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ABSTRACT
Background IgA neutralizes pathogens to prevent 
infection at mucosal sites. However, emerging evidence 
shows that IgA contributes to aggravating inflammation 
or dismantling antitumor immunity in human diseased 
liver. The aim of this study was to elucidate the roles of 
inflammation- induced intrahepatic inflammatory IgA+ 
monocytes in the development of hepatocellular carcinoma 
(HCC).
Methods Patient cohorts including steatohepatitis 
cohort (n=61) and HCC cohort (n=271) were established. 
Patients’ surgical and biopsy specimens were analyzed 
using immunohistochemistry. Multicolor flow cytometry 
was performed with a subset of patient samples. 
Single- cell RNA- Seq analysis was performed using 
Gene Expression Omnibus (GEO) datasets. Additionally, 
we performed in vitro differentiation of macrophages, 
stimulation with coated IgA, and RNA sequencing. Hepa1- 6 
cells and C57BL/6N mice were used to obtain HCC 
syngeneic mouse models.
Results Serum IgA levels were associated (p<0.001) with 
fibrosis progression and HCC development in patients with 
chronic liver diseases. Additionally, immunohistochemical 
staining of inflamed livers or HCC revealed IgA positivity in 
monocytes, with a correlation between IgA+ cell frequency 
and IgA serum levels. Compared with IgA− monocytes, 
intrahepatic IgA+ monocytes expressed higher levels 
of programmed death- ligand 1 (PD- L1) in inflamed 
livers and in HCC tumor microenvironment. Single- cell 
RNA sequencing using NCBI GEO database indicated 
an upregulation in inflammation- associated genes in 
the monocytes of patients whose plasma cell IGHA1 
expression was greater than or equal to the median 
value. Bulk RNA sequencing demonstrated that in vitro 
stimulation of M2- polarized macrophages using coated 
IgA complex induced PD- L1 upregulation via YAP- mediated 
signaling. In vivo blockade of IgA signaling decreased the 
number of tumor- infiltrating IgA+PD- L1high macrophages 
and increased the number of CD69+CD8+ T cells to 
enhance antitumor effects in HCC mice models.
Conclusions Overall, the findings of this study showed 
that serum IgA levels was correlated with intrahepatic 
and intratumoral infiltration of inflammatory IgA+PD- L1high 
monocytes in chronic liver diseases and HCC, providing 
potential therapeutic targets.

BACKGROUND
Primary liver cancer has the sixth highest 
prevalence among malignant tumors and 
is responsible for the third- highest cancer- 
related mortality globally. Hepatocellular 
carcinoma (HCC) accounts for approxi-
mately 80% of primary liver cancer cases,1 
with an 80% incidence increase globally in 
recent decades.2 The survival of patients 
with various malignancies can be prolonged 
by immune checkpoint inhibitors, with or 
without tyrosine kinase inhibitors. However, 
nivolumab monotherapy, the first approved 
anti- programmed death (PD)- 1 monoclonal 
antibody, only has an objective response 
rate (ORR) of <20% in HCC.3–5 The Check-
mate- 040 study of unresectable HCC revealed 
that programmed death- ligand 1 (PD- 
L1) expression in >1% of tumor cells was 

Key messages

What is already known on this topic
 ⇒ Liver IgA+ plasma cells directly suppress cytotoxic 
T- lymphocyte (CTL) activation in vitro and in vivo, 
inducing CTL exhaustion and dismantlement of in-
trahepatic antitumor immunity.

What this study adds
 ⇒ We showed that serum IgA level is higher in hepa-
tocellular carcinoma (HCC) patients and is associ-
ated with intrahepatic infiltration of inflammatory 
IgA+PD- L1high monocytes. These cells may be tar-
geted by IgA neutralization/anti- PD- L1 to enhance 
the efficacy of immune- based therapy in HCC.

How this study might affect research, practice 
or policy

 ⇒ HCC is characterized by an increase in the num-
ber of immune- regulatory cells in tumor microen-
vironment (TME), which limits the effectiveness of 
immune- based therapy. Our findings give critical 
insight into the development of immunosuppressive 
TME in HCC and potential strategies to overcome it.
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associated with a 28% ORR for nivolumab compared with 
a 16% ORR with PD- L1 expression in <1% of tumor cells.6

Representative intrahepatic pathological conditions 
with non- resolving inflammation include non- alcoholic 
fatty liver disease (NAFLD) and alcoholic liver disease 
(ALD). Non- resolving liver damage is followed by dereg-
ulated wound healing and excessive extracellular matrix 
deposition, resulting in liver fibrosis.7 Innate immunity 
seems to be a major factor affecting this disease progres-
sion, with liver- resident macrophages (Kupffer cells) 
and monocyte- derived macrophages (MoMFs) playing 
major roles.7–10 Traditionally, macrophages are classified 
into two main groups: classically activated macrophages 
(M1) and alternatively activated macrophages (M2).10 
However, recent studies, including single- cell sequencing, 
have shown that intrahepatic macrophages are plastic, 
and cannot be defined as M1 or M2 phenotypes.11 Macro-
phages or surrounding tumors differentiate into tumor- 
associated macrophages (TAMs) with the progression of 
HCC, and their infiltration is associated with poor prog-
nosis in HCC.10 12 Interestingly, recent single- cell analyses 
have identified co- existing M1 and M2 signatures in TAMs, 
indicating that TAM phenotype may not be defined using 
the classical M1/M2 model.13 Some previous studies have 
shown that HCC tumor microenvironment (TME) is 
infiltrated by PD- L1- expressing activated monocytes with 
protumoral features,14 15 although the underlying mecha-
nisms are poorly understood.

Macrophage phenotypic plasticity is well described in 
liver injury and repair.16 During NAFLD progression, 
Kupffer cells and recruited blood- derived monocytes 
differentiate into proinflammatory macrophages.16 
Specifically, a recent study using human NAFLD liver 
demonstrated that gut- derived lipopolysaccharides (LPS) 
are abundantly present in the liver and may increase liver 
damage by activating monocytes/macrophages through 
toll- like receptor (TLR)- 4 pathway.17 These results suggest 
that TLR- engaged macrophages represent critical inflam-
matory mediators in patients with NAFLD. During stim-
ulation by TLR ligands, Kupffer cells secrete CCL2 and 
recruit proinflammatory and profibrogenic MoMFs to 
establish a profibrogenic niche in affected liver.10 18 This 
CCL2‒CCR2 signaling axis may also be a significant target 
for monocyte recruitment in HCC TME.10 CCR2 antago-
nist treatment was reported to effectively suppress HCC 
tumor growth in different murine models.19

A recent study demonstrated that Trem- 2 regulates the 
transition of macrophage population during liver injury 
and fibrogenesis.16 This transition was associated with the 
down- modulation of the proinflammatory phenotype, 
which did not occur in the absence of Trem- 2.16 Another 
study using scRNA- seq identified a previously unknown 
macrophage type in the fibrotic niche of the human 
diseased liver.20 During uncontrolled chronic inflamma-
tion of diseased livers, profibrogenic TREM2+CD9+ scar- 
associated macrophages differentiate from circulating 
monocytes and expand in the fibrotic liver.20 Collectively, 
these reports suggest that intrahepatic macrophage 

phenotype shifts from an inflammatory phenotype to an 
anti- inflammatory or profibrogenic phenotype during 
the progression of liver fibrosis.

IgA binds and neutralizes pathogens to prevent infec-
tions at mucosal sites in the body. However, emerging 
evidence shows that IgA contributes to aggravating 
inflammation or dismantling antitumor immunity in 
human liver.21 Liver IgA+ plasma cells directly suppress 
cytotoxic T- lymphocyte (CTL) activation in vitro and in 
vivo, inducing CTL exhaustion.21 Moreover, IgA- deficient 
mice exhibited markedly reduced HCC development 
and tumor burden, and PD- L1 blockage induced HCC 
regression in non- alcoholic steatohepatitis (NASH)- HCC 
mouse model, thereby reducing tumor load and signifi-
cantly decreasing liver IgA+ cell abundance.21 Moreover, 
co- stimulation with Fc alpha receptor I (FcαRI or CD89) 
and TLR enhanced proinflammatory cytokine produc-
tion through various intrahepatic myeloid cells, including 
Kupffer cells.22

Inflammatory stimuli (interferon and IL- 6), oncogenic 
pathways, such as epidermal growth factor receptor and 
mitogen- activated protein kinase, and other signaling 
pathways associated with tissue homeostasis, such as the 
Hippo pathway all regulate PD- L1 expression.23 Inter-
estingly, recent studies demonstrate that PD- L1 is pref-
erentially expressed in CD68+ monocytes/macrophages 
in the TME of HCC.24 Higher expression levels of PD- L1 
has been observed in macrophages than in cancer cells, 
providing a potential indicator of the response to immu-
notherapy in HCC, whereas PD- L1+ TAMs from analyzed 
HCC samples did not exhibit complete M2 polarization.24

Importantly, previous studies are yet to describe the 
effects of intrahepatic IgA complex stimulation on PD- L1+ 
monocytes/TAMs and their effects on inflamed livers and 
HCC. Moreover, the efficacy of immune- based treatments 
is limited in patients with NASH- induced HCC.25 Immu-
nosuppressive liver IgA+ cells block CTL activity, which 
promotes HCC development in fibrotic NASH livers,21 
indicating the possible negative roles of intrahepatic IgA 
complex on the efficacy of immune- based treatments in 
HCC. Therefore, this study investigated the roles of intra-
hepatic inflammatory IgA+ monocytes in tumor develop-
ment and immune- based HCC treatments.

