes, macrophages, T cells, mo- 
nocytes, smooth muscle cells, NK cells, and B 
cells, using singleR package (Figure S1). Among 
these eight cellular lineages, we first focused 
on the B-cell lineage. After re-clustering the B 
cells using the Garnett package, different sub-
clusters were visualized using UMAP (Figure 
1A). Four B-cell clusters were observed within 
human HCC TME, namely, PD-L1+ Bregs, imma-
ture B cells, B cell, and plasma cell. These four 
B-cell clusters, especially PD-L1+ Bregs, were 
mainly distributed in para-tumor tissues (Figure 
1B). To determine the unique characteristics of 
PD-L1+ Bregs, DEG analysis was performed. 

Compared with the other three B-cell clusters, 
PD-L1+ Bregs expressed a significantly higher 
number of marker genes (Table S2), such as 
IGHA1, IGHA2, CCR10, CD38, CD274, IL10, 
ZNF341, and CD27 (Figure 1C, 1D). Sub- 
sequently, to identify detailed characters of 
PD-L1+ Breg cells, Gene Set Enrichment 
Analysis (GSEA) was performed for all B-cell  
lineage clusters using gene sets from the 
Molecular Signatures Database (MSigDB, 
ver.7.4), including curated gene sets (C2), regu-
latory target gene sets (C3), ontology gene sets 
(C5), and immunologic signature gene sets 
(C7). The results indicated that PD-L1+ Bregs 
were cluster cells with activation of Notch, 
IL-12, and ERBB2 signaling, with DEGs regulat-
ed by transcriptional factors such as MAML1, 
SOX11, LMX1B, and CEBPE, and demonstrated 
a cell lineage with “IgA expression memory B 
cells” (Figure 1E, 1F). This cluster’s secretory 
gene expression was evaluated, and we found 
that PD-L1+ Bregs expressed anti-inflammatory 
genes, such as IL-10, TGF-β, and CD274, and 
low expression of pro-inflammatory genes, 
such as GZMB, PRF1, and FASLG (Figure 1G).

To verify the existence of PD-L1+ Bregs, an 
mIHC staining assay was performed using an 
HCC tissue array containing 35 paired tumors 
and adjacent tumor tissues. PD-L1+ Breg was 
defined using CD38, PD-L1, and IgA (Figure 
2A). Similar to the results of single-cell se- 
quencing, the number of PD-L1+ Bregs (CD38+ 

PD-L1+IgA+) were found to be mainly distributed 
in adjacent tissues, whereas there was no  
difference in B cell numbers between tumor 
and adjacent tumor tissues (Figure 2B, 2C). 
Moreover, the chi-square test revealed that the 
number of PD-L1+ Bregs, but not total B cells, 
was significantly different among varied stages 
of liver cirrhosis (Tables 2 and 3). To further 
evaluate the function of PD-L1+ Bregs, we  
found that the number of PD-L1+ Bregs 
(PD-L1+CD38+) was significantly correlated with 
the number of exhausted CTLs (CD8+Tim3+), 
not only in the tumor but also in adjacent tumor 
tissues (Figure 2D-F).

High-expression CXCL12 TAMs are also mainly 
located in adjacent tissues in human HCC

In addition to B cells, we analyzed tumor-infil-
trating macrophages using the same single-cell 
seq dataset and identified another cluster, 
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Figure 1. High PD-L1 expression Bregs were spotted as a subset of infiltrated B cells in human HCC indicated 
through a single-cell RNA-seq. A. The UMAP plot of single B cells obtained from one patient, representing four 
distinct clusters including PD-L1+ Breg cells. Each dot corresponds to one single cell, and circles are colored ac-
cording to cell clusters. B. Relative abundance of four types of B cells in scRNA-seq analysis of human liver samples 
obtained from tumor and para-tumor liver sites. C. A volcano plot of differentially expressed genes (DEGs) is com-
pared between PD-L1+ Breg cells and other B cells. Each colored dot denotes an individual gene with an adjusted 
p-value of <0.05. D. Violin plots of significant markers in four types of B cells. E. GSEA analysis using C2, C3, C5, 
and C7 gene sets. F. A heatmap of the top 20 genes expressed in four pathways. G. A dot plot of the expression of 
pro-inflammatory and anti-inflammatory genes in four types of B cells.
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Figure 2. High PD-L1 expression Bregs were mainly located in adjacent HCC tissues and associated with exhausted 
CTLs in human HCC. A. Representative figures (×200 magnification) of multiple-color staining for CD38, PD-L1, and 
IgA expression in human HCC and adjacent tissue. B. Plots showing the number (left panel) and percentage (right 
panel) of IgA+PD-L1+ Breg cells in human HCC and adjacent tissue. C. A quantitative comparison of B cells and IgA+ 
PD-L1+ B cells in HCC and adjacent tissue using multiple-color staining. Data are presented as means ± SEM and 
were analyzed with Student’s t-test (**, P<0.01; ns, no significance, P>0.05). D. Comparison and gating strategy 
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of CD19(+) CD38(+) PD-L1(+) Breg cell in TILs of human HCC analyzed by flow cytometry. E. Representative figures 
(×200 magnification) of multiple-color staining for PD-L1, CD38, CD8, and Tim3 expression in human HCC and ad-
jacent tissues. F. Liner correlation studies were performed between the number of PD-L1+ B cells and exhausted T 
cells in HCC and adjacent tissue.

