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Abstract 

Tumor-associated macrophages are a key component that contributes to the immunosuppressive 

microenvironment in human cancers. However, therapeutic targeting of macrophages has been a 

challenge in clinic due to the limited understanding of their heterogeneous subpopulations and distinct 

functions. Here, we identify a clinically relevant CD19+ subpopulation of macrophages that is enriched in 

many types of cancer, particularly in hepatocellular carcinoma (HCC). The CD19+ macrophages exhibit 

increased levels of programmed cell death 1 ligand 1 (PD-L1) and CD73, enhanced mitochondrial 

oxidation, and compromised phagocytosis, indicating their immunosuppressive functions. Targeting 

CD19+ macrophages with anti-CD19 chimeric antigen receptor T (CAR-T) cells inhibited HCC tumor 

growth. We identify Paired Box 5 (PAX5) as a primary driver of up-regulated mitochondrial biogenesis in 

CD19+ macrophages, which depletes cytoplasmic Ca2+, leading to lysosomal deficiency and consequent 

accumulation of CD73 and PD-L1. Inhibiting CD73 or mitochondrial oxidation enhanced the efficacy of 

immune checkpoint blockade therapy in treating HCC, suggesting great promise for CD19+ macrophage-

targeting therapeutics. 

 

 

 

Introduction 

Liver cancer has emerged as the third leading cause of cancer-related death worldwide, 

with hepatocellular carcinoma (HCC) being the predominant pathological subtype1. 

Current therapies for treating HCC comprise surgical resection, liver transplantation, 

locoregional therapies, and systemic treatments including targeted therapies and 

immunotherapy2. Surgical resection and liver transplantation offer the best chance for a 

cure, but are only options for a small subset of patients diagnosed at an early stage. 

Locoregional therapies, including radiofrequency ablation and transarterial 

chemoembolization, are used for intermediate stages of HCC or when surgery is not 

feasible. Systemic treatments, like tyrosine kinase inhibitors (e.g., sorafenib and lenvatinib) 

and immune checkpoint inhibitors (e.g., atezolizumab, nivolumab and pembrolizumab), 
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have expanded treatment options for the majority of patients with advanced HCC that 

misses the window for surgical intervention3. Despite these advancements, the 5-year 

overall survival rates for HCC remain below 20%4. These therapies face significant 

challenges in the clinic, including tumor heterogeneity, which leads to variable treatment 

responses, and the immunosuppressive tumor microenvironment (TME), which hampers 

the efficacy of immunotherapies5,6.  

The immunosuppressive microenvironment of HCC is characterized by a complex 

interplay of various cell types that collectively inhibit effective anti-tumor immune 

responses. Key players include myeloid-derived suppressor cells (MDSCs), which 

accumulate and inhibit T cell activation7. Regulatory T cells (Tregs) suppress cytotoxic T 

cell function, while cancer-associated fibroblasts (CAFs) produce extracellular matrix 

components and cytokines that further support an immunosuppressive milieu8. Particularly, 

tumor-associated macrophages (TAMs) are the most abundant in HCC that promotes 

tumor growth and suppresses inflammation9. These various types of stroma cells interact 

through direct contact and the release of soluble factors, creating a TME that hinders 

immune-mediated tumor eradication10. 

Macrophages exhibit different features in the presence of different inducers, such as 

lipopolysaccharide and interleukin-4, which lead to the two classic polarizations of 

macrophages, defining as M1 and M2 macrophages11. TAMs are believed to promote 

tumor progression by reprogramming local immunosuppression, inducing angiogenesis 

and drug resistance, and promoting tumor cell invasion. Phenotypically, despite being 

considered to have an M2-like polarization12, TAMs are noncanonical and dynamically 

altered in response to stimuli within the TME. Consequently, the binary classification of 

macrophages is inadequate for describing them within the highly heterogeneous TME, 

both spatially and temporally13. Studies have identified specific TAM subgroups, such as 

PD-1+ TAMs in colon cancer, TREM1+ TAMs in hepatocellular carcinoma, and CD169+ 
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TAMs in glioblastoma14-16. These subgroups have diverse or even contradictory effects on 

tumor progression, suggesting that precise interventions targeting certain TAM subgroups, 

rather than the wholesale removal of M1, M2 or all TAMs in the TME, are likely to achieve 

better anti-tumor efficacy. Therefore, understanding the full spectrum of TAMs is crucial 

for developing therapeutic approaches that target macrophages in HCC.  

 In the present study, we identified a subgroup of CD19+ TAMs that are enriched in a 

number of solid tumor types, particularly in HCC. As a transmembrane glycoprotein, CD19 

is considered as a biomarker and functionally crucial for the regulation of B cell receptor 

signaling in both the early and late stages of B cell development. Interestingly, a recent 

analysis of single-cell RNA sequencing (scRNA-seq) data defined a transdifferentiated cell 

types in the ischemic brain that was characterized by co-expression of B-cell markers and 

several macrophage markers17, suggesting a potential role of CD19 in macrophages. Here, 

we elucidated the clinical relevance, cellular functions, and molecular features of CD19+ 

TAMs and determined the underlying regulatory mechanisms of their immunosuppressive 

characteristics. Based on these findings, we propose that targeting CD19+ TAMs or 

mitigating their pro-tumoral effects could be a promising strategy for treating HCC.  
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Results 

CD19+ macrophages are enriched in HCC 

A group of tumor tissue samples (n = 30) from patients with HCC were analyzed with mass 

cytometry (CyTOF) for profiling their tumor immune microenvironment 6. Unexpectedly, 

we identified a subgroup of TAMs expressing CD19 at a level comparable to that in B cells 

in the tumors (Fig. 1A). To validate the presence of CD19+ TAMs, we further conducted 

immune profiling analysis of HCC samples in a 41-patient cohort. Approximately a half (29 

out of 41) of the HCC samples had a considerable proportion (>20% of total TAMs) of 

CD19+ TAMs. The existence of a CD19+ subpopulation in the TAMs was further confirmed 

using immunofluorescence (Fig. 1B), ImageStream (Fig. 1C and Supplementary Fig.1A) 

and flow cytometry (Fig. 1D and Supplementary Fig.1B). Additionally, we applied 

multiplex immunohistochemical (mIHC) staining on tumors and their adjacent normal 

tissues using CD14, CD68, CD19, and CD20 markers to demonstrate CD19+ TAMs at the 

single-cell level (Fig. 1E). Conventional macrophage markers, CD11b and CD68/CD14, 

were used to confirm their macrophage identity. Notably, the proportion of CD19+ TAMs 

was much higher in HCC than in adjacent normal tissue or peripheral blood (Fig. 1B and 

1D). In terms of cell size, the CD19+ TAMs had greater FSC/SSC (forward scatter/side 

scatter) values in flow cytometry than those of B cells, suggesting their macrophage cell 

lineage rather than a B cell lineage (Supplementary Fig.1C).  