METHODS
Patient samples and clinical information
Patient cohorts, including individuals with various liver 
diseases, including drug- induced liver injury (DILI, 
n=19), autoimmune hepatitis (AIH, n=11), chronic hepa-
titis B (CHB, n=44), chronic hepatitis C (CHC, n=31), 
NASH and ALD, n=61, and HCC (n=271) were estab-
lished between January 2018 and January 2021. The inclu-
sion criteria were as follows: (1) consecutive patients with 
liver diseases (DILI, AIH, CHB, CHC, NASH/ALD, and 
HCC); (2) sera obtained for analyses when patients were 
enrolled. Detailed clinical parameters of the enrolled 
patients (CHB cohort, NASH/ALD cohort, and HCC 
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cohort) are described in online supplemental table 1. 
Patients’ sera were collected and immediately stored at 
−70°C. Liver biopsy was performed in some patients with 
chronic liver diseases or HCC. Paraffin blocks and snap- 
frozen tissues were stored for further use. During surgical 
resection or liver transplantation of HCC, tumors and 
non- tumoral tissues were obtained and frozen at −70°C.26 
Portions of the liver tissue were embedded in paraffin 
for pathological evaluation and immunohistochemistry. 
In some patients, surgical or biopsy specimens were 
digested, and mononuclear cells were analyzed as previ-
ously described.24 27 Patients with HCC were diagnosed 
following recent guidelines by the American Association 
for the Study of Liver Diseases and the European Associa-
tion for the Study of the Liver.27

The Cancer Genome Atlas survival analysis
Genomic Data Commons Data Portal (https://portal. 
gdc.cancer.gov/) was used to download the gene expres-
sion profiles of 344 patients with HCC and pathologic 
stages I, II, and III from the The Cancer Genome Atlas 
(TCGA)- Liver HCC (LIHC) project.28 In patients with 
TCGA- LIHC, each stage were divided into two groups 
based on the average gene expression of immunoglob-
ulin heavy constant alpha 1.28 They were compared with 
the overall survival distributions of these patient groups 
using the log- rank test and Kaplan- Meier curve analysis.

In vitro macrophage polarization, M2 differentiation, and 
coated IgA stimulation
M2 macrophage polarization was performed as previ-
ously described.24 Human CD14+ monocytes were plated 
in 90×20 mm cell culture dishes (SPL Life Sciences, 
Pochon, Korea) containing at 10% Roswell Park Memo-
rial Institute 1640 medium at a density of 1×106 cells/mL. 
In subsequent days, the medium was supplemented with 
1 µg/mL macrophage colony- stimulating factor (M- CSF). 
Exactly 6 days after inoculation, fresh medium containing 
1 µg/mL interleukin (IL)- 4 and 1 µg/mL M- CSF was 
added and maintained at 37°C for 24 hours under a 5% 
CO2 condition. Next, 96- well high- affinity Nunc Maxi-
Sorp plates (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) were coated with 4 µg/mL dimeric IgA 
(Nordic- MUbio, Susteren, Netherlands) diluted in 
phosphate- buffered saline (PBS) overnight at 20°C–25°C. 
This was proceeded by blocking with PBS containing 10% 
fetal bovine serum for 1 hour at 37°C, and M2- differenti-
ated cells were incubated for 24 hs in IgA complex- coated 
plate. To verify M2 macrophage activation IgA complex, 
differentially expressed gene (DEG) analysis, hierarchical 
clustering, and gene set enrichment analysis (GSEA) were 
performed on transcriptome sequencing data from the 
mock and IgA samples. Detailed information on reagents 
used in this study is presented in online supplemental 
table 3.

Single-cell RNA-seq analysis
Single- cell RNA- Seq (scRNA- seq) analysis of three public 
liver cancer datasets was performed. The three datasets 

(GSE115469, GSE125449set1, and GSE125449set2) 
were downloaded from the NCBI Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih. 
gov/geo/query/acc.cgi?acc=GSE115469, https://www. 
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125449, 
last accessed on November 20, 2021).11 29 GSE115469 
contained 8439 cells from normal liver tissue of five 
patients, GSE125449set1 contained 5115 primary liver 
cancer cells from 12 patients, and GSE125449set2 
contained 4831 primary liver cancer cells from seven 
patients. All datasets were generated from high- 
throughput sequencing experiments designed by 
10X Genomics Single Cell 3’ v2 Reagent Kit, and gene 
expression data were made through the 10X Genomics 
CellRanger pipeline. Additionally, the SCTransform 
normalization method and anchor- based data integra-
tion pipeline introduced by Seurat V.3.1 integrated the 
three different datasets. After the procedure, various 
data mining techniques were applied, including dimen-
sionality reduction, clustering algorithms, and statistical 
tests to discover the relationships between monocytes, T 
cells, and IgA expression levels in plasma cells. Principal 
component analysis and uniform manifold approxima-
tion and projection (UMAP) methods were sequentially 
applied to reduce the number of dimensions and to visu-
alize the distributions of cell types via scatter plots. Cell 
clusters were annotated based on known cell lineage- 
specific marker genes as previously described.30 The 
graph- based clustering algorithm implemented in Seurat 
was used to distinguish cell types. The DEG analysis was 
conducted by Welch’s t- test and Bonferroni’s correction. 
The data mining pipeline was then implemented using R 
(V.4.1) and Python (V.3.8) software.

In vivo mouse model
In vivo mice models were generated following a previously 
described procedure.31 First, the flanks of 6- week- old 
C57BL/6N mice were injected with Hepa1- 6 cells (1×107) 
to obtain HCC syngeneic mouse models. Thereafter, the 
mice were injected with 100 µg anti- PD- L1 antibody or 
mock antibody (Bio X Cell, Lebanon, NH, USA), 100 µg 
FCAR (FcαR) blocking peptides or mock peptides (MyBio-
Source, San Diego, CA, USA),32 and 100 mg/kg YAP 
inhibitor (Verteporfin) or mock inhibitor, following the 
time regimens. Tumor dimensions were measured using 
a digital caliper, and volume was calculated as DW2/2 (D, 
depth; W, width). Mouse tumor tissues and spleens were 
excised and digested as previously described.31 Next, the 
suspension was centrifuged, the supernatant discarded, 
and the pellets were treated with red blood cell lysis 
buffer for 5 min at 24°C. Thereafter, the mixture was 
centrifuged for 5 min at 500×g, washed, the supernatant 
was discarded, and the pellet was suspended in 100 µL 
1×PBS. Finally, fluorescence staining (CD3, CD4, CD8a, 
CD11b, F4/80, CD45, Ly6G, PD- 1, PD- L1, and LIVE/
DEAD dye) and fluorescence- activated cell sorting anal-
ysis were performed (approval no. CUMS- 2020- 0301- 02).
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Statistical analysis
All statistical analyses were performed using GraphPad 
Prism V.7 (GraphPad Software, San Diego, California, 
USA) and SPSS V.24 (IBM SPSS) software or Statistical 
Package for the Social Sciences (SPSS, V.24.0). Contin-
uous variables were assessed using independent t- tests, 
whereas the relationships between two parameters were 
examined using Pearson correlation tests. Wilcoxon 
matched paired t- test was used to compare data between 
two paired groups, while Mann- Whitney U test was used 
for two unpaired groups. Significance between multiple 
treatment groups was determined using one- way analysis 
of variance analysis. Means were considered significantly 
different at p<0.05.