Table 2. The clinicopathological relevance analy-
sis of B cell number in HCC patients

High (N=17) Low (N=18) P-value*
Gender
    Female 5 (29.4%) 5 (27.8%) 1
    Male 12 (70.6%) 13 (72.2%)
Age
    ≥50 15 (88.2%) 13 (72.2%) 0.447
    <50 2 (11.8%) 5 (27.8%)
Capsule
    No 14 (82.4%) 10 (55.6%) 0.179
    Yes 3 (17.6%) 8 (44.4%)
Vessel
    No 13 (76.5%) 16 (88.9%) 0.599
    Yes 4 (23.5%) 2 (11.1%)
Child-Pugh stage
    classA 12 (70.6%) 15 (83.3%) 0.621
    classB 5 (29.4%) 3 (16.7%)
HbsAg
    Negative 4 (23.5%) 6 (33.3%) 0.789
    Positive 13 (76.5%) 12 (66.7%)
Cirrhosis
    S0 1 (5.9%) 0 (0%) 0.714
    S1 5 (29.4%) 7 (38.9%)
    S2 5 (29.4%) 3 (16.7%)
    S3 2 (11.8%) 3 (16.7%)
    S4 4 (23.5%) 5 (27.8%)
AFP
    Abnormal 7 (41.2%) 8 (44.4%) 1
    Normal 10 (58.8%) 10 (55.6%)
TNM
    I 5 (29.4%) 10 (55.6%) 0.295
    II 9 (52.9%) 6 (33.3%)
    III 3 (17.6%) 2 (11.1%)
*Data was analyzed by chi-squared test. P value in bold 
indicated statistically significant.

namely, CXCL12+ TAM, which was distinguished 
from the other three clusters (Figure 3A). We 
found that CXCL12+ TAM was mainly distributed 
in adjacent tissues, similar to the C1 and  
C2 clusters, and that it differed from the C4 
cluster (Figure 3B). Using DEG analysis, 
CXCL12+ TAMs were found to have hallmark 
genes, including CXCL12, CD5L, VCAM1, 
CD163, TIMD4, IL10RA, CD55, and CCR1 

(Figure 3C, 3D). Using GSEA with geneset 
MSigDB C2, C3, C5, and C7, we found that 
CXCL12+ TAM was inactivated in the PDGF, TGF-
β, and ERBB signaling, and activated in PD-1 
and TGFB1 signaling, with DEGs regulated by 
TFs including ATF2 and SMAD3 (Figure 3E, 3F). 
In addition, our findings also indicated that 
CXCL12+ TAMs highly expressed pro-inflamma-
tory genes CCL3 and CCL4, anti-inflammatory 
genes CD274, IL-10, and TGF-β (Figure 3G). 
Finally, we analyzed the metabolism features of 
CXCL12+ TAMs using GSVA analysis, compared 
with other clusters, and we found that CXCL12+ 
TAM had increased TCA cycles, cytochrome 
P450 activity, and folate biosynthesis, and 
decreased metabolism of mannose, fructose, 
and galactose, biosynthesis of arginine, valine, 
leucine, and isoleucine (Figure 3H, 3I).

mIHC was then used to verify the existence of 
CXCL12+ TAMs in the human HCC tissue array 
(Figure 4A), with CXCL12+ TAMs detected in 
both HCC and adjacent tissues. However,  
the amount of CXCL12+ TAM was significantly 
higher in adjacent tissues than in the intratu-
mor area (Figure 4B, 4C). The chi-square test 
revealed that the number of CXCL12+ TAMs,  
but not total TAMs, was significantly different 
within varied stages of liver cirrhosis (Tables 4 
and 5). CellChat analysis suggested a potential 
interaction between a subset of inflammatory 
cancer-associated fibroblasts (iCAFs) and 
CXCL12+ TAMs via the MIF-CD74 axis, as illus-
trated in Figure S2A-C. To verify this regulation, 
we used mIHC to analyze the correlation 
between the number of MIF-producing CAFs 
and CD74+ TAMs, and found that these two sub-
sets were closely co-located (Figure 4D-F).

CXCL12+ TAMs might be a subset of SMAD3-
activated TAMs with a poor glycolysis capacity

To explore the characters of CXCL12+ TAMs, we 
used conditional medium (CM) derived from 
the lysis of normal and HCC tissues to generate 
TAMs from PMA-treated THP1 cells. Using RNA-
seq, we identified 931 DEGs, including 435 
upregulated and 496 downregulated (Figure 
5A). We then examined the CXCL12+ TAMs dif-
ferentiation by using GSVA on a customized 
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Table 3. The clinicopathological relevance analy-
sis of PD-L1+Bregs cell number in HCC patients

High 
(N=17)

Low 
(N=18) P-value*

Gender
    Female 2 (11.8%) 8 (44.4%) 0.0776
    Male 15 (88.2%) 10 (55.6%)
Age
    ≥50 14 (82.4%) 14 (77.8%) 1
    <50 3 (17.6%) 4 (22.2%)
Capsule
    No 11 (64.7%) 13 (72.2%) 0.909
    Yes 6 (35.3%) 5 (27.8%)
Vessel
    No 14 (82.4%) 15 (83.3%) 1
    Yes 3 (17.6%) 3 (16.7%)
Child-Pugh stage
    classA 11 (64.7%) 16 (88.9%) 0.194
    classB 6 (35.3%) 2 (11.1%)
HbsAg
    Negative 6 (35.3%) 4 (22.2%) 0.63
    Positive 11 (64.7%) 14 (77.8%)
Cirrhosis
    S0 1 (5.9%) 0 (0%) 0.032
    S1 3 (17.6%) 9 (50.0%)
    S2 2 (11.8%) 6 (33.3%)
    S3 4 (23.5%) 1 (5.55%)
    S4 7 (41.2%) 2 (11.1%)
AFP
    Abnormal 6 (35.3%) 9 (50.0%) 0.591
    Normal 11 (64.7%) 9 (50.0%)
TNM
    I 2 (11.8%) 13 (72.2%) 0.0012
    II 9 (52.9%) 6 (33.3%)
    III 5 (29.4%) 0 (0%)
*Data was analyzed by chi-squared test. P value in bold 
indicated statistically significant.

gene set comprised DEGs of CXCL12+ TAMs in 
single-cell sequencing. After stimulation with 
HCC CM, the percentage of CXCL12+ TAMs 
increased significantly (Figures 5B, S3). Next, 
to explore the potential regulation of CXCL12+ 
TAM development, we compared different gene 
sets from MSigDB (ver.7.4) also using GSVA, 
including curated gene sets (C2), regulatory tar-
get gene sets (C3), ontology gene sets (C5), and 
immunologic signature gene sets (C7). The 
most different gene sets are shown in (Figure 
5C-F). We noted that the results for HCC 