Next, we wanted to determine whether CD19+ TAMs exist in other types of solid 

tumors. In a total of six types of human solid tumors, including HCC, CD19+ TAMs are 

enriched (Fig. 1F) compared with those in peripheral blood and normal tissues. In 

particular, HCC, renal carcinoma, colorectal cancer, pancreatic cancer, and gastric cancer 

had a median proportion of CD19+ TAMs over 20% of total TAMs. Similarly, we detected 

CD19+ macrophages in various normal tissues and peripheral blood in mice 
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(Supplementary Fig.1D). Moreover, the proportion of CD19+ macrophages did not 

correlate with that of B cells in these tissues (Supplementary Fig. 1E and 1F), further 

suggesting that they are not derived from B cells. The results collectively suggest that 

CD19+ macrophages naturally exist in the body but are enriched in solid tumors. 

 

CD19+ TAMs are associated with poor clinical outcomes in HCC 

As no previous study reported this subgroup of TAMs, we wanted to examine the clinical 

relevance of CD19+ macrophages in HCC. A human HCC tissue microarray was co-

immunostained with anti-CD19 and anti-CD68 antibodies (Supplementary Fig. 2A). In a 

total of 191 tissue samples with valid co-immunostaining, we found that the abundance 

(shown as density) of CD19+ TAMs was positively correlated with tumor size 

(Supplementary Fig. 2B) and tumor cell differentiation (Supplementary Fig. 2C), but not 

with disease stages (Supplementary Fig. 2D), suggesting CD19+ TAMs may be recruited 

at early stage of tumor initiation for creating immunosuppressive TME. Importantly, HCC 

patients with greater density of CD19+ TAMs had worse overall survival (hazard ratio 3.12, 

95% confidential interval 1.23–7.89) and disease-free survival (Fig. 2A and 

Supplementary Fig. 2E). By contrast, the density of total TAMs had no correlation with 

overall survival of these patients (Fig. 2B). Consistent with its clinical relevance, the 

density of CD19+ TAMs was positively correlated with tumor cell proliferation, as indicated 

by Ki-67 staining in human HCC samples (Fig. 2C). TME analysis of the HCC tissue 

microarray indicated that a high density of CD19+ TAMs was associated with increased 

infiltration of Tregs but reduced infiltration of CD8+ T cells (Supplementary Fig. 2F). 

Collectively, these results demonstrated that CD19+ TAMs correlate with poor clinical 

prognosis in patients with HCC,  underlying a potential modification of TME. 

 

CD19+ TAMs possess immunosuppressive abilities and promote HCC growth 
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To study the role of CD19+ TAMs in shaping the TME, we further analyzed the CyTOF data 

from the 41 patients with HCC (the same cohort analyzed in Fig. 1A). CD19+ TAMs 

represent a major subgroup of TAMs, accounting for approximately 30% of TAMs and 5% 

of CD45+ cells in the tumors (Supplementary Fig. 2G). The CD19+ and CD19- subsets of 

TAMs showed a sharp difference at the level of the M2 macrophage marker CD163 

(Supplementary Fig. 2H). The proportion of CD19+ TAMs was also negatively correlated 

with the abundance of total T, CD4+ and CD8+ T cells (Supplementary Fig. 2I). In-depth 

analysis showed that the proportion of CD19+ TAMs was positively correlated with that of 

PD-1+ effector memory T cells (TEMs), but negatively correlated with that of CD127+ TEMs 

(Supplementary Fig. 2I). These data strongly suggest that CD19+ TAMs possess 

immunosuppressive abilities. 

To determine the role of CD19+ macrophages in tumor growth in vivo, we isolated 

CD19+ and CD19- macrophages from mouse spleen and mixed them with mouse HCC 

cells (Hepa 1-6) to generate orthotopic syngeneic mouse models (Supplementary Fig. 

3A). The presence of CD19+ macrophages significantly promoted tumor growth in 

comparison to CD19- macrophages (Fig. 2D). Meanwhile, the number of infiltrating CD8+ 

T cells was much lower, but Gr-1+ cells were more abundant in tumors with CD19+ 

macrophages (Supplementary Fig. 3B and 3C). To test the clinical potential of targeting 

CD19+ macrophages in HCC, we developed mouse chimeric antigen receptor T (CAR-T) 

cells specifically targeting mouse CD19 (see details in Supplementary Methods) for 

adoptive T cell therapy (Supplementary Fig. 3D). The growth of the tumors with CD19+ 

macrophages, but not with CD19- macrophages, was significantly inhibited when the 

tumor-bearing mice received anti-CD19 CAR-T cells. This inhibition was not observed in 

the mice treated with control CAR-T cells for tumors containing either CD19+ or CD19- 

macrophages (Fig. 2E and Supplementary Fig. 3E). To exclude the possibility that the 

inhibition is associated with B cells that are also positive for CD19, we tested the anti-
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tumor effect of the anti-CD19 CAR-T in muMT mice that lack mature B cells18. Low levels 

of B cells in muMT mice were verified by flow cytometry (Supplementary Fig. 3F). GFP+ 

anti-CD19 CAR-T cells were infiltrated into tumors in muMT mice (Supplementary Fig. 

3G) and CD19+ macrophages were effectively depleted by the anti-CD19 CAR-T treatment 

(Supplementary Fig. 3H) The similar anti-tumor effect of anti-CD19 CAR-T cells was 

observed in the tumors with CD19+ macrophages (Fig. 2F), independent of the B cell 

levels in the mice. These results highlight the role of CD19+ macrophages in HCC 

progression and suggested CD19+ macrophages are a potential clinical target for HCC 

treatment. 

 

CD19+ TAMs exhibit a distinct gene expression profile 

To understand the molecular features of CD19+ macrophages, we isolated CD19+ TAMs, 

CD19- TAMs and B cells from three HCC patients, and conducted scRNA-seq analysis for 

a total of 52,749 cells (Fig. 3A and Supplementary Fig. 4A). TAMs were annotated by a 

high expression level of CD11b, CD14 and CD68, while B cells were identified by CD45, 

CD19 and CD79A. CD19+ TAMs, CD19- TAMs and B cells were clustered (Fig. 3B). We 

next characterized the transcriptional profiles of the three types of cells (Fig. 3C). CD19+ 

TAMs exhibited a distinctive gene signature, among which ribonuclease 1 (RNASE1), 

selenoprotein P (SELENOP) and apolipoprotein E (APOE) are closely associated with cell 

metabolism. CD19- TAMs expressed high levels of genes encoding small calcium-binding 

proteins in the S100 family including S100A9, S100A8 and S100A4. Interestingly, CD19+ 

TAMs and B cells both express high levels of genes (IGHG1, IGLC1 and IGKC) encoding 

immunoglobin proteins. Furthermore, CD19+ TAMs appeared to be in proximity to M2-like 

macrophages, while CD19- TAMs were close to M1 macrophages to some extent, 

although no definite associations were found (Fig. 3D and Supplementary Fig. 4B). 

Genes in metabolic pathways and lysosome were significantly enriched in CD19+ TAMs 
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(Fig. 3E). Specifically, CD19+ TAMs had higher expression levels of genes associated with 

mitochondrial functions and higher mitochondria scores (Fig. 3F and 3G). The gene 

expression profiling analysis demonstrated that CD19+ macrophages are a subgroup of 

cells distinct from CD19- macrophages and B cells. 