RESULTS
Serum IgA levels correlated with fibrosis progression and HCC 
development in patients with chronic liver diseases
In this study, the serum IgA levels of patients with various 
chronic liver diseases were examined (figure 1A). The 
results showed that patients with HCC had significantly 
higher serum IgA levels (mean 350.1 mg/dL, median 
321.6 mg/dL) than patients with other chronic liver 
diseases or healthy individuals (figure 1A). The causes 
of HCC were CHB (60.5%), CHC (9.2%), NASH/ALD 

(24.4%), and the other causes (5.9%) (figure 1B). Addi-
tionally, we examined the relationship between serum 
IgA levels and fibrosis progression (F0 and F1 vs F2, F3, 
and F4) among patients with chronic liver diseases and 
in liver biopsy samples. Serum IgA levels increased with 
the progression of fibrosis in patients with liver pathology, 
although the IgA levels of patients with advanced fibrosis 
were still significantly lower than those with HCC 
(figure 1C). This pattern was observed when only patients 
with CHB and HBV- induced HCC figure 1C or NASH/
ALD and NASH/ALD- induced HCC were included 
(figure 1C). A comparison of serum IgA levels according 
to HCC etiology showed that patients with NASH/ALD- 
driven HCC (n=66) exhibited significantly higher serum 
IgA levels than patients with HBV- driven HCC (n=164) or 
HCV- driven HCC (n=20) (figure 1D).

The was no significant difference in serum IgA levels 
between HCC patients with low serum AFP (<20 ng/dL) 
and those with high serum AFP (≥20 ng/dL) (figure 1E). 
Additionally, there was no correlation between serum 
AFP and IgA levels in patients with HCC (figure 1F). 
Morever there was no significant difference in serum IgA 
levels between HCC patients with Child- Pugh class A liver 
function and those with Child- Pugh class B liver function 
(online supplemental figure 1A). Serum IgA levels were 

Figure 1 Serum IgA levels correlate with fibrosis progression and HCC development in patients with chronic liver diseases. 
(A) Higher serum IgA levels in HCC compared with other chronic liver diseases (healthy: n=10, drug- induced liver injury (DILI), 
n=19, autoimmune hepatitis (AIH): n=11, chronic hepatitis B (CHB): n=44, chronic hepatitis C (CHC): n=31, non- alcoholic 
steatohepatitis (NASH) and alcoholic liver disease (ALD): n=61, HCC: n=271). (B) Etiologies of HCC patients enrolled in this 
study (CHB, CHC, NASH/ALD, and others). (C) Serum IgA levels of CHB and HBV- induced HCC and NASH/ALD and NASH/
ALD- induced HCC patients. Patients without HCC were classified into ‘fibrosis stage 0 and 1’ and ‘fibrosis stage 2,3, and 
4’ according to the fibrosis stage. (D) IgA levels in HBV, HCV, and NASH/ALD- induced HCC. (E) Serum IgA levels among 
patients with HCC and different AFP levels. (F) No correlation between AFP levels and serum IgA levels in patients with HCC. 
Pearson’s correlation analysis was performed. (G) Survival analysis according to intrahepatic IgA transcript level in patients 
with HCC stage 3 (from TCGA dataset). Continuous variables were assessed using independent t- tests (A–E). For all dataset, 
median value of each column is presented above the column. *p<0.05, **p<0.01, ***p<0.001. AFP, alpha- fetoprotein; HCC, 
hepatocellular carcinoma; TCGA, The Cancer Genome Atlas.
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not associated with tumor staging or portal vein tumor 
thrombosis (data not shown). Based on TCGA dataset, we 
found that among patients with HCC stage 3, an intra-
hepatic IgA transcript level below the mean level was 
associated with a significantly higher survival probability 
(figure 1G). This association was not observed among the 
earlier staged tumors (online supplemental figure 1B).

IgA+ monocytes are enriched and show high levels of PD-L1 in 
NASH/ALD livers
CD89 (FcαRI) expression levels were extremely low in T 
cells, but significantly higher in CD14+ cells and B cells 
in healthy human liver (figure 2A). The surface expres-
sion level of CD89 in intrahepatic CD14+ monocytes 
from NASH/ALD livers was significantly higher than that 
from healthy livers (figure 2B). Using peripheral blood 
mononuclear cells (PBMCs) from a healthy donor, we 
investigated whether IgA complex binds to CD89 on the 
immune cell surface. A higher number of IgA dimers was 
bound to CD14+ monocytes than to CD3+ T cells in the 
presence of Pam3csk4 (Pam3CysSerLys4, TLR2/TLR1 
ligand) (figure 2C). Immunohistochemistry confirmed 
the expression of CD3, CD68, and IgA in healthy liver 
and NASH- induced cirrhotic liver (figure 2D). IgA posi-
tivity was mainly observed in sinusoidal endothelial and 
Kupffer cells in healthy liver. In NASH- induced cirrhotic 
liver, CD3+ and CD68+ cells were observed in the expanded 
portal tract, and IgA+ cells were mainly located in the 
portal tract and fibrotic bands. IgA staining was strongest 
in some plasma cells (online supplemental figure 2A) and 
in monocytes/Kupffer and endothelial cells in NASH- 
induced cirrhotic liver (online supplemental figure 2B); 
however, IgA was barely detected in hepatocytes (online 
supplemental figure 2A,B).

Interestingly, the number of CD68+ (figure 2E) and 
IgA+ cells (figure 2F) increased with the progression of 
fibrosis in NASH/ALD livers. Moreover, there was a strong 
positive correlation between serum IgA levels and the 
number of intrahepatic IgA+ cells in NASH/ALD livers 
(figure 2G). To detect TLR agonist in NASH liver tissue, 
we performed immunohistochemistry for TLR4 and LPS, 
and found that LPS+ and TLR4+ cells were highly detected 
in NASH- cirrhotic liver (online supplemental figure 3). 
Additionally, several Kupffer cells/monocytes showed 
positivity for LPS (online supplemental figure 3A) and 
TLR4 staining (online supplemental figure 3B) in NASH- 
cirrhotic livers. Furthermore, we performed IHC for IgA 
in the same samples. Overall, when the liver tissue shows 
strong positivity to IgA staining, TLR4 and LPS staining 
were also strong, suggesting that IgA complex binding 
and internalization may be tightly associated with TLR 
and its ligand binding in intrahepatic monocytes (online 
supplemental figure 3C).

A representative gating strategy for intrahepatic mono-
cytes is presented in figure 2H (data from a patient with 
cirrhotic NASH). Traditionally, monocytes are classified 
into three subgroups according to their CD14 and CD16 
expression status: classical, intermediate, and non- classical 

monocytes.33 Intrahepatic CD14+ monocytes with high 
IgA levels showed PD- L1 positivity in cirrhotic NASH liver 
(figure 2I). Additionally, correlation analysis showed that 
the frequency of intrahepatic IgA+ CD14+ monocytes was 
positively correlated with the frequencies of PD- L1+ cells 
in NASH/ALD patients (n=20) (figure 2J). CD163 expres-
sion level was used as a potential marker of immune- 
regulatory cells (including Kupffer cells) as previously 
described.20 A comparison of IgA levels between intra-
hepatic CD163high and CD163l°w monocytes in NASH/
ALD livers (n=13) showed that there was no significant 
difference in the frequency of IgA+ cells between the two 
groups (figure 2K).

Furthermore, in vivo experiments were performed 
using various animal models to confirm our findings. 
First, we established acute and chronic hepatitis mouse 
models using Con A injection with different doses and 
schedules (online supplemental figure 4A). There 
was a marked increase in alanine aminotransferase 
(ALT) levels in the acute hepatitis model, whereas the 
chronic hepatitis model showed a slight increase in ALT 
compared with mock- treated mice (online supplemental 
figure 4B). Additionally, intrahepatic immune cells were 
analyzed by multicolor flow cytometry. In both the acute 
and chronic hepatitis models, we observed significantly 
increased numbers (per g liver weight) of intrahepatic 
CD11b+F4/80+ macrophages, PD- L1+CD11b+F4/80+ 
macrophages (online supplemental figure 4C), intra-
hepatic IgA+ cells, and IgA+PD- L1+CD11b+F4/80+ 
macrophages (online supplemental figure 4D). These 
increments were more pronounced in the chronic hepa-
titis model.

IgA+ monocytes show high levels of PD-L1 in HCC TME
Furthermore, we investigated the expression and pheno-
types of IgA+ intrahepatic monocytes in HCC tumor 
tissues. Immunohistochemical staining demonstrated 
infiltration of CD3+ T cells, CD38+ plasma cells, and 
CD68+ macrophages in HCC TME (figure 3A). IgA 
was strongly expressed in some cells, showing positive 
staining for CD38. Additionally, other non- parenchymal 
cells, including CD68+ cells, showed positive staining for 
IgA (figure 3A). Among HCC patients with IgA immu-
nohistochemical staining results (n=65), serum IgA levels 
were positively correlated with total IgA+ cell infiltration 
in HCC TME (figure 3B).