CM-stimulated TAMs shared some similarities 
with the results obtained from sc-seq, especial-
ly in relation to TGF-β-related gene sets. For C2 
gene sets, we found that either CXCL12+ TAMs 
or HCC CM-derived TAMs showed an increased 
NES for the “BIOCARTA_TGFB_PATHWAY” gene 
set in GSVA. In C3 gene set analysis, it was 
found that they shared an increased “SMAD3_
Q6” gene set, whereas in C7 gene sets,  
they shared an increased “TGFB_TREATED_
MACROPHAGES_UP” gene set. We also ana-
lyzed RNA-seq data using GSEA on C7 gene 
sets, and found that HCC CM medium-derived 
TAMs had significantly increased NES for the 
“TGFB_TRE ATED_MACROPHAGE_UP” gene set 
(Figure 5G). We then performed a multiple cor-
relation analysis between the NES of CXCL12+ 
TAMs gene sets and the NES of different 
expression gene sets in C2, C3, C5, and C7,  
and the results indicated that “BIOCARTA_
TGFB_PATHWAY”, “SMAD3_Q6”, and “TGFB_
TREATED_MACROPHAGES_UP” all positively 
correlated with CXCL12+ TAMs (Figure 5H). 
These findings appear to indicate that the gen-
esis of CXCL12+ TAMs is associated with the 
TGF-β-related TME within HCC. We used mIHC 
staining to verify this hypothesis and found  
that the number of CXCL12+ TAMs (CXCL12+ 

CD163+) and CXCL12+ expression within TAMs 
were positively associated with TGF-β levels 
within HCC (Figure S4A, S4B).

We also investigated metabolic differences 
between normal and HCC CM-induced macro-
phages using GSVA and found that, compared 
with normal CM-derived macrophages, HCC 
TAMs showed increased gene signatures of 
synthesis and degradation of ketone bodies 
and one carbon pool by folate, and decreased 
gene signatures of glycolysis/gluconeogenesis 
and pyruvate metabolism (Figure 5I). After a 
multiple correlation analysis between differen-
tial expression metabolism gene sets and 
CXCL12+ TAMs gene sets, we found that glycol-
ysis/gluconeogenesis was negatively correlat-
ed with CXCL12+ TAM gene sets (Figure 5J). To 
verify such metabolism change, we used 
metabolomics detection for normal and HCC 
CM-stimulated macrophages (Figure 5K), with 
pathway enrichment for different metabolites. 
Our observations suggested that CXCL12+ 
TAMs in HCC exhibit a reduced capacity for gly-
colysis and gluconeogenesis, as evidenced by 
our metabolomics analysis (Figure 5K, 5L). In 
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Figure 3. High expression CXCL12+ tumor-associated macrophages (TMAs) were a subset of infiltrating macrophage 
in human HCC. (A) The UMAP plot of single macrophages obtained from one patient, representing four distinct clus-
ters including CXCL12+ TMAs. Each dot corresponds to one single cell, with circles colored according to cell clusters. 
(B) Relative abundance of four types of macrophages in scRNA-seq analysis of human liver samples obtained from 
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tumor and para-tumor liver sites. (C) A volcano plot of differentially expressed genes (DEGs) compared between 
CXCL12+ TMAs and other macrophages. Each colored dot denotes an individual gene with an adjusted p-value of 
<0.05. (D) Violin plots of significant markers in four types of macrophage. (E) GSEA analysis using C2, C3, C5, and 
C7 gene sets. (F) A heatmap of the top 20 genes expressed in three pathways indicated in the figure. (G) A dot plot 
of the expression of pro-inflammatory and anti-inflammatory genes in four types of macrophages. (H) A bar plot 
showing the difference between CXCL12+ TMA and other macrophages in the enrichment of metabolic pathways. 
(I) A heatmap of the expression levels of key enzymes in the metabolic pathway in (H) in four types of macrophages.

Figure 4. CXCL12+ high-expression tumor-associated macrophages (TAMs) were co-localized with MIF+CAFs in hu-
man HCC. A. Representative figures (×200 magnification) of multiple-color staining for CD163, PD-L1, and CXCL12 
expression in human HCC and adjacent samples. B. Plots showing the number (left panel) and percentage (right 
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light of this, CXCL12+ TAMs may tentatively be 
characterized as a potentially inducible group 
of TAMs with a diminished glycolytic function, 
possibly associated with SMAD3 activation.

panel) of CXCL12+ TAMs cells in human HCC and adjacent tissue. C. The comparison of TAMs and CXCL12+ TAMs 
in HCC and adjacent tissues using multiple-color staining. Data are presented as mean ± SEM and were analyzed 
using Student’s t-test (**, P<0.01; ns, no significance, P>0.05). D. Comparison and gating strategy of CD45(+) 
CD163(+) CXCL12(+) TAMs in TILs of human HCC analyzed by flow cytometry. E. Representative figures (×200 
magnification) for multiple-color staining for α-SMA, MIF, CD163, and CD74 expression in human HCC and adjacent 
samples. F. Liner correlation studies were performed for TAMs vs CAFs and CD74+TAMs vs MIF+CAFs in HCC and 
adjacent tissue.