Based on the scRNA-seq data analysis, we identified a 10-gene signature capable 

of distinguishing between CD19+ and CD19- macrophages. This signature includes five 

genes specific to CD19+ TAMs (RNASE1, APOE, APOA2, APOC1, SELENOP) and five 

genes specific to CD19- TAMs (S100A9, S100A8, S100A4, FCN1, VCAN) 

(Supplementary Fig. 4C). The mRNA expression profiles of these 10 genes effectively 

differentiate CD19+ TAMs from CD19- TAMs, aligning well with their protein levels 

determined by flow cytometry (Supplementary Fig. 4D and 4E). This 10-gene signature 

was also applied to analyze two public scRNA-seq datasets (Bioproject: PRJCA010606 

and PRJCA007744) (Supplementary Fig. 5A-5C and 6A-6C). The defined CD19+ TAMs 

are highly enriched in HCC compared to normal adjacent tissues and show a higher level 

of mitochondrial activity than CD19- TAMs (Supplementary Fig. 5D, 5E and 6D, 6E).  

 

CD19+ TAMs are highly proliferative and immunosuppressive 

Given the high mitochondria score of CD19+ TAMs in HCC, we next analyzed the 

metabolic activity of mitochondria based on the expression levels of oxidative 

phosphorylation (OXPHOS)-related genes, including NADH dehydrogenase members, 

cytochrome c oxidase subunit members, and ATP synthase membrane subunit members 

in CD19+ TAMs and CD19- TAMs. Overall, a majority of these genes was significantly up-

regulated in CD19+ TAMs (Fig. 4A). To further characterize the metabolic phenotype of 

CD19 ⁺  TAMs, we sorted CD19 ⁺  and CD19 ⁻  TAMs from human HCC tissues and 

subjected to mitochondrial mass staining and reactive oxygen species (ROS) staining. 

Results revealed that CD19+ TAMs exhibit enhanced mitochondrial mass, accompanied 
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by increased ROS production relative to CD19⁻ TAMs (Supplementary Fig. 7A and 7B). 

Moreover, we found that CD19+ TAMs exhibit increased co-expression of COX-IV, a key 

subunit of mitochondrial complex IV, supporting the maintenance of robust OXPHOS 

activity in CD19+ TAMs (Supplementary Fig. 7C). Seahorse analysis of cell metabolism 

showed remarkably enhanced mitochondrial respiration of CD19+ macrophages, including 

both basal and maximal respiratory capacities (Fig. 4B). The energetic feature of CD19+ 

macrophages may lead to the alterations of their functions and cell activities. First, CD19+ 

TAMs showed much compromised phagocytotic activity (Fig. 4C). Second, we found that 

the proportion of CD19+ TAMs was significantly higher in large tumors than in small ones 

in an HCC syngeneic mouse model (Supplementary Fig. 7D), consistent with their clinical 

relevance in human HCC. CD19+ TAMs showed higher levels of Ki-67 expression than 

CD19- TAMs from the same tumor, both in mice and patients (Supplementary Fig. 7E 

and 7F). The enhanced proliferation of CD19+ TAMs was confirmed using an orthotopic 

mouse model and 5-ethynyl-2-deoxyuridine (EdU) assays (Supplementary Fig. 7G). 

Therefore, we reasoned that abundance of CD19+ TAMs in tumors, especially large ones, 

is likely due to their high proliferation rate. 

As CD19+ TAMs are a biomarker for poor clinical outcomes of HCC, we found 

increased PD-L1 levels in CD19+ TAMs compared to CD19- TAMs (Fig. 4D). During the 

HCC metabolite analysis6, we were particularly interested in adenosine, a primary 

immunosuppressive metabolite presents in high levels in the TME of most solid tumors19. 

In the metabolite data from the analysis using liquid chromatography with tandem mass 

spectrometry (LC-MS/MS), we observed significant associations between the 

concentrations of adenosine diphosphate (ADP), adenosine monophosphate (AMP), and 

adenosine and the abundance of CD19+ TAMs in human HCC tumors (Supplementary 

Fig. 7H). Factors that contribute to adenosine production include hypoxia, high cell 

turnover, and particularly, the expression of CD73, a 5′-nucleotidase (NT5E) that converts 
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autocrine and paracrine danger signals of ATP to anti-inflammatory adenosine20. Given its 

pivotal role in regulating the ADP/AMP/adenosine conversion21, CD73 has been an 

emerging therapeutic target for immune checkpoint blockade22, 23, and numerous CD73-

targeted antibodies and small-molecule inhibitors are currently undergoing clinical testing 

for cancer therapy24. As expected, we observed significantly elevated levels of CD73 in 

CD19+ TAMs (Fig. 4D). Biochemical assay verified a high 5′-nucleotidase activity of CD73 

in the CD19+ TAMs (Fig. 4E). As an indicator of their immunosuppressive functions, CD19+ 

macrophages significantly inhibited the proliferation of total T cells, CD4+ T cells, and CD8+ 

T cells when these cells were isolated from the clinical tumor samples and co-cultured in 

vitro in mixed lymphocyte reaction (MLR) assays (Fig. 4F).  

 

PAX5 is a master regulator for CD19+ macrophages 

CD19 is important for B cell development and differentiation25. Therefore, it is intriguing to 

determine whether CD19 expression is essential for the immunosuppressive activity of 

CD19+ TAMs. To this end, CD19
△Mφ (CD19flox/flox;Lyz-Cre) mice were generated to establish 

orthotopic mouse HCC tumor models with macrophage-specific knockout of CD19. 

Unexpectedly, no differences in orthotopic tumor growth were observed between CD19
△

Mφ mice and their littermate controls (Fig. 5A), although CD19 expression was depleted in 

literally all the macrophages in the CD19
△Mφ mice (Fig. 5B). These results suggest that 

CD19 can only be used as a biomarker for the CD19+ macrophages, but functionally 

dispensable for this subgroup of macrophages in the tumor. Among upstream regulators 

of CD19, PAX5 is the key transcription factor that governs the expression of CD1926, 27. 

We found that CD19+ TAMs indeed had up-regulated expression of PAX5 at both mRNA 

and protein levels (Fig. 5C-5E). Thus, we reasoned that PAX5 may play a role in the 

CD19+ macrophages. Exogenous overexpression of PAX5 in human THP-1 cells (a model 

for macrophage-related cell activities) induced the expression of CD19, CD73 and PD-L1 
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(Fig. 5F and 5G). Similar results were observed in mouse immortalized bone marrow-

derived macrophages (iBMDMs) (Fig. 5H). Functionally, overexpression of PAX5 impaired 

phagocytosis in the mouse iBMDMs (Supplementary Fig. 8A). Collectively, PAX5 

appears to be a master regulator for the essential features of CD19+ macrophages in the 

tumor.  

