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Abstract: Lymphocytes play an important role in antitumor immunity following organ transplantation. However, the 
function of granzyme B+CD19+B cells on the hepatocellular carcinoma cells from liver transplant recipients remains 
largely unknown; we aimed to analyze the function and elucidate the mechanisms behind it. Blood samples and 
clinical data from liver transplant recipients and healthy controls at Beijing Chaoyang Hospital as well as from a 
validation cohort were collected and analyzed. In this study, we found decreased granzyme B+CD19+B cells were 
correlated with early hepatocellular carcinoma recurrence and could further identify liver transplant recipients with 
poor tumor differentiation, microvascular invasion, increased total tumor diameter, and tumor beyond Milan crite-
ria. Notably, granzyme B+CD19+B cells directly inhibited the proliferation, migration, and invasion of hepatocellular 
carcinoma cells. Upon activation regulatory B cells from liver transplant recipients with hepatocellular carcinoma 
recurrence displayed a CD5+CD38+CD27+CD138+CD19+ granzyme B+ phenotype, but the increased expression of 
CD5, CD38, and CD138, and the decreased protein level and transcriptional level requiring JAK/STAT signaling. In 
an independent validation cohort, liver transplant recipients with decreased granzyme B+CD19+B cells had not only 
early hepatocellular carcinoma cell recurrence but also shorter survival. Our study provides comprehensive data 
from liver transplant recipients with hepatocellular carcinoma, indicating a critical role of granzyme B+CD19+B cells 
in preventing cancer progression. Our findings warrant further investigations for the design of future immunothera-
pies leading to immune responses and improved patient survival.
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Introduction

Liver transplantation offers the highest chance 
of cure for hepatocellular carcinoma (HCC) 
among all other methods as it treats not only 
the tumor but also the underlying liver disease 
[1, 2]. However, liver transplant recipients  
(LTR) have been plagued by HCC recurrence fol-
lowing transplantation, which ranges between 
8%-20% [3]. Unlike HCC recurrence after surgi-
cal resection, extrahepatic metastases are 
more seen following transplantation, particu-
larly in the lungs and bones [4-6]. Studies have 
shown that post-transplant HCC recurrence is a 
result of the growth of occult metastases indi-
cating that circulating tumor cells are the major 

route of HCC recurrence [7, 8]. Therefore, per- 
ipheral immune responses play a key role in 
HCC progression requiring further elucidation 

[9, 10].

B cells were once considered to act as antigen-
presenting cells and provide co-stimulatory sig-
nals for T cell activation in addition to antibody 
production. In 2006, Jahrsdörfer B et al. first 
described that B-chronic lymphocytic leukemia 
(B-CLL) cells were characterized by inducing 
apoptosis of untreated B-CLL cells through 
granzyme B (GrB) production [11]. Subsequ- 
ently, in patients with operationally tolerant kid-
ney grafts, B cells exerted a suppressive func-
tion on CD4+CD25- effector T cell by secreting 
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GrB [12]. We also confirmed GrB+CD19+B cells 
could maintain allospecific tolerance and 
enhance viral control in renal transplant recipi-
ents in a previous study [13]. Furthermore, 
studies reported that B cells infiltrating the 
tumor correlated with an increased GrB expres-
sion in addition to with reduced tumor viability 
suggesting B cells possessing tumor-killing 
potential by producing GrB [14, 15]. 

However, there is little data on the relation 
between GrB+CD19+B cells and LTR survival or 
HCC recurrence following liver transplantation. 
Here, we examined the role of GrB+CD19+B 
cells from LTR with and without HCC recurrence 
as well as from healthy controls (HC) and LTR 
with hepatic failure (HF) and further confirmed 
our findings in a validation cohort. 

Materials and methods

Patients and samples

A total of 102 liver transplant recipients with  
HF and with pathologically confirmed HCC were 
enrolled in this study as well as 41 HC. 
Characteristics are summarized in Table 1. 
Another validation cohort was further enrolled 
between January 2016 and December 2020. 
There were neither ABO incompatible donors 
nor living donors. The blood samples were 
taken at least 6 months following liver trans-
plantation. Basiliximab was administered for 
immunosuppressive induction. LTR were given 
a low dose of calcineurin inhibitors. Steroids 
were not used or gradually withdrawn within 
one month. Mycophenolate mofetil was adjust-
ed according to the white blood cell count. 
Sirolimus was used one month after surgery.