Table 4. The clinicopathological relevance 
analysis of TAMs number in HCC patients

High 
(N=17)

Low 
(N=18) P-value*

Gender
    Female 4 (23.5%) 6 (33.3%) 0.789
    Male 13 (76.5%) 12 (66.7%)
Age
    ≥50 16 (94.1%) 12 (66.7%) 0.108
    <50 1 (5.9%) 6 (33.3%)
Capsule
    No 13 (76.5%) 11 (61.1%) 0.539
    Yes 4 (23.5%) 7 (38.9%)
Vessel
    No 11 (64.7%) 18 (100%) 0.0203
    Yes 6 (35.3%) 0 (0%)
Child-Pugh stage
    classA 12 (70.6%) 15 (83.3%) 0.621
    classB 5 (29.4%) 3 (16.7%)
HbsAg
    Negative 6 (35.3%) 4 (22.2%) 0.63
    Positive 11 (64.7%) 14 (77.8%)
Cirrhosis
    S0 0 (0%) 1 (5.6%) 0.614
    S1 6 (35.3%) 6 (33.3%)
    S2 3 (17.6%) 5 (27.8%)
    S3 2 (11.8%) 3 (16.7%)
    S4 6 (35.3%) 3 (16.7%)
AFP
    Abnormal 9 (52.9%) 6 (33.3%) 0.407
    Normal 8 (47.1%) 12 (66.7%)
TNM
    I 5 (29.4%) 10 (55.6%) 0.295
    II 9 (52.9%) 6 (33.3%)
    III 3 (17.6%) 2 (11.1%)
*Data was analyzed by chi-squared test. P value in bold 
indicated statistically significant.

CXCL12-secreting TAMs regulate PD-L1+ Bregs 
through the CXCL12/CXCR4 axis

To further determine the interaction between 
TAMs and B cells, we used CellChat to analyze 
the number and strength of interactions among 
the subsets of B cells and macrophage popula-
tions. In addition to regulation among different 
subsets of macrophages, we found strong  
cell-to-cell communication between CXCL12+ 
TAMs and IgA+ PD-L1 B cells (Figure 6A, 6B). 
After fully exploring the different ligand-recep-
tor interaction patterns, CXCL12/CXCR4 was 
found to have the highest communication prob-
ability in cross-talk between CXCL12+ TAMs and 
PD-L1+ B cells (Figure 6C). We found that cross-
talk via CXCL12/CXCR4 may exist between 
CXCL12+ TAMs and all other B-cell subsets, but 
the possibility was highest in PD-L1+ B cells 
(Figure 6D, 6E).

To verify this bioinformatic prediction, we per-
formed mIHC staining for six indices in an HCC 
tissue array, including CD38, IgA, PD-L1, 
CXCR4, CXCL12, and CD163 (Figure 7A). After 
analysis, we found 29947 CD38+ cells (4.00% 
of total cells) with 86.90% IgA positivity. Among 
the IgA+ B cells, we found that 76.09% of the 
cells were PD-L1-/CXCR4- and 21.72% were 
PD-L1+/CXCR4+, and almost all PD-L1+ B cells 
98.87% were CXCR4 positive, which implied 
that CXCR4 was important for PD-L1 expres-
sion in B cells (Figure 7B). Moreover, we found 
that only CXCR4+ PD-L+ B cells showed a signifi-
cant positive correlation between CXCR4 and 
PD-L1 expression in HCC as well as in adjacent 
tissues (Figure 7C). Next, we evaluated the cor-
relation between cell counts of macrophages 
and B cells, and found that the number of 
CXCL12+ TAMs was positively correlated with 
the number of IgA+ PD-L1+ B cells and IgA+ 
PD-L1+ CXCR4+ B cells (Figure 7D). Western blot 
analysis and quantitative real-time PCR re- 
vealed that stimulation with CXCL12 up-regu-
lated PD-L1 expression in B cells isolated from 
mouse spleens, while co-treatment with CXCR4 
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Table 5. The clinicopathological relevance anal-
ysis of CXCL12+ TAMs number in HCC patients

High 
(N=17)

Low 
(N=18) P-value*

Gender
    Female 4 (23.5%) 6 (33.3%) 0.789
    Male 13 (76.5%) 12 (66.7%)
Age
    ≥50 15 (88.2%) 13 (72.2%) 0.447
    <50 2 (11.8%) 5 (27.8%)
Capsule
    No 12 (70.6%) 12 (66.7%) 1
    Yes 5 (29.4%) 6 (33.3%)
Vessel
    No 12 (70.6%) 17 (94.4%) 0.155
    Yes 5 (29.4%) 1 (5.6%)
Child-Pugh stage
    classA 12 (70.6%) 15 (83.3%) 0.621
    classB 5 (29.4%) 3 (16.7%)
HbsAg
    Negative 5 (29.4%) 5 (27.8%) 1
    Positive 12 (70.6%) 13 (72.2%)
Cirrhosis
    S0 0 (0%) 8 (44.4%) 0.0035
    S1 3 (17.6%) 9 (50.0%)
    S2 4 (23.5%) 4 (22.2%)
    S3 2 (11.7%) 3 (16.7%)
    S4 8 (47.1%) 1 (5.6%)
AFP
    Abnormal 9 (52.9%) 6 (33.3%) 0.407
    Normal 8 (47.1%) 12 (66.7%)
TNM
    I 3 (17.6%) 12 (66.7%) 0.012
    II 10 (58.8%) 5 (27.8%)
    III 4 (23.5%) 1 (5.6%)
*Data was analyzed by chi-squared test. P value in bold 
indicated statistically significant.

antibody attenuated this expression (Figure 
S5A, S5B). These results imply that TAMs are 
related to the generation of PD-L1+ B cells via 
the CXCL12/CXCR4 axis.