In the human THP-1 cells, overexpression of PAX5 also profoundly enhanced 

mitochondrial respiration in terms of basal respiration, maximal respiration and ATP 

production (Fig. 5I). Electron microscopy analysis demonstrated that the number of 

mitochondria was much higher in the THP-1 cells with PAX5 overexpression (Fig. 5J). The 

increased number of mitochondria and decreased mitochondrial superoxide levels were 

detected by flow cytometry in these cells (Fig. 5K). Importantly, PAX5 significantly 

enhanced the expression of PGC-1α, a potent inducer of mitochondrial biogenesis 

(Supplementary Fig. 8B)28. Additionally, PAX5-overexpressing THP-1 cells presented a 

higher level of adenosine in the culture medium than control cells, consistent with 

increased CD73 activity (Supplementary Fig. 8C and 8D). Since cellular metabolism is 

tightly related to macrophage functions15, we asked whether regulation of mitochondrial 

metabolism affected CD73 activity in CD19+ macrophages. Antimycin, an OXPHOS 

inhibitor, dramatically impaired CD73 activity (Supplementary Fig. 8D). Induction of 

reactive oxide species by diamide, rather than their removal by N-acetyl-cysteine (NAC), 

also inhibited CD73 activity. By contrast, blocking CD19 with neutralizing antibodies or 

inhibiting glycolysis with 2-deoxy-d-glucose (2-DG) had no effect on the CD73 activity 

(Supplementary Fig. 8D). Therefore, mitochondrial metabolism, but not CD19-

associated cell signaling regulate the functions of CD19+ macrophages in the tumor. 

Consistent with the cell studies, conditional knocked out of Pax5 in mouse macrophages 

(Pax5flox/flox;Lyz-Cre, named as Pax5
△Mφ) drastically inhibited the growth of orthotopically 

injected Hepa1-6-derived tumors (Fig.5L and Supplementary Fig. 8E-8G). As expected, 
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depletion of PAX5 efficiently decreased the protein levels of CD19, CD73, and PD-L1 in 

the macrophages of these mice (Supplementary Fig. 8H). Collectively, these results 

suggested that PAX5, instead of CD19, plays a central role in the regulation of CD19+ 

macrophages in the tumor. 

 

PAX5 induces PD-L1 and CD73 in a post-transcriptional manner 

Interestingly, PAX5 overexpression in human THP1 cells did not significantly induce the 

mRNA levels of PD-L1 and CD73 (Fig. 6A), indicating post-transcriptional regulation of 

PAX5 in CD19+macrophages. We performed CUT&Tag (Cleavage Under Targets and 

Tagmentation) and RNA-seq assays on human THP-1 cells with or without PAX5 

overexpression and identified global expression changes of genes that are 

transcriptionally regulated by PAX5 (Fig. 6B). Among these changes, genes associated 

with lysosome pathways were the second most significantly enriched, behind the genes 

involved in phagocytosis (Fig. 6C), suggesting that PAX5 may control target protein 

degradation via lysosome. Heat shock cognate 71-kDa protein (HSC70) is a chaperon 

protein that brings target proteins to lysosomes for degradation in cells29. We first 

performed mIHC on human HCC samples, specifically quantifying the protein co-

expression patterns of PAX5, HSC70, CD19, PD-L1, and CD73 within CD19⁺TAMs.  

Results revealed that in CD19⁺TAMs, PAX5 expression exhibited significant positive 

correlations with the expression of CD19, PD-L1, and CD73. However, no correlation was 

observed between PAX5 and HSC70 protein levels in these cells (Supplementary Fig. 

9A). These findings suggested that PAX5 is proposed to influence HSC70-mediated 

protein degradation by altering these interaction dynamics rather than changes in the total 

abundance of HSC70. We then identified three KFERQ-like motifs (CMA), which are 

potential binding sites to HSC70, in both PD-L1 and CD73 (Fig. 6D). 

Coimmunoprecipitation assays validated protein interactions between HSC70 and PD-L1 
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or CD73 (Fig. 6E), While KFERQ-like motif mutations in PD-L1 and CD73 disrupted their 

interactions with HSC70 compared to the wild type (WT) proteins (Supplementary Fig. 

9B and 9C). In lysosome function assays, we observed that lysosomes were significantly 

inhibited upon PAX5 overexpression (Fig. 6F and Supplementary 6G). Meanwhile, both 

CD73 and PD-L1 were induced when PAX5-overexpresing THP-1 cells were treated with 

inhibitors of lysosomal proteolysis (NH4Cl and leupeptin) (Fig. 6H).  

Because decreased number of lysosomes were seen in the PAX5-overexpressing 

THP-1 cells, we speculated that PAX5 may also regulate the activity of TFEB 

(Transcription Factor EB), a master regulator of lysosomal biogenesis (Supplementary 

Fig. 10A)30, in the nucleus. We found that nuclear TFEB levels were dramatically 

diminished in PAX5-overexpressing cells (Fig. 6I and Supplementary Fig. 10B). 

Knockdown of TFEB inhibited lysosomal functions and increased PD-L1 and CD73 protein 

levels, similar to the effects of PAX5 overexpression (Supplementary Fig.10C-10E). 

Overexpression of TFEB offset the effects of PAX5 overexpression, leading to reduced 

levels of PD-L1 and CD73 in the PAX5-overexpressing cells (Supplementary Fig. 10F 

and 10G). We sought to delineate the mechanism by which PAX5 regulates the nuclear 

translocation of TFEB. TFEB subcellular translocation is regulated primarily by Ca2+ 

signaling or mTOR-mediated phosphorylation31,32. While no change in mTOR expression 

was observed in the PAX5-overexpressing cells (data not shown), we reasoned that 

increasing calcium uptake by mitochondria, due to their up-regulated biogenesis in CD19+ 

TAMs, may impact Ca2+ signaling in the cytosol32. Using a fluorescent probe, we found an 

increased level of mitochondrial Ca2+ and, accordingly, a decreased level of cytosolic Ca2+ 

in PAX5-overexpressing THP-1 cells (Fig. 6J). Treatment with IACS-010759 (an 

OXPHOS inhibitor) or ionomycin (a Ca2+ ionophore) significantly increased the cytosolic 

level of Ca2+ and thus promoted the nuclear level of TFEB (Supplementary Fig. 10H and 

10I). These results suggested that PAX5 modulates the Ca2+ shuttling between 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

mitochondria and the cytosol, consequently inhibiting the nuclear translocation of TFEB 

and lysosomal activity, which eventually increases the levels of CD73 and PD-L1 by 

inhibiting their lysosomal degradation. 

 

Blocking CD19+ TAMs enhances the efficacy of immune checkpoint blockade 

therapy 

Given the role of CD19+ TAMs in HCC progression, we wanted to determine whether they 

could be a therapeutic target in treating HCC. In a syngeneic HCC tumor model, we first 

depleted macrophages in mice using clodronate liposomes every other day for four doses 

(Supplementary Fig. 11A-11C) prior to mouse Hepa1-6-derived tumor models 

establishment (Supplementary Fig. 11D)33,34. Control or Pax5-overexpressing iBMDMs 

were then infused into these mice to test their effects on tumor growth (Supplementary 

Fig. 11D). As expected, Pax5-overexpressing iBMDMs promoted greater tumor growth 

than wild-type iBMDMs (Supplementary Fig. 11E). In another orthotopic mouse model 

without systemic depletion of macrophages, Pax5-overexpressing iBMDMs also imposed 

a profound pro-tumor effect (Fig. 7A). Immunohistochemical analysis revealed that Pax5-

overexpressing iBMDMs limited the tumor infiltration of CD8+ T cells (Fig. 7B), indicating 

an immunosuppressive TME. 