Additionally, cell surface markers of monocytes in 
digested tumor tissues and distant non- tumor tissues of 
HCC patients were analyzed. Figure 3C presents repre-
sentative flow cytometry data of a patient with high serum 
IgA. Intrahepatic monocyte subgroups showed different 
distribution patterns in intratumoral/peritumoral 
regions and distant non- tumor regions. Several mono-
cytes in both intratumoral/peritumoral and distant non- 
tumor regions showed IgA positivity in patients with high 
serum IgA levels (figure 3C). Additionally, IgA+ mono-
cytes were highly positive for PD- L1 staining compared 
with IgA− monocytes in these patients (figure 3C). 
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However, circulating CD14+ monocytes showed extremely 
low positivity for IgA and PD- L1 staining (figure 3D). 
IgA+ cells exhibited significantly higher frequency among 
intratumoral/peritumoral CD14+ monocytes than among 

circulating monocytes (figure 3E). In HCC patients with 
high serum IgA, intratumoral/peritumoral monocytes 
tended to show higher IgA and PD- L1 levels than distant 
non- tumoral monocytes (figure 3F). However, this was not 

Figure 2 IgA+ Monocytes are enriched and show high levels of PD- L1/HLA- DR in NASH/ALD livers. (A) CD89 (FcαRI) 
expression in various intrahepatic immune cells from a healthy liver. Representative flow cytometry data from five independent 
liver samples. (B) Surface MFI of CD89 in CD14+ monocytes from healthy (n=7) and NASH/alcohol livers (n=10). (C) Surface 
IgA staining results after incubation of PBMC with IgA dimer and Pam3csk4 (Pam3CysSerLys4, TLR2/TLR1 ligand) for 1 hour. 
Vigorous washing was performed before IgA detection. The amount of IgA bound to the immune cell surface is presented 
as a histogram. Representative data from three independent experiments. (D) Representative immunohistochemistry results 
for CD3, CD68, and IgA expression in a healthy liver and NASH- induced cirrhotic liver. (E) The number of intrahepatic CD68+ 
cells according to liver fibrosis stage in patients with NASH/ALD (F0: n=4, F1, n=9, F2: n=12, F3: n=8, F4: n=10). **P<0.01. 
(F) The number of intrahepatic IgA+ cells according to liver fibrosis stage in patients with NASH/ALD (F0: n=4, F1, n=9, F2: 
n=12, F3: n=8, F4: n=10). *P<0.05. (G) Correlation between serum IgA level and IgA+ cell number in NASH/ALD livers (n=43). 
Pearson’s correlation analysis was performed. (H) Gating strategy for intrahepatic monocyte populations (NASH patient). (I) The 
representative dot- plot describes the proportions of IgA+ and PD- L1+ cells in NASH- induced cirrhotic liver. (J) IgA and PD- 
L1 positivity was analyzed in CD14+ monocytes by flow cytometry. Association between IgA+ cells and PD- L1+ cells among 
intrahepatic CD14+ monocytes in patients with NASH/ALD is presented (n=20). Pearson’s correlation analysis was performed. 
(K) Frequency of IgA+ cells between intrahepatic CD163high and CD163l°w monocytes in NASH/ALD livers (n=13). Continuous 
variables were assessed using independent t- tests (B, K). One- way ANOVA analyses were used when performing multiple 
comparisons (E, F). ALD, alcoholic liver disease; ANOVA, analysis of variance; MFI, mean fluorescence intensity; NASH, non- 
alcoholic steatohepatitis; n.s., not significant; PBMC, peripheral blood mononuclear cell.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003618 on 16 M

ay 2022. D
ow

nloaded from
 

http://jitc.bmj.com/


7Sung PS, et al. J Immunother Cancer 2022;10:e003618. doi:10.1136/jitc-2021-003618

Open access

the case in patients with low serum IgA. Correlation anal-
ysis showed that there was a positive correlation between 
intratumoral/peritumoral IgA+CD14+ monocytes and the 
frequencies of PD- L1+ cells in the TME of HCC (n=40) 
(figure 3G).

scRNA sequencing data from GEO database reveal that livers 
with higher levels of IgA-producing plasma cells are enriched 
with monocytes with inflammatory phenotypes
The three datasets (GSE115469, GSE125449set1, and 
GSE125449set2) were downloaded from the NCBI GEO 
database for scRNA- seq analysis. The UMAP analysis, 
which was performed as previously described,34 demon-
strated eight cell lineages (online supplemental figure 
5A). To better delineate subpopulations of each cell type, 
all cells were further classified into 30 clusters as previ-
ously described (online supplemental figure 5A,B).30 35 
Markers, such as IGHA1 and IGHG1, were highly expressed 
in plasma cell lineage (figure 4A). Among 24 tissues 
analyzed (5 healthy livers and 19 tumors), plasma cells 
were detected in 18 tissues. The average expression level 
of IgA (IGHA1 gene) in plasma cells was computed for 
each tissue, and the median IGHA1 expression was 1.245 

(figure 4B and online supplemental table 2). Plasma cell 
IGHA1 expression was higher in some HCC patients than 
in others and healthy controls. However, the expression 
level was not significantly different between HCC patients 
and healthy controls (figure 4B).

Clusters 6, 12, and 20 were annotated as ‘monocytes 
in the previous report.’30 The expression of CD14, CD16, 
CD86, CD54, and HLA- DRA in each cluster is presented 
in online supplemental figure 5C. From cluster 12, 
cells derived from the 18 patients were collected, and 
286 significant DEGs (adjusted p<0.01) were identi-
fied in monocytes between patients whose plasma cell 
IgA expression was greater than or equal to median vs 
those whose plasma cell IgA expression was less than the 
median. Additionally, LYZ, AREG, KLF6, FOSB, CLEC9A, 
and SAA2, which are well- known genes associated with 
the activation pathways of monocytes, were significantly 
upregulated in cluster 12 lineage of patients whose 
plasma cell IgA expression was greater than or equal to 
the median (figure 4C).

Regarding T cells, we used markers described in a 
previous report,35 in which T cells were divided into 

Figure 3 IgA+ monocytes show high PD- L1/HLA- DR levels in HCC tumor microenvironment. (A) Representative findings of 
immunohistochemical staining for CD3, CD38, CD68, and IgA expressions in HCC TME. (B) Correlation between serum IgA 
levels and IgA+ cell number in HCC TME (n=65). Pearson’s correlation analysis was performed. (C, D) Representative dot- 
plot describes the proportions of IgA+ and PD- L1+cells among intratumoral/peritumoral CD14+ monocytes, distant non- tumor 
CD14+ monocytes, and circulating CD14+ monocytes in HCC patient with high serum IgA. (E) Frequency of IgA+ cells in the 
TME and peripheral blood in HCC patients (n=32). Independent t- test was used. ***p<0.001. (F) Representative histogram of the 
frequencies of IgA+, PD- L1+, and CD206+ cells among classical monocytes and intermediate monocytes in patients with high 
and low serum IgA. (G) Association between the numbers of IgA+ cells and PD- L1+ cells among intratumoral/peritumoral CD14+ 
monocytes analyzed by flow cytometry (n=40). Pearson’s correlation analysis was performed. HCC, hepatocellular carcinoma; 
TME, tumor microenvironment.
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11 categories, including effector memory CD8+ T cells 
and exhausted CD8+ T cells. Using the six markers 
mentioned in that report (FCGR3A, FGFBP2, CTLA4, 
PDCD1, HAVCR2, GZMK), we identified T cell subtypes 
in our clusters. Cluster 2 showed ‘effector memory’ CD8+ 
T cell phenotype, whereas cluster 24 showed ‘exhausted’ 
CD8+ T cell phenotype (online supplemental figure 5D). 
Interestingly, CCL4L2, CD52, and IL32, which are well- 
known genes associated with the activation pathways of 
T cells, were significantly upregulated in cluster 2 lineage 
of patients whose plasma cell IgA expression was greater 
than or equal to the median. In contrast, immune- 
regulatory genes (CXCR6, HLA- DR5, PTPRC) were signifi-
cantly downregulated in these individuals (figure 4D).

In vitro stimulation of M2 macrophages with coated IgA 
complex induces intracellular signaling cascade resulting in 
upregulation of cell surface PD-L1
To determine the effects of IgA complex stimulation of 
macrophages, M2 macrophages were differentiated from 
peripheral monocytes and stimulated with coated IgA 
dimer derived from human sera, with or without Pam3csk4 

(figure 5A). After 24 hours of stimulation with coated IgA 
complex, there was an upregulation in PD- L1 expression, 
which was more obvious after costimulation with Pam3csk4 
(figure 5B). Blocking CD89 with the specific antibody 
stopped IgA complex- mediated PD- L1 upregulation 
(figure 5B). However, CD206 expression was not affected by 
coated IgA stimulation (figure 5C). The same experiments 
were performed using M1- differentiated macrophages, and 
similar results were obtained (data not shown).