The regulation axis of MIF+CAF-
CXCL12+macrophage-CXCR4+PDL1+B cell pro-
mote tumor growth in vivo

To verify the pro-tumor characters of these cel-
lular interactions, we performed an orthotopic 
mouse model of hepatocellular carcinoma 
(Figure S6). For the intercellular interaction 

between CAFs and macrophages, we first setup 
a CCL4-induced mice fibrosis model (Figure 
S7A, S7B), and we found that liver fibrosis can 
promote tumor growth, macrophage infiltration 
and CXCL12 expression in macrophage, but 
when the effect of MIF was blocked by its in- 
hibitor MIF098, tumor growth, macrophage 
infiltration, and macrophage CXCL12 expres-
sion were all restored (Figure 8A-D). In addi-
tion, we found that MIF expression in CAFs was 
positively correlated to CXCL12 expression in 
macrophages, and the number of MIF+ CAFs 
was also positively correlated to the number  
of CXCL12+ macrophages (Figure 8E). These 
results confirmed both chemotaxis and tumor 
promoting effect of MIF+CAF-CXCL12+ Macro- 
phage axis. Next, an orthotopic mouse HCC 
model along with macrophage adoptive trans-
fer assay were performed to verify the effects 
of tumor promoting and B cell PD-L1 expres-
sion regulation of CXCL12+ macrophage/PD- 
L1+ B cell interaction. We confirmed the expres-
sion of CXCL12 in transduced macrophage 
(Figure S7C, S7D), it can promote tumor growth 
and PD-L1 expression in tumor infiltrating B 
cells. However, the promoting effect by  
CXCL12+ macrophage can be fully restored by 
using CXCR4 inhibitor AMD3100 (Figure 8F-I). 
Furthermore, we also found that CXCL12 
expression in macrophages was positively lin-
early correlated to PD-L1 expression in B cell, 
and the number of CXCL12+ macrophages was 
positively correlated to the number of PD-L1+ B 
cells in mice HCC (Figure 8J).

Discussion

In the present study, through a re-analysis of 
HCC single-cell sequencing data, we found a 
novel crosstalk between CXCL12-secreting 
TAMs and PD-L1 expression in HCC-infiltrated 
IgA+ B cells. We found that CXCL12+ TAMs pro-
moted PD-L1 expression in HCC-infiltrating B 
cells via the CXCL12/CXCR4 axis. Studies con-
cerning PD-L1-expressing B cells have mainly 
focused on malignant B cells, including certain 
aggressive B-cell lymphomas as well as virus- 
and immunodeficiency-associated malignan-
cies associated with an ineffective T-cell im- 
mune response expressing PD-L1 on tumor 
cells [26]. These malignant B cells expressing 
PD-L1 can bind to their cognate receptor PD-1 
and inhibit the proliferation of activated T cells 
in peripheral tissues, leading to T cell exhaus-
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Figure 5. CXCL12+ TAMs are a subset of inducible SMAD3-activated tumor-associated macrophages. A. A heatmap 
showing differential gene expression between HCC and normal liver tissue. B. A dot plot for GSEA enrichment of the 
CXCL12+ TAMs gene set. The red color represents HCC (n=5) and blue represents normal liver tissue (n=5). Data are 
presented as mean ± SEM and were analyzed using Student’s t-test (**P<0.01). C-F. A heatmap showing different 
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GSVA enrichment scores for C2, C3, C5, and C7 gene sets from MSigDB (ver.7.4) between HCC and normal liver tis-
sue. G. A bubble plot showing normalized enrichment scores and a p-value of GSEA using macrophage-related gene 
sets from MSigDB (ver.7.4). H. A lollipop chart showing the correlation between the GSVA scores for CXCL12+ TAMs 
and the GSVA scores of differential gene sets between macrophages induced due to HCC and a normal conditional 
medium. I. A heatmap showing different GSVA enrichment scores for metabolic gene sets from TCGA between HCC 
and normal liver tissues. J. A lollipop chart showing the correlation between the GSVA scores of CXCL12+ TAMs and 
GSVA scores of differential metabolism-related gene sets between macrophages induced due to HCC and a normal 
conditional medium. K. A heatmap showing metabolite differences between HCC and normal liver tissues. L. A bar 
graph showing enrichment of metabolites and raw p-values.
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tion. In malignant B cells, PD-L1 expression has 
also been observed in normal B cells, especial-
ly in tumor-infiltrating B cells. For example, in 
HCC, Shalapour et al. identified an IgA+ popula-
tion of plasma cells, a type of regulatory B cell, 
accumulating in the liver that suppressed  
CD8+ T-cell responses through PD-L1 expres-
sion [8]. PD-L1-producing B cells have also 
been observed in other malignancies, and 
PD-L1-producing Breg cells have been reported 
to induce tumor immunosuppression through 
inhibition of T-cell proliferation and exhaustion 
in human breast cancer and metastatic mela-
noma [27, 28]. We also identified a subset of 
PD-L1-producing IgA+ B cells with a high expres-
sion of CXCR4, which is essential for PD-L1 
expression triggered by CXCL12 and secreted 
by TAMs.

Evidence concerning regulation in relation to 
the genesis and maintenance of PD-L1 produc-
tion in B cells is limited; however, some studies 
have indicated that the Breg generation is 
associated with dendritic cells (DCs) and mast 
cells in autoimmune diseases. Boldison et al. 
showed that DCs can stimulate Bregs to pro-
duce IL-10 and maintain a tolerogenic state to 
prevent type 1 diabetes [29]. Plasmacytoid 
dendritic cells (pDCs) control the fate of B cells 

as CD19+CD24hiCD38hi Breg cells and plasma-
blasts through the release of IFN-α and CD40 
[30]. Mast cells are another regulator of Bregs; 
they enhance the population of IL-10-producing 
Bregs via the CD40L/CD40 axis in vitro and in 
vivo [31]. Moreover, IL-5 secreted from mast 
cells is important for maintaining the popula-
tion of IL-10+ Bregs in peripheral lymphoid tis-
sues [32]. In our study, we identified CXCL12-
secreting TAMs as a new cell type that regu-
lates Bregs through the CXCL12/CXCR4 axis. 
The CXCL12-secreting TAMs that we identified 
were a subset of TAMs, which were one of the 
most abundant stromal cell types in the HCC 
TME, and had mainly accumulated in the para-
tumor tissues.