CD19+ TAMs create an immunosuppressive tumor microenvironment with increased 

levels of PD-L1 and CD73. We next tested whether the combination of PD-L1 and CD73 

blockade had a synergistic effect on tumor control (Fig. 7C). Anti-CD73 neutralizing 

antibodies or a small-molecule inhibitor of CD73 significantly enhanced the anti-tumor 

effect of anti-PD-L1 antibodies in an orthotopic HCC mouse model (Fig. 7D). These effects 

are solely dependent on PAX5 in the CD19+ macrophages, as PD-L1 and CD73 blockade 

did not affect tumor progression in the Pax5
△Mφ mice (Supplementary Fig. 11F). In the 

presence of anti-PD-L1 antibodies, CD73 blockade significantly increased the tumor 
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infiltration of CD8+ T cells, as well as CD4+ T cells and natural killer cells. Tumor cell 

proliferation was greatly suppressed, as indicated by reduced Ki-67 staining 

(Supplementary Fig. 12).  

Because induced mitochondrial respiration is critical for the functions of CD19+ TAMs, 

we tested whether inhibiting mitochondrial respiration of CD19+ TAMs had a similar anti-

tumor effect. The OXPHOS inhibitor IACS-010759 exhibited an improved anti-tumor effect 

when combined with anti-PD-L1 antibodies in the orthotopic mouse HCC tumor model 

(Fig. 7E). The combination of PD-L1 blockade and OXPHOS inhibition also significantly 

promoted tumor infiltration of immune cells, including CD4+ T cells and CD8+ T cells 

(Supplementary Fig. 13). Collectively, therapeutic approaches targeting CD73 or 

OXPHOS -when optimized to leverage the heightened dependency of CD19+ TAMs on 

these pathways show great promise for improving the anti-tumor efficacy of 

immunotherapy for HCC. 
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Discussion 

TAMs play a crucial role in shaping the immunosuppressive tumor microenvironment. 

However, the heterogeneity of TAMs and the mechanisms by which they contribute to 

tumor progression remain elusive. In this study, we identified CD19+ macrophages 

enriched in a number of human tumor tissues. A high density of CD19+ macrophages 

within tumors is associated with poor clinical outcomes and reduced response to 

immunotherapy in patients with HCC. It was previously known that B cell progenitors, and 

even mature B cells, can be induced to adopt the gene expression patterns, morphology, 

and functions of macrophages35. Mechanistically, overexpression of transcription factor 

C/EBP in differentiated B cells leads to their rapid reprogramming into macrophages by 

inhibiting the B cell commitment transcription factor PAX5 and downregulation of its target 

CD1935. Extending this lineage plasticity, another prior study had demonstrated that 

cancers can induce the trans-differentiation of bone marrow-derived B-cell precursors—

specifically Csf1R+Pax5Low pre-B cells—into TAMs (termed B-MFs) via M-CSF signaling. 

A defining feature of B-MFs is the downregulation of PAX5 alongside the upregulation of 

macrophage-associated genes. Notably, these B-MFs are nearly absent in μMT mice36. 

Interestingly, CD19+ macrophages retain high expression levels of PAX5 and CD19. 

Despite its essential role in B cell differentiation and signaling, CD19 itself appears to be 

dispensable for the pro-tumor functions of CD19+ TAMs, at least in HCC. Depletion of 

CD19 in our preclinical mouse models had no notable effect on tumor growth (Fig. 5A). 

The abundance of CD19+ macrophages was also not correlated with the numbers of B 

cells in the tissues (Supplementary Fig. 1F). In addition, cell morphology and size 

analysis suggest that CD19+ TMAs is not likely to originate from a B cell lineage (Fig. 1C 

and Supplementary Fig. 1C). Further studies are warranted to determine whether CD19+ 

TAMs are recruited from circulating non-resident macrophages or functionally switched 

from tissue-resident macrophages.  
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PAX5 is a deciding regulator for B-lineage commitment37, and is usually 

undetectable in macrophages. However, PAX5 remains as a key player that drives 

immunosuppressive functions in the CD19+ TAMs. PAX5-overexpressing macrophages 

phenocopied CD19+ macrophages with all known characteristics, including enhanced 

oxidative phosphorylation, increased proliferative capacity, compromised phagocytic 

activity, and up-regulated levels of PD-L1 and CD73. However, CD19 does not seem to 

be transactivated in CD19+ macrophages as it does in B cells. Instead, PAX5 induces the 

CD19 protein level in the macrophages by inhibiting its lysosomal degradation. This 

differential regulation may distinguish signaling networks between B cells and 

macrophages. It is now unclear how PAX5 is highly expressed in CD19+ macrophages. 

This study is the first report showing a potential lineage crossing between B cells and 

macrophages in the tumor microenvironment. We observed varying levels of CD19+ 

macrophages in the circulation and organs of both humans and mice, indicating the 

possible existence of these cells since embryonic development. This suggests that lineage 

restriction during hematopoietic stem cell differentiation may not be as stringent as 

previously thought, allowing for the generation of a small population of "hybrid cells." 

CD19⁺TAMs primarily promote HCC progression by maintaining an 

immunosuppressive tumor microenvironment enriched with Gr-1⁺ cells. Gr-1⁺ cells 

represent a heterogeneous population of immunosuppressive cells—encompassing 

neutrophils, myeloid-derived suppressor cells (MDSCs), and some monocyte subsets, 

their accumulation in tumors is strongly linked to poor clinical outcomes in cancer patients, 

including HCC38,39. In HCC, CD19⁺TAMs and Gr-1⁺ cells cooperated functionally to 

intensify the immunosuppressive state, thereby creating favorable conditions for tumor 

cell growth. However, whether CD19⁺ TAMs orchestrate the recruitment of Gr-1⁺ cells 

into the tumor microenvironment or, alternatively, Gr-1⁺ cells mediate the recruitment of 

CD19 ⁺  TAMs—has yet to be delineated. Currently, we are conducting mechanistic 
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experiments to clarify the cellular origin of CD19⁺TAMs, as well as to investigate the 

infiltration dynamics of Gr-1⁺cells. Future investigations are warranted to elucidat the 

crosstalk between these cell populations and advance the understanding of CD19⁺TAMs 

biological characteristics in HCC. 

CD19+ TAMs are immunosuppressive due to their high levels of PD-L1 and CD73. 

CD73 expression in solid tumors has been identified as an independent biomarker of poor 

prognosis in clinic40, 41. Recent evidence has indicated that CD73 is selectively expressed 

in a diverse range of immune cell types, including T cells, natural killer cells, and 

macrophages42. The expression of CD73 on macrophages is closely associated with M2 

polarization and resistance to anti-PD-1 antibodies21, 43. Our study demonstrated that 

PAX5 increases the levels of CD73 and PD-L1 by compromising lysosomal activity due to 

decreased nuclear translocation of TFEB in CD19+ macrophages. The elevated activity of 

CD73 in these macrophages leads to increased adenosine production, which supports 

cancer cell proliferation in the tumor microenvironment. Given the hyperactivity of 

OXPHOS in CD19+ TAMs, the combined inhibition of CD73 and OXPHOS, along with 

immune checkpoint blockade, presents a promising therapeutic approach for treating HCC 

and potentially other tumors enriched with CD19+ TAMs. 