Next, RNA sequencing was performed after stimulation 
of M2 macrophages with mock or coated IgA complex. 
The results of DEG analysis are presented in a volcano 
plot (figure 5D). Genes that were upregulated after 
macrophage activation (IL1B, CCL22, TNF, and IL6) were 
significantly upregulated after coated IgA stimulation of 
M2 macrophages (figure 5D). Hierarchical clustering 
revealed overall differences in gene expression patterns 
between the mock- treated and coated IgA- treated macro-
phages (figure 5E). GSEA showed activation of receptor- 
mediated signaling pathways after coated IgA stimulation 
of M2 macrophages (figure 5F).

Figure 4 scRNA sequencing reveals that livers with high IgA- producing plasma cell are enriched with monocytes with 
inflammatory phenotypes. (A) Identification of plasma cells using known markers as previously described.30 (B) The average 
expression level of IgA (IGHA1 gene) in plasma cells in 18 tissues. IGHA1 gene expression levels in plasma cells were compared 
between HCC tissues and healthy livers. (C) Expression of genes associated with inflammation (LYZ, AREG, KLF6, FOSB, 
CLEC9A, and SAA2) in cluster 12 lineage between patients whose plasma cell IgA expression was greater than or equal to 
median and those whose plasma cell IgA expression was less than the median. (D) Expression of genes associated with CD8+ 
T cell activation (CCL4L2, CD52, and IL32) and immune- regulatory function (CXCR6, HLA- DR5, PTPRC) in cluster two lineage 
between patients whose plasma cell IgA expression was greater than or equal to median and those whose plasma cell IgA 
expression was less than the median. The DEG analysis was conducted by Welch’s t- test and Bonferroni’s correction. DEG, 
differentially expressed gene; HCC, hepatocellular carcinoma.
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Neutralization of IgA in syngeneic HCC mouse model causes 
depletion of intratumoral IgA+ macrophages and infiltration of 
intratumoral CD69+CD8+ T cells
To confirm the roles of IgA+ macrophages in the TME, 
syngeneic HCC mice models were generated. The repre-
sentative gating strategy of intratumoral macrophages is 
presented in figure 6A. A previous study demonstrated 
preferential PD- L1 expression in macrophages compared 
with tumor cells in syngeneic HCC mouse model and 
patient HCC tissues.24 Similarly, the results of this study 
confirmed high PD- L1 expression in intratumoral macro-
phages (figure 6B). As expected, intratumoral macro-
phages had higher IgA levels than spleen macrophages 
(figure 6C), and PD- L1 levels were higher in intratumoral 
IgAhigh macrophages than intratumoral IgAl°w macro-
phages (figure 6D). Furthermore, we used FCAR- blocking 
peptides to neutralize secreted IgA complex, and anti- 
PD- L1 antibody to block PD- L1 molecules on the surface 
of macrophages (figure 6E). Intraperitoneal injection of 
FCAR- blocking peptide only or anti- PD- L1 did not signifi-
cantly reduce tumor volume when 5×106 cells were initially 
injected. However, combined FCAR- blocking peptide and 
anti- PD- L1 treatment caused a decrease in tumor volume 

(figure 6E). Moreover, FCAR- blocking peptide treatment 
caused a decrease in intratumoral IgA+ cell population 
(figure 6F), although there was no significant change 
in the number of intratumoral CD11b+ F4/80+ macro-
phages (figure 6F). FCAR- blocking peptide treatment 
also caused a decrease in the frequencies of IgA+PD- L1+ 
macrophages (figure 6G). The number of intratumoral 
CD69+CD8+ T cells increased after treatment with FCAR- 
blocking peptide and further increased after cotreatment 
with FCAR- blocking peptide and anti- PD- L1 antibody 
(figure 6H).

In vitro and in vivo blockage of YAP/TAZ signaling decreases 
cell surface PD-L1 expression in intratumoral IgA+ 
macrophages
To investigate the putative mechanisms of how IgA 
complex activates macrophages and upregulates PD- L1 
in these cells, we performed in vitro experiments using 
M2 macrophages differentiated from peripheral mono-
cytes. We pretreated M2 macrophages with various chem-
ical inhibitors before treatment with coated IgA complex. 
Among the inhibitors examined, only YAP inhibitor 
suppressed coated IgA complex- induced upregulation 

Figure 5 In vitro stimulation of M2 macrophages with coated IgA complex induces a signaling cascade resulting in the 
activation and upregulation of cell surface PD- L1. (A) Experimental scheme of M2 macrophage differentiation from peripheral 
monocytes and their stimulation with coated IgA complex derived from human sera. (B, C) PD- L1, not CD206, was upregulated 
after M2 macrophage stimulation with coated IgA complex ±Pam3csk4 (Pam3) for 24 hours. Macrophages were pretreated with 
CD89 blocking antibody or mock antibody 1 hour before incubating cells in IgA- coated culture well. Independent t- test was 
used. **P<0.01, ***p<0.001. Five replicates of the experiments with the same protocol were performed. (D, E) RNA sequencing 
data after M2 macrophage stimulation with mock or coated IgA complex. The results of DEG analysis are shown in a volcano 
plot (D), hierarchical clustering (E), and GSEA (F). DEG, differentially expressed gene; GSEA, gene set enrichment analysis; MFI, 
mean fluorescence intensity.
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of PD- L1 level (figure 7A). Moreover, adding Pam3csk4 
to IgA complex- stimulated M2 macrophages further 
increased PD- L1 upregulation, which was inhibited by 
YAP inhibitor (figure 7A). Similarly, YAP inhibitor inhib-
ited IgA complex- mediated upregulation of IL- 1β and 
IL- 10 (figure 7B). Immunoblotting with subcellular frac-
tionation revealed that the YAP molecule translocated 
into the nuclei after IgA complex stimulation of M2 
macrophages (figure 7C).

Next, we performed in vivo experiments using a mouse 
model (1×106 Hepa1- 6 cells) to evaluate the effects of 
YAP inhibitors on intratumoral IgA+ macrophages. Four 
groups were established with either YAP inhibitor or anti- 
PD- L1 treatment or both (figure 7D). YAP inhibitor alone 
did not significantly reduce tumor size, but anti- PD- L1 
treatment or anti- PD- L1 plus YAP inhibitor treatment 
caused a considerable decrease in tumor size, although 

the decrease was evident 21 days after injection of tumor 
cells (figure 7D). Additionally, YAP inhibitor did not 
significantly affect the number of infiltrated IgA+ cells or 
macrophages in 1 g syngeneic tumor weight (figure 7E). 
However, the frequency of PD- L1+ macrophages was lower 
in the YAP inhibitor- treated group than in the mock- 
treated group (figure 7F). Moreover, YAP inhibitor treat-
ment decreased the mean fluorescence intensity of PD- L1 
in IgA+PD- L1+ intratumoral macrophages (figure 7G).

DISCUSSION
The results of this study showed that there was an increase 
in serum IgA levels in HCC patients, which was correlated 
with intrahepatic or intratumoral infiltration of inflamma-
tory IgA+PD- L1high monocytes/macrophages. Addition-
ally, it was observed that IgA neutralization and anti- PD- L1 

Figure 6 IgA neutralization in a syngeneic HCC mouse model causes a decrease in intratumoral IgA+ macrophages and 
infiltration of intratumoral CD69+CD8+ T cells. (A) Gating strategy of intratumoral CD11b+F4/80+ macrophages in a syngeneic 
mouse tumor. (B) Cell surface PD- L1 levels in Hepa1- 6 cells and macrophages. (C) Comparative analysis of surface IgA levels in 
intratumoral and splenic macrophages. (D) Comparative analysis of PD- L1 levels in IgAhigh and IgAl°w intratumoral macrophages. 
(E) Syngeneic HCC mouse model (5×106 cells) using FACR- blocking peptide and/or anti- PD- L1 antibody. Serial changes 
in the sizes of tumors generated from Hepa1- 6 cells (5×106 cells) after FACR- blocking peptide and/or anti- PD- L1 antibody 
administration. (F) Numbers of intratumoral CD11b+F4/80+ cells and IgA+ cells per 1 g tumor weight in syngeneic HCC mouse 
model. (G) Number of intratumoral IgA+CD11b+F4/80+ cells per CD45+ cells in the syngeneic HCC mouse model. (H) Number of 
intratumoral CD69+CD8+ T cells per CD3+ cells in the syngeneic HCC mouse model. Continuous variables were assessed using 
independent t- tests (C–G). *P<0.05, **p<0.01, ***p<0.001. HCC, hepatocellular carcinoma; MFI, mean fluorescence intensity.
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target these cells, indicating that inflammation- induced 
IgA complex in the liver play a critical role in HCC 
development in chronic liver diseases. Furthermore, IgA 
complex- stimulated monocytes/macrophages expressed 
higher PD- L1 levels in HCC TME, indicating that these 
cells could possibly be target during HCC treatment to 
enhance the efficacy of immune- based therapy. Moreover, 
IgA+PD- L1high monocytes showed activated phenotypes in 
scRNA- seq, suggesting that the cells can stimulate intra-
hepatic CD8+ T cells and simultaneously cause PD- L1- 
mediated T cell dysfunction.