Based on the mIHC results, we found that 
CXCL12 was not only abundant, but also origi-
nated from many cell types within the HCC 
TME. The CXCL12/CXCR4 axis could be a plau-
sible regulatory mechanism between other 
component cells and infiltrating B cells. Many 
studies have indicated that monocytes/macro-
phages are the main sources of CXCL12. In 
peripheral blood, monocytes secrete CXCL12 
chemokines and express CXCR4 and CXCR7 
receptors to form an autocrine/paracrine loop, 
which helps them differentiate into macro-

Figure 6. The CXCL12/CXCR4 axis was a potential cell-to-cell communication manner between CXCL12+ TAMs and 
PD-L1+ Bregs. A. A circle plot of the number of cellular communications in six identified types of cell populations 
in liver tissue. The width represents the number of cell interactions. B. A circle plot of the weights/strength of the 
cellular communications in six identified types of cell populations in liver tissue. The width represents the weights/
strength of the interaction. C. Depiction of all the significant ligand-receptor pairs that contribute to the signaling 
sending from three macrophage types to four B cell types. The dot color and size represents the calculated commu-
nication probability and p-values. The p-values were computed using a one-sided permutation test. D. Circle plots of 
the CXCL12-CXCR4 signaling pathway network between six identified types of cell populations. The width represents 
the weights/strength of the interaction. E. A heatmap showing the relative importance of each cell group based on 
the computed four network centrality measures of the CXCL12 signaling pathway network.
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Figure 7. CXCL12-secreting TAMs regulate PD-L1+ Bregs through the CXCL12/CXCR4 axis. A. Representative figures 
for multiple-color staining of CD38, IgA, PD-L1, CXCR4, CD163, and CXCL12 expression in human HCC and adjacent 
samples. B. Dot plots showing the proportions of four types of cells. Different colors represent different cells. C. 
Liner correlation studies were performed for CXCR4 expression vs PD-L1 expression in PD-L+ CXCR4+ B cells and 
B cells in HCC and adjacent tissues. D. Linear correlation studies were performed between a count of TAMs and 
CXCL12+ TAMs in clinical samples with a count of B cells, PD-L1+ Breg cells, and PD-L1+ CXCR4+ B cells.

phages with a reduced function to stimulate 
antigen-specific T-lymphocyte responses [33]. 
Therefore, CXCL12 is a key factor that recruits 
immunosuppressive myeloid cells through 

interaction with CXCR4 [34]. As one of the 
receptors of CXCL12, CXCR4 triggers down-
stream signaling pathways, including PI3K/Akt 
and Ras/Raf/MAPK, promoting tumor growth 
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Figure 8. The regulation axis of MIF+CAF-CXCL12+macrophage-CXCR4+PDL1+B cell promote tumor growth in vivo. 
A. Representative figures of tumor growth in orthotopic mouse HCC model treated differently indicated in the fig-
ure (n=6); B. Dot plots represent a comparison of tumor volumes for different group (***, P≤0.001; **, P≤0.01; 
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and metastasis [35-37]. Several recent studies 
have increased understanding of the CXCL12/
CXCR4 axis and PD-L1 expression, and a com-
bination therapy involving a blockage of 
CXCL12-CXCR4 and PD-1-PD-L1 simultaneous-
ly has been shown to improve the therapeutic 
effect of single anti-PD1/PD-L1 therapy in liver, 
ovarian [38-40], and pancreatic cancer. We 
found co-localization of CXCL12+ TAMs and 
CXCR4+ PD-L1+ Bregs in both tumor and adja-
cent tissues of human HCC, which might imply 
that TAMs can recruit PD-L1 expression in 
Bregs through the CXCL12/CXCR4 axis. More- 
over, the expression level of CXCR4 was posi-
tively correlated with PD-L1 expression in 
Bregs. We postulated that downstream signal-
ing pathways, such as PI3K/AKT or RAS/RAF/c-
jun, regulate the transcription of PD-L1 mRNA, 
which has been addressed in other studies 
[41-45].

Using cell-to-cell interaction analysis, we also 
identified another cell-to-cell regulation within 
the HCC TME, which was composed of ma- 
crophage MIF-expressing cancer-associated  
fibroblasts (CAFs) and CD74-expressing TAMs. 
Additionally, we found that CXCL12+ TAM  
differentiation was determined through TGF-β-
induced SMAD2/3 activation. MIF/CD74 is a 
well-known pattern that promotes leukocyte 
recruitment to sites of inflammation [46-48]. 
MIF-secreting CAFs have been shown to pro-
mote the accumulation CXCL12+ TAMs both in 
human and mice liver cancer. Additionally, both 
scRNA-seq and macrophage RNA-seq data 
implied that differentiation of CXCL12+ TAMs 
was determined through SMAD3 activation. 
However, the relationship between TGF-β and 
CXCL12 remains unclear [49-51].

Taken together, we found that CAFs can 
enhance the recruitment of TAMs from periph-
eral blood through MIF/CD74-mediated chemo-
taxis, and differentiate into CXCL12+ TAMs 
through SMAD3 activation. CXCL12+ TAMs fur-