In this study, we explored potential therapeutic strategies to deplete or inhibit 

CD19+ TAMs, including CD19-targeted CAR-T cells, CD73 blockade, and OXPHOS 

inhibitors. CD19-targeted CAR-T therapies have consistently demonstrated high antitumor 

efficacy in both pediatric and adult patients with relapsed B-cell acute lymphoblastic 

leukemia, chronic lymphocytic leukemia, and B-cell non-Hodgkin lymphoma44. However, 

their clinical application in non-hematologic solid tumors remains to be established45, 46. 

Our results from a preclinical HCC model indicate significant translational potential for 

CD19-targeted CAR-T therapy in treating solid tumors with high levels of CD19+ TAMs. 

CD73 blockade has demonstrated antitumor effects in preclinical experiments by eliciting 
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an effective immune response, including enhanced NK cell activity, improved CD4+ and 

CD8+ T cell function, and elevated levels of proinflammatory cytokines22. Beyond 

macrophages, CD73 expression on tumor cells and Tregs also suppresses antitumor 

immunity21. Thus, targeting CD73 may exert multifaceted effects in cancer treatment. 

Finally, OXPHOS inhibitors have become a focus in cancer therapeutics, enhancing 

treatment responses in various cancers, including melanomas, lymphomas, colorectal 

cancers, leukemias, and pancreatic ductal adenocarcinoma47, 48. However, the clinical 

efficacy of OXPHOS inhibitors is influenced by the complex TME. Our study suggests that 

OXPHOS inhibition may enhance clinical efficacy by targeting and suppressing CD19+ 

TAMs in cancer immunotherapy.  

In summary, we identified a subgroup of CD19+ TAMs, which show 

immunosuppressive capacity and promoted HCC progression. Mechanistically, CD19+ 

TAMs are primarily driven by PAX5 and have up-regulated PD-L1 and CD73 levels. 

Elimination of these macrophages by CD19-specific CAR-T cells or functional inhibition of 

them by inhibiting CD73 or OXPHOS sensitized HCC to immunotherapy.
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Methods 

Ethics Statement 

All animal experiments were approved by the Ethics Committee of the First Affiliated 

Hospital, School of Medicine, Zhejiang University (approval number:No. 2020-483). The 

maximal permitted tumor size/burden as stipulated by this ethics committee is a single 

tumor diameter of no more than 20 mm, or a total tumor volume per animal of no more 

than 2000 mm3; or tumor weight not exceeding 10% of the animal's body weight. All 

animals included in the study maintained tumor sizes/burdens within the permitted limits, 

and no instances of exceeding the maximal tumor size/burden were recorded. 

The collection and application of clinical samples were approved by the ethics committee 

of the First Affiliated Hospital, Zhejiang University School of Medicine (approval 

number:No. 2020-681). All patients’ informed consent was obtained. 

 

A detailed description of the methods used in the study can be found in the 

Supplementary information. 

 

Cell culture 

THP-1 cells, Hepa1-6, Plat-E and HEK-293T cells were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA), immortalized murine bone marrow-derived 

macrophages (iBMDMs) were provided by Jingying Zhang at Zhejiang University. THP-1 

cells were cultured in Roswell Park Memorial Institute medium (RPMI 1640, Gibco, 

Carlsbad, CA). Hepa1-6, Plat-E  and HEK-293T cells were cultured in high-glucose 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco). Media were supplemented with 10% 

fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich, Saint 

Louis, MO), and maintained at 37.0 ± 0.2 °C in a humidified incubator with 5.0% CO2. 
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BMDMs were isolated from femurs and tibia of adult C57BL/6 mice (The Model Animal 

Research Center of Nanjing University, Nanjing, China) and cultured in RPMI 1640 

medium containing 50 ng/ml recombinant murine macrophage colony-stimulating factor 

(M-CSF, Peprotech, Rocky Hill, NJ) for 5-day differentiation. 

Mouse models 

All mice were bred under pathogen-free conditions. Animal experiments were approved 

by the ethics committee of The First Affiliated Hospital, Zhejiang University School of 

Medicine. The maximal permitted tumour size/burden for the study was defined as a 

longest diameter of 20 mm or a tumour burden equivalent to 10% of the animal’s body 

weight, in accordance with the ethical approval. Throughout the experimental period, none 

of the animals exceeded these predefined maximal tumour size or burden thresholds. Lyz-

Cre mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Homozygous 

muMT mice were provided by Prof. Chao Wang at Zhejiang University. Pax5flox/flox and 

CD19flox/flox mice were purchased from Cyagen Biosciences (Suzhou, China). C57BL/6 

(CD45.2) mice were purchased from The Model Animal Research Center of Nanjing 

University (Nanjing, China). Mice at 6-12 weeks of age were used for animal experiments. 

For in situ mice model, a 20 μl suspension consisting of 50% Matrigel Basement 

Membrane Matrix (Corning, Teterboro, NJ) and 50% phosphate buffered saline (PBS; 

Cienry, Hangzhou, China) with Hepa1-6 cells in combination with macrophages were 

injected into the liver of mice. For syngeneic model, Hepa1-6 cells with 100 μl PBS were 

inoculated subcutaneously into the left or right flanks of mice. Sacrificed tumors were 

processed for further experiments. 

Transfection of lentiviral vectors, siRNA and plasmid 

THP-1 cells and iBMDMs were seeded in 6-well plates at a density of 2 × 105 cells/ml and 

infected with lenti-PAX5, lenti-TFEB or lenti-NC (Jikai, Shanghai, China). Stably 

transduced cells were purified using fluorescence activated cell sorting for further 
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experiments. For siRNA transfection, 1.5 × 105 per well THP-1 cells were seeded in 24-

well plates and transfected with human TFEB siRNA (Santa Cruz Biotechnology, Santa 

Cruz, CA) using lipofectamine RNAimax (ThermoFisher Scientific, Waltham, MA) for 48 

hours according to manufacturer’s protocols. For plasmids transfection, HEK-293T cells 

were seeded in suitable density, the plasmids were transfected with Lipo8000TM 

Transfection Reagent (Beyotime, Shanghai, China) according to the manufacturer ’s 

instructions. After incubation for 24 h, the transfected cells were subjected to indicated 

analysis. 

Targeted anti-CD19 CAR-T cell therapy 

CD19+/CD19- macrophages were isolated from the spleens of mice 

(CD45+CD11b+F4/80+CD19+), and were mixed with Hepa1-6 cells to establish 

subcutaneous xenograft model at the left (CD19+ macrophages) or right (CD19- 

macrophages) flank of C57BL/6 or muMT mice. Anti-CD19 CAR-T cells were prepared 

and expanded. Mice were randomly assigned into groups for T cell infusion (1 × 107 cells 

in 100 µL PBS), and were sacrificed after 14 days. Harvested tumors were processed for 

subsequent experiments. 

ImageStream analysis 

Single-cell suspensions were stained and observed using an ImageStream II system 

(Amnis Corp, Seattle, WA) to identify CD19+ macrophages, CD19- macrophages, and B 

cells. Totally 1 × 105 single and focus cells were collected and analyzed by IDEASTM 6.2 

software (Amnis Corp). 