Macrophages in the liver include immune- regulatory 
Kupffer cells, which are tissue- localized and capable of 
self- renewal. Within HCC TME, mononuclear phago-
cytes (TAMs) develop primarily from MoMFs, rather than 
Kupffer cells.36 TAMs support tumor angiogenesis, inva-
sion, growth, and metastasis. A recent study developed a 

myeloid- specific prognostic signature, referred to as the 
myeloid response score (MRS) for HCC.37 A high MRS is 
associated with a strong protumoral activity in the TME 
and poor survival outcomes.37 Moreover, recent studies 
demonstrated that HCC TME is infiltrated by PD- L1+ acti-
vated monocytes with protumoral features.14 15 Hence, 
HCC can be prevented or managed by targeting TAM 
functions in the TME. A previous study showed that PD- L1 
is preferentially expressed in macrophages instead of in 
cancer cells, potentially serving as an immunotherapy- 
predicting factor in HCC. Additionally, it was observed 
that PD- L1+ TAMs from the analyzed HCC samples did 
not exhibit complete M2 polarization.24 Moreover, these 
TAMs showed high HLA- DR expression, which reflects 
the potential immunogenic nature and susceptibility of 
tumor cells to therapy designed to decrease the prolifera-
tion of PD- L1- expressing TAMs.10

Figure 7 In vitro and in vivo YAP/TAZ signaling blockade decreases cell surface PD- L1 expression in intratumoral IgA+ 
macrophages. (A) M2 macrophages were treated with various chemical inhibitors 12 hours before treatment with coated IgA 
complex and/or Pam3csk4 (Pam3), and cell surface PD- L1 expression was measured. *P<0.05, **p<0.01, ***p<0.001. (B) RT- 
qPCR data for IL- 10 and IL- 1β after stimulation of M2 macrophages with coated IgA complex with or without YAP inhibitor. Data 
are representative of five independent experiments. (C) Representative immunoblotting data after subcellular fractionation for 
YAP, PARP, and SOD2 after stimulation of M2 macrophages with coated IgA complex and/or Pam3. Data are representative of 
three independent experiments. (D) Experiment schedule in the syngeneic HCC mouse model (1×106 cells) using YAP inhibitor 
and/or anti- PD- L1 antibody. Serial changes in the size of tumors generated from Hepa1- 6 cells (1×106 cells) after YAP inhibitor 
and/or anti- PD- L1 antibody. (E) Numbers of intratumoral CD11b+ F4/80+ cells or IgA+ cells per 1 g tumor weight in the syngeneic 
HCC mouse model. (F) Numbers of intratumoral PD- L1+ CD11b+ F4/80+ cells per CD45+ cells in the syngeneic HCC mouse 
model. (G) MFI of PD- L1 in IgA+CD11b+ F4/80+ cells after treatment with YAP inhibitor and/or anti- PD- L1 antibody. Continuous 
variables were assessed using independent t- tests (A, D–G). *P<0.05, **p<0.01, ***p<0.001. HCC, hepatocellular carcinoma; 
MFI, mean fluorescence intensity; n.s, not significant.
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Previous studies have reported high serum IgA levels in 
patients with NASH and ALD, which increased according 
to fibrosis score38 39; however, the roles of accumulated 
intrahepatic IgA in HCC are yet to be elucidated. In 
the liver of patients with NAFLD or chronic inflamma-
tion from other etiologies, damage- associated molec-
ular patterns or endotoxins stimulated macrophages via 
TLR molecules, and secreted IgA complex can stimulate 
macrophages cooperatively with TLR molecules.22 Addi-
tionally, the immunosuppressive function of IgA+ plasma 
cells to disrupt CTL activation has been demonstrated in 
a previous study.40 A subsequent study showed that CTL 
activation was inhibited by hepatic IgA+ plasma cells both 
in vitro and in vivo.21 In major urinary protein- urokinase- 
type plasminogen activator mice, HCC regressed after 
PD- L1 inhibition, decreasing tumor burden and mark-
edly reducing the number of hepatic IgA+ plasma cells.21 
In this study, we elucidated the roles of IgA complex in 
intrahepatic monocytes/macrophages and the potential 
mechanisms of IgA complex- induced PD- L1 upregulation 
in stimulated cells. Additionally, treatment with soluble 
FCAR- binding peptide and anti- PD- L1 antibody caused 
a decrease in IgA+ monocytes population in HCC mice 
models. In patients with chronic liver diseases, there 
is an accumulation of inflammatory IgA+ monocytes 
expressing PD- L1 in the precancerous liver. Although 
previous studies focused mainly on the possible roles of 
IgA+ plasma cells, this study focused on IgA+ monocytes in 
both animal models and diseased human livers and HCC 
tissues.

One thing to consider is that differences of the tumor 
volumes shown in the different groups emerged only after 
day 21 in our mice experiments (figures 6E and 7D). This 
protracted effect of anti- PD- L1 and FCAR blocking may 
have occurred because the drugs were not cytotoxic but 
they are drugs that evoke antitumor immune responses. 
Even when these drugs are started concomitantly with 
the injection of the tumor cells, the differences in tumor 
volumes between groups were only evident after day 
21 (online supplemental figure 6). Patients with HCC 
treated with immune- based therapies may also expe-
rience the pseudo- progression, which is defined as an 
initial increase in tumor burden, followed by tumor 
shrinkage. While the mechanism of pseudoprogression 
is not fully understood, tumor necrosis and immune cell 
infiltration may be responsible for the phenomenon.41 
This initial inflammatory reaction may be the cause of 
delayed tumor- shrinking effects of anti- PD- L1 and FCAR 
blocking in our in vivo model.

Recently, nivolumab was approved as second- line 
therapy for advanced HCC management, and atezoli-
zumab plus bevacizumab was recently shown to be supe-
rior to sorafenib as primary treatment for advanced HCC. 
However, the efficacy of these immune- based treatments 
was limited in patients with NASH- induced HCC.25 A 
recent study demonstrated that NASH limits antitumor 
surveillance in immunotherapy- treated HCC via the 
accumulation of hepatic unconventionally activated 

CD8+PD1+ T cells in NASH livers,25 although the specific 
mechanism was not elucidated. However, we speculated 
that IgA complex- activated PD- L1+ macrophages may 
be one of the contributing factors for the accumulation 
of CD8+ T cells. To enhance the efficacy of ICIs in HCC 
patients, it may be needed to suppress the activity of IgA+ 
macrophages.

The findings of this study showed that in vitro stimu-
lation of M2- polarized macrophages with the coated IgA 
complex induced the activation of YAP/TAZ- mediated 
signaling pathway, resulting in cell activation and PD- L1 
upregulation. A recent study has implicated the Hippo 
signaling pathway as a major target in preventing HCC 
initiation.42 A key component of the Hippo pathway is 
the inhibition of YAP/TAZ transcription factors by the 
Hippo kinase cascade. Abnormal YAP or TAZ activation 
has been observed in several human cancers, including 
HCC.43 Interestingly, PD- L1 is a target of Hippo signaling, 
and TAZ- induced PD- L1 upregulation was sufficient 
to inhibit cytotoxic T- cell function.43 Several studies 
have demonstrated YAP involvement in the interactions 
between tumor and immune cells, particularly TAMs.44 
A previous study revealed that YAP inhibited M2 macro-
phage polarization and promoted IL- 6 production in M1 
macrophages in a mouse model with inflammatory bowel 
diseases.45 Similarly, the findings of this study indicated 
that YAP- mediated PD- L1 upregulation may be caused by 
IgA- mediated stimulation and is accompany the activa-
tion of macrophages.

In the in vivo experiments (figure 7D), there was 
only a marginal (non- significant) difference in tumor 
volumes between group 3 (anti- PD- L1 only) and group 
4 (YAPi+anti- PD- L1). Through our in vitro and in vivo 
experiments, it was confirmed that YAP is critical in PD- L1 
upregulation in monocytes/macrophages. However, for 
the antitumor effects, combined treatment of YAPi and 
ICIs did not yield superior antitumor effects to ICI mono-
therapy in our three different sets of in vivo experiments. 
The reasons for the discrepancy may arise from the fact 
that YAP/TAZ pathway may function in a protumoral way 
in some cellular compartments of TME of HCC, and may 
function in an antitumoral way in some cellular compart-
ments.46–48 In this study, we only focused on the role of 
YAP/TAZ in monocytes/macrophages of HCC TME. The 
detailed role of targeting YAP/TAZ in immune- based 
therapies for HCC should be further investigated in the 
future.