ther recruited B cells through CXCL12/CXCR4-
mediated chemotaxis and enhanced the 
exhaustion of CTL cells via CXCR4-related 
PD-L1 expression.
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Table S1. Flow cytometry antibody used in our study
Antibody Company Clone
PE anti-human CD38 Antibody Biolegend HIT2
PerCP/Cyanine5.5 anti-human CD19 Antibody Biolegend HIB19
Brilliant Violet 510TM anti-human CD3 Antibody Biolegend OKT3
Brilliant Violet 421TM anti-human CD274 (B7-H1. PD-L1) Antibody Biolegend 29E.2A3
Alexa Fluor® 700 anti-human CD45 Antibody Biolegend 2D1
FITC anti-human CD163 Antibody Biolegend GHI/61
Human/Mouse CXCL12/SDF-1 PE-conjugated Antibody Bio-techne IC350P
FITC anti-human CD14 Antibody Biolegend HCD14
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Figure S1. A. The UMAP plot of cells from one patient, representing eight distinct clusters. Each dot corresponds to 
one single cell. B. The percentage of four different subset of HCC infiltrating B cell in each sample. C. Heatmap of 
hallmarker gene of PD-L1+Breg cell in different cluster of B cell.
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Figure S2. The MIF/CD74 axis plays an important role in iCAFs-CXCL12+ TAM interaction. A. A circle plot of the 
number of cellular communications in six identified types of cell populations in liver tissue. The width represents the 
number of cell interactions. B. A circle plot of the weights/strength of the number of cellular communications in six 
identified types of cell populations in liver tissue. The width represents the weights/strength of the interaction. C. A 
chord diagram of cell-to-cell contact interactions from CXCL12+ TAMs toward iCAF.
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Figure S3. Determination and gating strategy of CXCL12 expression in macrophage (derived from THP1) induced by 
conditional medium of normal and HCC tissues respectively analyzed by flow cytometry.
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Figure S4. CXCL12+ TAMs aggregated and secreted more TGF-β in HCC than in adjacent tissues. A. Representative 
figures for multiple-color stainting for TGF-β, CD163, and CXCL12 expression in human HCC and adjacent samples. 
B. Dot plots showing cell numbers of TGF-β hight and TGF-β low in HCC and adjacent tissues. Red represents TGF-β 
low and blue represents TGF-β hight. Data are presented as mean ± SEM and were analyzed using Student’s t-test 
(***p<0.001, **p<0.01).

Figure S5. CXCL12-secreting TAMs regulate PD-L1+ Bregs through the CXCL12/CXCR4 axis. A. Western blot show-
ing PD-L1 levels with CXCL12 treatment and CXCR4 antibody interference. GAPDH is used as a baseline reference. 
B. Bar graph depicting changes in PD-L1 mRNA after treatment with CXCL12 and blockage with CXCR4 antibody, 
indicating a significant change in expression (****p<0.0001).
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Figure S6. Experimental design of orthotopic HCC model.
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Figure S7. A. α-SMA staining of mouse liver tissues. B. Comparison of the ratio of α-SMA positive area in CCL4 
treated and normal control mice. C, D. Expression of cxcl12 in control and cxcl12 transduced macrophage.