Multiplex immunohistochemistry (mIHC) 

HCC and para-tumor were prepared into slides with 4-μm thickness. mIHC was performed 

using Opal™ 6-Plex Detection Kits (Akoya Biosciences, Marlborough, MA) according to 

the manufacturer’s instructions. 

Single-cell RNA sequencing (scRNA-seq) and RNA-seq 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

ScRNA-seq libraries were constructed using a Chromium Single Cell 3’ Library and Gel 

Bead Kit v3.1 (10 x Genomics) according to the manufacturer’s protocol. RNA-seq was 

performed using the Illumina Hiseq XTEN platform (Illumina, San Diego, CA, USA) at 

Novogene Co. Ltd (Beijing, China). 

Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 8 (GraphPad Inc., La Jolla, CA). 
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Data availability 

 The remaining data are available within the Article, Supplementary Information or Source 

Data file. Source data are provided with this paper. Any additional information required to 

reanalyze the data reported in this paper is always available from the lead contact upon 

request (Qi Zhang: qi.zhang@zju.edu.cn). For external requests of additional data or 

materials required to reproduce the results presented in this manuscript, the requester 

must submit a formal application stating the research purpose, intended use of the data, 

and commitment to abide by relevant data protection and ethical guidelines.Human 

sequencing data were deposited in Genome Sequence Archive (GSA) 

(https://ngdc.cncb.ac.cn/gsa-human/browse/HRA008143). All processed sequencing data 

are deposited in Science Data Bank database, available via 

https://cstr.cn/31253.11.sciencedb.11557 or CSTR:31253.11.sciencedb.11557. 
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Figure legends 

Figure 1. CD19+ macrophages are enriched in HCC (See also Figure S1).  

(A) Visualized tSNE representation of the immune cell subtypes in human HCC tissues, 

including CD19+ TAMs, CD19- TAMs, and B cells (left) and CD19 protein expression levels 

in these three clusters (right). Clusters are differently color-coded and annotated in the 

figure. Data were generated from CyTOF. (B) Representative immunofluorescence 

images of CD19+ TAMs in HCC tissue and adjacent normal tissue. Scale bar, 50 μm. White 

arrows indicate CD19+ TAMs. n  =   191 independent experiments. (C) ImageStream 

showing CD19+ TAMs, CD19- TAMs and B cells in HCC tissue at a single-cell level. ×40 

magnification. (D) Representative flow cytometry plots showing CD19 expression on 

TAMs in HCC tissue, adjacent normal tissue, and peripheral blood. (E) Multiplex IHC assay 

was used to identify CD19+ macrophages and B cells in formalin-fixed and paraffin-

embedded HCC and adjacent normal tissues. Different colors indicate CD14 (yellow), 

CD68 (green), CD20 (orange), CD19 (red), and DAPI (blue). CD19+ macrophages are 

identified as CD14+CD68+CD20-CD19+, whereas B cells are identified as CD14-CD68-

CD20+CD19+. Scale bars, 50 μm. n = 20 independent experiments.(F) Flow cytometry 

quantification of CD19+ TAMs proportion in different types of cancer. n = 28 (patients with 

hepatocellular carcinoma), n =11 (patients with renal cancer), n = 11 (patients with 

colorectal cancer), n = 13  (patients with pancreatic ductal adenocarcinoma), n = 12 

(patients with breast cancer), n = 6 (patients with gastric cancer). Data are presented as 

the mean ± SEM. A paired two-tailed t-test was used in F.  
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Figure 2. CD19+ TAMs are associated with poor clinical outcome and 

immunotherapy response (See also Figure S2 and S3). 

(A) Kaplan-Meier curves showing overall survival of HCC patients with a high (> median) 

or low (< median) ratio of CD19+ TAMs. Data are derived from immunofluorescence co-

staining of human HCC tissue microarray. n = 149. (B) Kaplan-Meier curves show overall 

survival of HCC patients with a high or low TAMs ratio. Data are derived from 

immunofluorescence co-staining of human HCC tissue microarray. n = 149. (C) 

Correlation analysis between Ki-67+ cells and CD19+ TAMs density in HCC tissues. Data 

are derived from immunofluorescence co-staining of human HCC tissue microarray. n = 

156. Scale bar, 50 μm; 100 μm. (D) Splenic CD19+ and CD19- macrophages were sorted 

and separately mixed with 5 × 105 Hepa1-6 cells at the ratio of 1:5, and then injected into 

the liver of mice. Images and weight of the tumors were showed at 14 days post-

inoculation. n = 5 per group. Tumors are indicated by red circles. (E) Splenic CD19+ 

macrophages and CD19- macrophages were separately mixed with 5× 105 Hepa1-6 cells 

at the ratio of 1:5, and then inoculated subcutaneously (s.c.) into mice. When tumors 

reached 35 to 45 mm2, mice were received intravenous injection (i.v.) with GFP+ control 

CAR-T cells or GFP+ anti-CD19 CAR-T cells (1 × 107 cells in 100 µL of PBS). The 

harvested tumors were analyzed. n = 5 per group. (F) Splenic CD19+ macrophages and 

CD19- macrophages were mixed with 5 × 105 Hepa1-6 cells at the ratio of 1:5, and then 

inoculated subcutaneously in the left and right flanks of muMT (lacking mature B cells) or 

wild-type (WT) mice. When tumors reached 35 to 45 mm2, mice were received intravenous 

injection with GFP+ control CAR-T cells or GFP+ anti-CD19 CAR-T cells (1 × 107 cells in 

100 µL of PBS). The harvested tumors were analyzed. n = 5 per group. Data are presented 

as the mean ± SEM. Log-rank test (A, B), Pearson correlation using a two-sided test (C), 

unpaired two-tailed t-test (D, E), or paired two-tailed t test (F) were used for statistical 

analysis. NS, not significant. 
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Figure 3. CD19+ TAMs display a distinct gene expression profile (See also Figure S4, 

S5 and S6). 

(A) Schematic diagram of scRNA-seq experimental strategy for human HCC tissues. n = 

3. (B) UMAP plot analysis showing HCC samples (top panel) and cell types in the samples 

(bottom) as indicated. (C) Heatmap showing the top 10 upregulated genes in CD19+ TAMs, 

CD19- TAMs and B cells, respectively. (D) mRNA expression levels of classical M1 and 

M2 macrophage marker genes in CD19+ TAMs, compared with CD19- TAMs. Bubble size 

and color represent the percentages and relative levels, respectively, of upregulated or 

downregulated genes as indicated at the x axis. (E) Bar chart showing the top-ranked 

biological pathways in CD19+ TAMs from KEGG enrichment analysis of the scRNA-seq 

data in (A). (F) t-SNE plots showing the expression levels of mitochondrion-related genes 

in CD19+ and CD19- TAMs. (G) Violin plot analysis of mitochondrion-related gene 

expression levels in CD19+ and CD19- TAMs. Data are mean ± SEM; An unpaired two-

tailed t-test was used in (G).  
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Figure 4. CD19+ TAMs are highly proliferative and immunosuppressive (See also 

Figure S7). 