This study was limited by the small sample size and 
availability of human tissue for immunohistochemical 
analysis and flow cytometry. Additionally, the liver cancer 
model used in this study was developed via orthotopic 
method, not spontaneous cancer development. There-
fore, further animal studies are required to validate our 
results using a spontaneous HCC developing mouse 
model.
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CONCLUSION
Overall, the findings of this study indicated that there was 
an increase in serum IgA levels in HCC patients, which 
was associated with intrahepatic infiltration of inflam-
matory IgA+PD- L1high monocytes. Additionally, targeting 
IgA signaling in chronically inflamed livers may enhance 
antitumor immune responses by suppressing IgA+ mono-
cytes/macrophages activity. Moreover, IgA+PD- L1high 
monocytes showed PD- L1 upregulation, which may cause 
antitumor T cell dysfunction in HCC TME. Therefore, 
targeting intrahepatic IgA may enhance the efficacy of 
immune- based therapy.
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Supplementary Table  

Supplementary Table 1. Baseline characteristics of enrolled patients 

   

Variables 

Patients with chronic liver diseases 

CHB (n = 44) NASH/ALD (n = 61) 

No. % No. % 

Sex     

 Male 29 65.9  40 65.6  

 Female 15 34.1  21 34.4  

Mean age 48.3  46.5 

Liver biopsy     

 No 17 38.6 18 29.5  

 Yes 27 61.4 43 70.5  

Fibrosis stage      

 0 4 9.1  4 6.6  

 1 7 15.9  9 14.8  

 2 6 13.6  12 19.7  

 3 4 9.1  8 13.1  

 4 6 13.6  10 16.4  

Liver cirrhosis      

 No 33 75.0  49 80.3  

 Yes 9 20.5  12 19.7  

Child-Pugh class     

 A 41 93.2  57 93.4  

 B or C 3 6.8  4 6.6  

Median serum IgA 238.3 243.1 
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Variables 
Patients with HCC (n = 271) 

No. % 

Sex   

 Male 215 79.3  

 Female 56 20.7  

Mean age 63.5 

Hepatitis B   

 No 107 39.5  

 Yes 164 60.5  

Hepatitis C   

 No 246 90.8  

 Yes 25 9.2  

NASH/ALD   

 No 205 75.6  

 Yes 66 24.4  

AFP at diagnosis   

 < 20 ng/ml 147 54.2  

 ≥ 20 ng/ml 124 45.8  

Multiple tumors  

 No 162 59.8  

 Yes 109 40.2  

Maximal tumor size   

 <5cm 188 69.4  

 >5cm 83 30.6  

Vascular invasion   

 No 218 80.4  

 Yes 53 19.6  

Nontumor cirrhosis    

 No 101 37.3  

 Yes 170 62.7  

Child-Pugh class   

 A 213 78.6  

 B or C 58 21.4  

Median serum IgA 321.5 
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Supplementary Table 2. Expression level of IgA in plasma cells in GSE datasets 

Dataset Patient ID IGHA1_avg High / Low 

GSE125449_Set1 1_1 6.144 High 

4_1 9.421 High 

7_1 0.811 Low 

9_1 0.889 Low 

10_1 0.543 Low 

11_1 5.855 High 

12_1 1.066 Low 

GSE125449_Set2 2_2 -1.385 Low 

10_2 3.757 High 

13_2 0.411 Low 

16_2 -1.021 Low 

21_2 0.560 Low 

22_2 2.926 High 

GSE115469 1_3 -1.721 Low 

2_3 1.604 High 

3_3 2.710 High 

4_3 1.424 High 

5_3 2.367 High 
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Supplementary Table 3. Reagents used in this study 

    Antibodies 

 

Company Clone Dilution 

 

Target host 

 

Application 

Anti-CD3 Abcam polyclonal 1:100 Human IHC 

Anti-CD68 Dako KP1 1:1000 Human IHC 

Anti-IgA Genetex RM128 2μg/ml Human IHC 

Anti-PD-L1 Dako 22C3 2μg/ml Human IHC 

Anti-LPS Abcam 2D7/1 1:500 Human IHC 

Anti-TLR4 Atlas antibodies polyclonal 1:500 Human IHC 

HRP-labeled polymer Dako polyclonal 1:50 Human IHC 

anti-APC MicroBeads MACS IgG2 20 µL/10⁷ cells Human Cell separation 

Recombinant human IL-4 R&D system  1μg/ml Human M2-polarization 

Recombinant human M-CSF R&D system  1μg/ml Human M2-polarization 

Anti-PD-L1 antibody Sigma 29E.2A3 20μg/ml Human Blocking 

Anti-PD-L1 antibody Invivomab 10.9G2 100μg/ml Mouse Blocking 

Normal mouse IgG Santacruz  20μg/ml Human Blocking control 

Normal rat IgG2b Santacruz  100μg/ml Mouse Blocking control 

Anti-CD89 Bio-rad MIP8a 20μg/ml Human Blocking 

YAP inhibitor (Verteporfin) Sigma  100mpk Mouse Blocking 

Pam3CSK4 Invivogen  10μg/ml Human Stimulation 

Dimeric-IgA Nordic-MUbio  4μg/ml Human Stimulation 

brefeldin A BD Biosciences  5 μg/mL Human Stimulation 

monensin BD Biosciences  5 μg/mL Human Stimulation 

FCAR blocking peptides MyBioSource  100μg/ml Mouse Blocking 

APC conjugated anti-CD138 BD Biosciences 281-2 1μl/106 cells Mouse Flow cytometry 

BV421 conjugated anti-CD14 BD Biosciences M5E2 1μl/106 cells Human Flow cytometry 

PerCP-Cy5.5 conjugated anti-

CD16 

Biolegend 
3G8 1μl/106 cells 

Human 
Flow cytometry 

PerCP-Cy5.5 conjugated anti-

CD19 

Biolegend 
HIB19 1μl/106 cells 

Human 
Flow cytometry 

APC conjugated anti-CD206 Biolegend 15-2 1μl/106 cells Human Flow cytometry 

APC conjugated anti-CD27 Invitrogen O323 1μl/106 cells Human Flow cytometry 

PerCP-Cy5.5 conjugated anti-CD3 BD Biosciences UCHT1 1μl/106 cells Human Flow cytometry 

APC-H7 conjugated anti-CD4 BD Biosciences SK3 1μl/106 cells Human Flow cytometry 

V500 conjugated anti-CD45 BD Biosciences 30-F11 1μl/106 cells Mouse Flow cytometry 

PE-Cy7 conjugated anti-CD56 BD Biosciences B159 1μl/106 cells Human Flow cytometry 

V450 conjugated anti-CD8 BD Biosciences RPA-T8 1μl/106 cells Human Flow cytometry 

PE conjugated anti-PD-L1 Biolegend 29E.2A3 1μl/106 cells Human Flow cytometry 

APC-Cy7 conjugated anti-HLA-DR BD Biosciences G46-6 1μl/106 cells Human Flow cytometry 

FITC conjugated anti-IgA Invitrogen polyclonal 1μl/106 cells Human Flow cytometry 

Live/Dead Fixable aqua Dead Cell 

Stain Kit 

Invitrogen 
 1μl/106 cells 

Human 

Mouse 
Flow cytometry 

V450 conjugated CD11b BD Biosciences M1/70 1μl/106 cells Mouse Flow cytometry 
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APC-Cy7 conjugated anti-F4/80 Biolegend BM8 1μl/106 cells Mouse Flow cytometry 

PE conjugated anti-IgA Invitrogen mA-6E1 1μl/106 cells Mouse Flow cytometry 

APC conjugated anti-PD-L1 BD Biosciences MIH5 1μl/106 cells Mouse Flow cytometry 

PE-Cy7 conjugated anti-Ly6G BD Biosciences 1A8 1μl/106 cells Mouse Flow cytometry 

PE-Cy7 conjugated anti-TNF-α BD Biosciences Mab11 1μl/106 cells Human Flow cytometry 

BV510 conjugated anti-CD163 BD Biosciences GHI/61 1μl/106 cells Human Flow cytometry 

Anti-YAP antibody abcam G-6 1:1000 Human Western blot 

Anti-PARP antibody Cell signaling 46D11 1:1000 Human Western blot 

Anti-SOD2 antibody abcam polyclonal 1:1000 Human Western blot 
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Supplementary Figure 2

NASH-liver cirrhosisA

Ig
A

IgA-secreting plasma cell 

B

Ig
A

NASH-liver cirrhosis

Endothelial cell
Kupffer cell / monocytes

(A) Strong IgA staining in IgA-secreting plasma cells in NASH-cirrhotic liver

(B) IgA staining in endothelial cells and monocytes/Kupffer cells in NASH-cirrhotic liver
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Supplementary Materials and Methods 

 

RNA Extraction, Complementary DNA (cDNA) Synthesis, and Real-Time Quantitative 

Polymerase Chain Reaction (RT-qPCR) 

Total RNA isolation, cDNA synthesis, and TaqMan RT-qPCR analyses were 

performed as previously described.[1] Target gene mRNA levels were determined with 

TaqMan gene expression assays (Applied Biosystems, Foster City, CA, USA). The assay IDs 

of each gene were as follows: mechanistic target of rapamycin (Hs00234508_m1), IL-1β 

(Hs00174097_m1), IL-10 (Hs00961622_m1), interferon-induced protein 44 

(Hs00197427_m1), 2'-5'-oligoadenylate synthetase 1 (Hs00973635_m1), suppressor of 

cytokine signaling 1 (Hs00705164_m1), and glyceraldehyde 3-phosphate dehydrogenase 

(Hs02758991_m1). 