Macrophage regulate B cell PD-L1 in HCC

9	

TabIe S2. Hallmarker gene of PD-L1+Breg cell compared with other cluster of B cells
gene logFC AveExpr t P.Value adj.P.Val B
IGHA1 2.1180681 -2.50E-16 13.12577205 1.57E-31 4.03E-27 59.58806589
IGHA2 2.081733459 2.77E-17 12.77894948 2.90E-30 3.73E-26 56.67683402
BRMS1L 1.038069146 -0.01047552 6.290636246 1.09E-09 7.26E-06 9.696991135
JCHAIN 1.193011828 -1.86E-16 6.284400325 1.13E-09 7.26E-06 9.662157137
KLHL14 1.184504147 -6.67E-18 6.233876275 1.51E-09 7.74E-06 9.380913387
PDIA4 1.145251994 -4.20E-18 6.002533022 5.49E-09 2.35E-05 8.115781413
CCNB2 1.127836447 -0.000921724 5.963406047 6.80E-09 2.50E-05 7.905531963
IL10 1.133417828 1.28E-17 5.933337701 8.02E-09 2.58F-05 7.744699378
ZNF341 1.027904135 -0.007511131 5.896213547 9.82E-09 2.80E-05 7.54701697
RP11-1212A22.4 0.96276259 -0.010208176 5.752493079 2.13E-08 5.48E-05 6.791077265
SLC16A6 0.989822565 -0.006082746 5.520923785 7.20E-08 0.000159251 5.60483825
DUSP5 1.060920955 1.36E-16 5.514720698 7.43E-08 0.000159251 5.573608867
DDOST 1.045721964 -1.21E-16 5.428056047 1.16E-07 0.000229504 5.140313712
CCR10 1.037789818 1.16E-16 5.382971473 1.46E-07 0.000257953 4.917142972
CD27 1.036736232 2.47E-16 5.376990497 1.50E-07 0.000257953 4.887652454
ITM2C 1.027955979 -1.09E-16 5.327213598 1.94E-07 0.000311007 4.643270638
VIMP 1.025529371 1.87E-16 5.313477583 2.07E-07 0.000313656 4.576165217
CDCA3 0.992486653 -3.97E-18 5.127317698 5.22E-07 0.000745517 3.680993445
MCM8 0.888118545 -0.008946227 5.102738637 5.88E-07 0.000792556 3.564805715
HARBI1 0.878116965 -0.00906989 5.093164944 6.16E-07 0.000792556 3.519677285
CLDN3 0.720644516 -0.017509292 4.993308133 9.98E-07 0.001222234 3.053248869
CRY1 0.955366963 3.42E-18 4.92008 1.41E-06 0.001653424 2.716191422
MYDGF 0.928595791 -2.54E-16 4.771803026 2.83E-06 0.002722143 2.046756668
LINC00092 0.746719312 -0.015251557 4.728451543 3.46E-06 0.002722143 1.854365931
RP11-16E12.1 0.746717627 -0.015228949 4.728451543 3.46E-06 0.002722143 1.854365931
TMTC2 0.746717161 -0.015222704 4.728451543 3.46E-06 0.002722143 1.854365931
POLE2 0.746713798 -0.015177601 4.728451543 3.46E-06 0.002722143 1.854365931
CRYBA4 0.746695248 -0.014928802 4.728451543 3.46E-06 0.002722143 1.854365931
RP13-582O9.7 0.746688775 -0.014841977 4.728451543 3.46E-06 0.002722143 1.854365931
CD274 0.512658884 -0.003733405 2.679607594 3.46E-06 0.002722143 -5.409330346
SMOC1 0.746687263 -0.014821697 4.728451543 3.46E-06 0.002722143 1.854365931
C6orf52 0.746653948 -0.014374868 4.728451543 3.46E-06 0.002722143 1.854365931
CD226 0.73549686 -0.01469323 4.727869221 3.47E-06 0.002722143 1.851791944
AE000662.93 0.724587254 -0.01531844 4.726100883 3.49E-06 0.002722143 1.843977199
RP11-244H3.4 0.9091271 -0.000926225 4.712384533 3.72E-06 0.002754649 1.783446909
TANC2 0.688830532 -0.017184415 4.710663737 3.75E-06 0.002754649 1.775863772
TXNDC5 0.914058944 1.89E-16 4.691688539 4.09E-06 0.00292059 1.692403519
DNAJB11 0.899399822 4.91E-17 4.61117783 5.89E-06 0.004089521 1.341537608
GNS 0.898341958 2.79E-17 4.605378467 6.04E-06 0.004089521 1.316467791
EXPH5 0.605190314 -0.020583779 4.595652168 6.31E-06 0.004162521 1.274484051
SFT2D3 0.599017707 -0.020786415 4.581508481 6.73E-06 0.004242098 1.213570561
APTR 0.859175683 -0.003368799 4.567671898 7.16E-06 0.004242098 1.154138107
NEDD4L 0.797642911 -0.008717122 4.564832592 7.25E-06 0.004242098 1.141961792
PTPRG 0.849894889 -0.00420908 4.564655911 7.25E-06 0.004242098 1.141204318
HSP90B1 0.890870021 -4.65E-16 4.564456458 7.26E-06 0.004242098 1.140349244
RP11-455F5.5 0.795346522 -0.008807193 4.557777146 7.48E-06 0.004273227 1.111733242
PPIB 0.88825791 1.25E-16 4.550167099 7.74E-06 0.00432444 1.0791743
HBSIL 0.872828126 6.31E-18 4.465932262 1.12E-05 0.006140545 0.72196411
CD38 0.871927688 -1.44E-16 4.46102559 1.15E-05 0.006143326 0.70133701
TRAM1 0.86660986 -3.56E-16 4.432067744 1.30E-05 0.006829744 0.580007237
CHST12 0.86529408 1.33E-16 4.424908042 1.34E-05 0.006905166 0.550116098
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P4HB 0.859310644 -147E-17 4.392375969 1.55E-05 0.007796376 0.414833453
UAP1 0.853745377 1.08E-16 4.362155891 1.76E-05 0.008711579 0.289953767
IGLV7-46 0.558034775 -0.021375212 4.350128316 1.86E-05 0.009000757 0.240463488
AL928768.3 0.843546753 3.46E-17 4.306871106 2.23E-05 0.010629427 0.0634706
DNAJC3 0.841687424 -5.54E-17 4.296805173 2.33E-05 0.01089296 0.022509075
SLC38A10 0.835080421 -5.82E-17 4.261068965 2.71E-05 0.012447749 -0.122226366
SDF2L1 0.831311722 -6.86E-17 4.240707221 2.95E-05 0.013326447 -0.204213496
BRCC3 0.825202246 -1.23E-17 4.207733078 3.39E-05 0.01482243 -0.336243794
PDGFD 0.766174473 -0.006231362 4.20547567 3.42E-05 0.01482243 -0.34524902
DERL3 0.82433913 2.15E-16 4.203078074 3.46E-05 0.01482243 -0.35480877
CTNNAL1 0.817116176 5.81E-17 4.16415581 4.07E-05 0.017143286 -0.509320371
TXNDC11 0.810008547 2.24E-16 4.12591199 4.76E-05 0.019753658 -0.659888025
AC011043.1 0.606663498 -0.017050895 4.099756994 5.30E-05 0.021643732 -0.762145632
STARD3 0.80268379 5.12E-17 4.086558363 5.60E-05 0.022487182 -0.813526838
SAMD3 0.640120018 -0.014532134 4.063124422 6.16E-05 0.024359788 -0.904387109
TP53INP2 0.712478338 -0.008636075 4.044219498 6.65E-05 0.025903592 -0.97734514
RRM2 0.788198231 1.72E-17 4.008904132 7.67E-05 0.029005306 -1.112814874
AARS 0.788179086 6.13E-18 4.00880165 7.67E-05 0.029005306 -1.113206438
CRB3 0.721255423 -0.007217996 4.004375824 7.81E-05 0.029098075 -1.130108114
SEC11C 0.785120838 -1.66E-17 3.992435898 8.19E-05 0.030090324 -1.175621322
CTD-3193K9.4 0.720592532 -0.006928716 3.976894481 8.72E-05 0.031570448 -1.234679382
ABCB9 0.780366653 1.63E-17 3.967014329 9.07E-05 0.032384433 -1.272116382
AQP3 0.778268829 -3.77E-17 3.955804444 9.48E-05 0.033399469 -1.314490125
POLA1 0.523294423 -0.020627922 3946237166 9.85E-05 0.034225331 -1.350569135
HCG27 0.695265491 -0.008576369 3.937592989 0.000101939 0.034502028 -1.383099185
GLT8D1 0.774651669 7.14E-17 3.93648674 0.000102387 0.034502028 -1.387257606
TBC1D14 0.774221063 4.69E-17 3.934187966 0.000103324 0.034502028 -1.395895385
TYMS 0.768958415 2.02E-17 3.906109188 0.000115444 0.03805495 -1.501034753
WIPI1 0.767947113 -1.48E-17 3.900716694 0.00011792 0.03837938 -1.521148631
SLC38A5 0.765038285 7.47E-17 3.885212055 0.000125326 0.039964823 -1.578840389
RP5-1068E13.7 0.703566587 -0.006922695 3.884045093 0.0001259 0.039964823 -1.583174155
GPR155 0.762351397 -4.51E-18 3.870898144 0.000132551 0.041562874 -1.631916678
AL109761.5 0.709547509 -0.005609225 3.844391937 0.000146985 0.045533381 -1.729733016
RRAS 0.660596291 -0.010214189 3.839270216 0.00014994 0.045895889 -1.74856346
LETM2 0.754536449 -1.51E-17 3.82930737 0.00015585 0.04714375 -1.785127402
LMAN2 0.752286693 5.18E-19 3.817345767 0.000163237 0.048804135 -1.828912782