(A) Relative expression levels of mitochondrial metabolism-related genes in CD19+ TAMs 

and CD19- TAMs in human HCC tissue. n = 3 independent experiments. (B)

 Mitochondrial OCR measurement in CD19+ TAMs and CD19- TAMs (5× 105 cells per 

well). n = 3 independent experiments. (C) Flow cytometry histograms and quantification 

showing the phagocytic ability in CD19+ TAMs and CD19- TAMs. n = 3 independent 

experiments. (D) Flow cytometry histograms and quantification showing the levels of PD-

L1 and CD73 in CD19+ TAMs and CD19- TAMs. n = 5 independent experiments. (E) 

Normalized 5’-nucleotidase (CD73) specific activity of CD19+ TAMs and CD19- TAMs 

lysate. n = 3 independent experiments. (F) Co-culture of CD19+ TAMs or CD19- TAMs with 

CD3+ T, CD4+ T, CD8+ T cells at different ratios for 72 h. n = 3 independent experiments. 

Data are mean ± SEM.; Unpaired two-tailed t-test (B, E), paired two-tailed t test (C, D), or 

two-way ANOVA test (F) were used.  
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Figure 5. PAX5 is a master regulator for CD19+ macrophages (See also Figure S8). 

(A) Tumor images and weights of orthotopic HCC model in CD19△Mφ (CD19flox/flox;Lyz-Cre) 

and littermate wildtype mice. n = 4 per group. (B) Representative flow cytometrical images 

and quantification showing the proportion of CD19+ TAMs in the tumors from (A). (C) PAX5 

mRNA expression level in CD19+ TAMs and CD19- TAMs.  n = 6975 per group. (D) Flow 

cytometry histograms and quantification showing protein expression levels of PAX5 in 

CD19+ TAMs and CD19- TAMs. n = 5 independent experiments. (E) Western blotting 

analysis of PAX5 expression level in CD19+ TAMs and CD19- TAMs. Relative PAX5 blot 

intensities were shown. (F) Representative flow cytometry histograms showing the levels 

CD19, PD-L1, and CD73 in THP-1 cells with or without PAX5 overexpression. (G) Western 

blotting analysis of CD19, PD-L1, and CD73 levels in THP-1 cells with or without PAX5 

overexpression. (H) Representative flow cytometry histograms showing the levels of CD19, 

PD-L1, and CD73 in iBMDM with or without Pax5 overexpression. (I) Mitochondrial OCR 

measurement in THP-1 cells with or without PAX5 overexpression (5× 105 cells per well). 

n = 3 independent experiments. (J) Electron microscopy images and quantification 

showing mitochondrias in THP-1 cells with or without PAX5 overexpression. scale bar: 0.5 

μm or 0.2 μm. n = 5 independent experiments. (K) Representative flow cytometry 

histograms showing mitochondrial number (mitotracker), and mitochondrial ROS level 

(MitoSOX) in THP-1 cells with or without PAX5 overexpression. (L) Tumor images and 

sizes of orthotopic HCC model in Pax5
△Mφ (Pax59flox/flox;Lyz-Cre) and littermate control 

mice. n= 5 per group. Representative image is shown n = 3 independent experiments in E 

and G. Data are mean ± SEM; One-way ANOVA with Welch’s correction (A), unpaired two-

tailed t-test (B,I, J, L), or paired two-tailed t test (C, D) were used.  NS, not significant. 
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Figure 6. PAX5 induces PD-L1 and CD73 in a post-transcriptional manner (See also 

Figure S9). 

(A) mRNA expression levels of CD73, and PD-L1 in THP-1 cells with or without PAX5 

overexpression. n = 3 independent experiments. (B) Venn diagram showing the number 

and percentage of share genes in Cut&Tag and RNA-seq analyses of THP-1 cells with 

PAX5 overexpression. (C) WebGestalt analysis of enriched biological pathways in the 

shared genes in (B). (D) KFERQ finder V0.8 identified KFERQ-like motifs in PD-L1 and 

CD73. (E) Immunoprecipitation (IP) of HSC70 followed by immunoblotting (IB) analyses 

for HSC70, PD-L1, and CD73 in THP-1 cells with or without PAX5 overexpression. (F) 

Representative immunofluorescence images and quantification of Lysotracker (red) in 

THP-1 cells with or without PAX5 overexpression or not. Blue color indicates DAPI staining; 

scale bar, 25 μm. n = 3 independent experiments. (G) Representative flow cytometry 

histograms and quantification showing the lysosome quantity assessed by LysoSensor 

fluorescence expression in THP-1 cells with or without PAX5 overexpression. n = 3 

independent experiments. (H) Western blotting detection of PD-L1 and CD73 in THP-1 

cells with PAX5 overexpression, or treated with inhibitors of lysosomal proteolysis (NH4Cl, 

20mM and leupeptin, 100μM), or inhibitor of proteasome (MG132, 5μM). LC3B is used as 

a marker of lysosomal proteolysis inhibition. (I) Western blotting detection of cytosol and 

nuclear TFEB in THP-1 cells with or without PAX5 overexpression. (J) Fluorescent probe 

indicates relative Ca2+ levels in mitochondria (Rhod2) and cytoplasm (CalbryteTM 630AM) 

in THP-1 cells with or without PAX5 overexpression. Fluorescence was measured every 

30s for 30 minutes. n = 3 repeats. Representative image is shown n = 3 independent 

experiments in E, H and I. Data are mean ± SEM; An unpaired two-tailed t-test (A, F, G), 

or two-way ANOVA test (J) were used. NS, not significant. 
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Figure 7. Blocking CD19+ TAMs enhances the efficacy of immune checkpoint 

blockade therapy (See also Figures S10, S11, and S12). 

(A) Hepa1-6 cells (5× 105) were mixed with iBMDMs (with or without Pax5 overexpression) 

at a ratio of 1:1, and orthotopically injected into the livers of C57BL/6 mice. Tumor images 

and sizes were showed at 15 days post-inoculation. Tumor sites were indicated by red 

dotted line in liver. Upper panel: tumors in situ (attached to liver tissue). Lower panel: The 

same tumors after complete dissection from the liver. n = 5 per group. (B) Representative 

immunohistochemistrical images and quantification showing the infiltrated CD8+ T cells in 

the tumors of (A). Scale bar, 50 μm. n = 4 per group.(C) Schematic diagram illustrating 

targeted therapy of CD73 and PD-L1 for CD19+ TAMs in HCC. Tumors were established 

by inoculating 5× 105 Hepa1-6 cells and iBMDMs with Pax5 overexpression at the ratio of 

1:1. Seven days post-inoculation, mice were treated as indicated. i.p, intraperitoneal 

injections; i.g, oral gavage. (D) Tumor images and sizes of (C). n = 5 per group. Tumor 

sites were indicated by red dotted line in the liver. (E) Tumor images and sizes in the in 

vivo experiment targeting OXPHOS and PD-L1 in CD19+ TAM. Tumors were established 

by inoculating 5× 105 Hepa1-6 cells and iBMDMs with Pax5 overexpression at the ratio of 

1:1. Seven days post-inoculation, mice were treated as indicated. n = 5 per group. Tumor 

sites were indicated by red line in the liver. Data are mean ± SEM; Unpaired two-tailed t-

test (A, B), or unpaired one-way ANOVA with Welch’s correction (D, E) were used. 
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