 

CD14+ Macrophage Isolation in Human HCC Tissue 

Tumor tissue was mashed using a dissociation kit (MACS 130-095-929; Miltenyi 

Biotec, Bergisch Gladbach, Germany). Cell staining was performed using allophycocyanin 

(APC)-conjugated CD14 antibody in the dissociated solution. The OctoMACS separator 

and starting kits (Miltenyi Biotec) were used to isolate CD14+ macrophages (anti-APC 

MicroBeads; MACS 130-090-855; Miltenyi Biotec). CD14+ TAMs were either isolated 

directly from human HCC tumor cell suspensions using CD14 MicroBeads (Miltenyi 

Biotec) or were conditioned using CD14+ cells (CD14 Selection Cocktail; Stemcell 

Technologies, Vancouver, Canada). CD14+ cell purity was >90%, as confirmed by flow 

cytometry analysis (BD LSRII; BD Biosciences, San Jose, CA, USA). 

 

Flow Cytometry 
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Multicolor flow cytometry was performed using a Canto II instrument (BD 

Biosciences). We used the following commercially available antibodies: phycoerythrin (PE)-

conjugated anti-PD-L1, APC-cyanine 7 (Cy7)-conjugated anti-F4/80, APC-conjugated anti-

CD206, APC-conjugated anti-CD27, peridinin-chlorophyll protein complex (PerCP)-Cy5.5-

conjugated anti-CD16, PerCP-Cy5.5-conjugated anti-CD3, APC-conjugated anti-CD138 

(Biolegend, San Diego, CA, USA), fluorescein isothiocyanate-conjugated anti-IgA, PE-

conjugated anti-IgA (Invitrogen, Waltham, MA, USA), Brilliant Violet 421-conjugated anti-

CD14, PerCP-Cy5.5-conjugated anti-CD19, APC-Cy7-conjugated anti-HLA-DR, PE-Cy7-

conjugated anti-CD56, Violet (V)450-conjugated anti-CD8, APC-H7-conjugated anti-CD4, 

V450-conjugated anti-CD11b, V500-conjugated anti-mouse CD45, APC-conjugated anti-PD-

L1, and PE-Cy7-conjugated anti-Ly6G (BD Biosciences). The aqua fluorescent LIVE/DEAD 

dye (Invitrogen) was used to facilitate the elimination of non-viable cells. Data were analyzed 

using FlowJo software (TreeStar, Ashland, OR, USA). 

Intracellular cytokine staining was performed using a previously described protocol.[2, 

3] Briefly, stimulated CD3+ T cells were treated with 5 μg/mL brefeldin A (BD Biosciences) 

and 5 μg/mL monensin (BD Biosciences). Following a 7-h incubation period, the cells were 

subjected to surface marker staining, and then to cell permeabilization using the Foxp3 

Staining Buffer Kit (eBioscience, San Diego, CA, USA). Finally, the cells were incubated 

with PE-Cy7 anti-tumor necrosis factor-α (BD Biosciences). 

 

Bulk RNA Sequencing Analysis 

To verify M2 macrophage activation stimulated by coated IgA, we conducted DEG 

analysis, hierarchical clustering, and gene set enrichment analysis (GSEA) on the 

transcriptome sequencing data from two samples named mock and IgA. We used the 

binomial test implemented in edgeR [4] to identify DEGs from the transcriptome data. Genes 
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showing a log2 fold change of >2 (or <–2), with a P value of <.01 after adjustment by the 

Benjamini–Hochberg procedure, were selected as DEGs. The DEG analysis results are shown 

in a volcano plot. To visualize the overall differences in gene expression patterns between the 

mock and IgA samples, we applied hierarchical clustering implemented in Seaborn [5] with 

the Euclidean distance and average linkage methods. GSEA was performed using the 

g:Profiler tool [6] to identify cellular components, biological processes, or molecular 

functions associated with the DEGs, and the results were visualized using GSEA software [7]. 

 

Immunoblotting  

Cell lysates were prepared, and 20 μg of each lysate was loaded onto sodium dodecyl 

sulfate polyacrylamide gels and analyzed by immunoblotting. The following antibodies were 

used for immunoblotting: mouse monoclonal anti-YAP (G-6; Santa Cruz Biotechnology, 

Dallas, TX, USA), rabbit monoclonal anti-poly (ADP-ribose) polymerase (Cell Signaling 

Technology, Danvers, MA, USA), and rabbit polyclonal anti-superoxide dismutase 2 (Abcam, 

Cambridge, UK). After blotting, the membranes were incubated with primary antibodies 

(diluted 1:1000) overnight at 4°C. The signal was detected using a horseradish peroxidase 

(HRP)-conjugated secondary antibody with enhanced chemiluminescence reagents (GE 

Healthcare, Buckinghamshire, UK). Band densities were measured using Multi Gauge 

imaging software (Elysia-raytest, Straubenhardt, Germany). 

 

Subcellular Fractionation 

Cells were scraped from 10-cm plates into 200 μL fractionation buffer (250 mM sucrose, 20 

mM HEPES [pH 7.4], 5 mM MgCl2, 10 mM KCI, 1 mM ethylenediaminetetraacetic acid, 1 

mM Egtazic acid, 10 mM Tris [pH 7.4], protease inhibitor, 1% NP-40, and phosphatase 

inhibitor). The cell suspension was passed through a 27-gauge needle 10 times using a 1 mL 
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syringe, and then incubated for 20 min on ice, and centrifuged for 5 min at 720 × g (3,000 

rpm). The pellet contained nuclei, while the supernatant contained cytoplasm, membrane, and 

mitochondria. The nuclear pellet was washed by centrifugation for 5 min at 720 × g (3,000 

rpm) with 500 μL fractionation buffer. Then the pellet was dispersed using a pipette, passed 

through a 25-gauge needle 10 times, and centrifuged for 10 min at 3,000 rpm. Finally, the 

supernatant was discarded, while the pellet containing the nuclei was retained. 

 

Immunohistochemistry  

After transferring a 5-μm-thick cross-section of a paraffin-embedded block to a 

silanized glass slide, xylene was used for section de-paraffinization, and a set of graded 

alcohols was applied for section rehydration. A microwave vacuum histoprocessor (RHS-1; 

Milestone, Bergamo, Italy) facilitated antigen extraction by heating specimens for 20 min in 

0.01 M citrate buffer (pH 6.0) to a maximum temperature of 121°C. To avoid endogenous 

peroxide activity, the sections were incubated with 3% hydrogen peroxide in methanol for 10 

min. Next, the slides were incubated with anti-CD3 (Abcam), anti-CD68 (clone: KP1; Dako, 

Carpinteria, CA, USA), anti-IgA (clone: RM128), anti-LPS (clone: 2D7/1), anti-TLR4  and 

anti-PD-L1 (clone: 22C3; Dako) antibodies. Then the slides were washed, and then incubated 

with the EnVision+ system HRP-labeled polymer (Dako) at 24°C for 5 min. This was 

followed by a 5-min treatment with 3, 3ʹ-diaminobenzidine, and then counterstaining with 

hematoxylin. 
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Jaegyoon Ahn, Seung Kew Yoon

 

 

➢ Recent evidence shows that IgA contributes to aggravating inflammation or dismantling 

antitumor immunity in diseased liver.  

➢ In this study, we demonstrate that there is an increase in serum IgA levels in HCC patients, 

which is associated with intrahepatic infiltration of inflammatory IgA+PD-L1high monocytes.  

➢ IgA complex binds to monocytes and induces intracellular signaling cascade including YAP-

TAZ pathway, resulting in the upregulation of PD-L1 and activation of the cells.     

➢ Our findings suggest that targeting IgA signaling in chronically inflamed, fibrotic livers may 

enhance anti-tumor immune response by suppressing inflammatory IgA+PD-L1high 

monocytes. 
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