Inclusion criteria: patients with pathologically 
confirmed hepatic carcinoma and hepatitis 

related cirrhosis; patients undergoing a first 
liver transplantation; no distant metastasis; 
patients with complete clinical and pathologi-
cal data. Exclusion criteria: patients with HCC 
receiving anticancer therapy before sampling; 
patients with concurrent autoimmune disease; 
patients with any kind of infections, acute rejec-
tion and graft-versus-host disease; patients 
with diseases of hematopoietic and lymphoid 
systems and human immunodeficiency virus; 
patients undergoing combined organ trans- 
plantation.

The study was approved by the Institutional 
Review Board of Beijing Chaoyang Hospital 
(No.2016-2-19-38) in accordance with the 
Helsinki declaration of 1975, as revised in 
1983. Written informed consent was obtained 
from all participants. 

Flow cytometry, polymerase chain reaction, 
western blot and tumor cell cultivation

According to the instructions of the manufac-
turers, flow cytometry, polymerase chain reac-
tion (Table S1), Western blot and tumor cell  
cultivation were performed, respectively (Supp- 
lementary Information). 

Statistical analysis

Data analyses were carried out by using SPSS 
19.0 computer software (IBM Corp., Armonk, 
NY, USA) and GraphPad Prism 5 software 
(GraphPad Software Inc., La Jolla, CA, USA). 
Values were expressed as mean ± standard 
deviation. The Kolmogorov-Smirnov test was 
used for the normal distribution of continuous 
variables and one-way analysis of variance for 
the differences of multi-groups. The indepen-
dent samples t-test was employed for quantita-
tive variables. The Mann-Whitney U test was 

Table 1. Characteristics of liver transplant recipients and healthy controls

Parameters
Liver transplant recipients

Healthy controls (n=41) P
Malignant (n=57) Benign (n=45)

Age 51.26±7.78 53.27±7.02 50.76±7.72 0.253
Sex (male) 49 34 29 0.169
Maintenance 0.562
    Tacrolimus 47 39
    Cyclosporin A 10 6
Recurrence (cases) 22
Tumor-free survival (months) 22.09±13.06 47.09±26.74 0.000
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selected due to non-normal distribution. The 
Chi-square or Fisher’s exact test was used to 
compare nominal variables. Receiver operating 
characteristic curve (ROC) analysis and com-
parison of the area under the curve (AUC) was 
performed. The cut-off value for positive param-
eters was further determined by optimal sensi-
tivity and specificity on ROC curve analysis. 
Multivariate Cox analysis was employed to 
determine the predictors. Relative risk was 
expressed as an odds ratio (OR) with a 95% 
confidence interval (CI). A P-value <0.05 was 
considered statistically significant. 

Results

Decreased GrB+CD19+B cells are correlated 
with early HCC recurrence

First, we detected the GrB expression in 
CD19+B cells from blood samples of LTR under 
varying conditions. Based on the previous study 
[13], we found CD19+B cells started to produce 
GrB upon activation. A combination of anti-BCR 
and IL-21 is the most potent stimulus to induce 
GrB production (Figure S1A). Then, we found 
there was no significant difference among the 
groups with respect to GrA production or perfo-
rin production in resting CD19+B cells (P>0.05, 
Figure S1B, S1C). Moreover, both GrA produc-
tion and perforin production remained similar 
when CD19+B cells were stimulated with anti-
BCR and IL-21 (P>0.05, Figure S1D-F). 

Subsequently, we wanted to compare the per-
centages of GrB+CD19+B cells in HC and LTR. 
GrB was weakly expressed in a small portion of 
resting B cells in both groups (P>0.05, Figure 
1A). After stimulation, we found the frequency 
of GrB expression was higher in HC (P<0.05, 
Figure 1B). We further checked the percentag-
es of GrB+CD19+B cells between LTR with HF 
and with HCC. Of note, LTR with HCC showed a 
lower proportion of GrB+CD19+B cells in acti-
vated B cells (P<0.05, Figure 1D) although 
there was no difference in resting B cells 
(P>0.05, Figure 1C). Finally, we analyzed the 
data from patients with HCC recurrence and 
without HCC recurrence. LTR with and without 
HCC recurrence had similar GrB production in 
resting B cells (P>0.05, Figure 1E). More im- 
portantly, upon activation LTR with HCC recur-
rence had a remarkably lower proportion of 
GrB+CD19+B cells (P<0.05, Figure 1F, 1G). 

After further analysis, a higher proportion of 
GrB+CD19+B cells were observed when pa- 
tients with HCC met the Milan criteria, which is 
the golden criteria for liver transplantation 
(P<0.01, Figure 1H). To assess the effect of  
the percentages of GrB+CD19+B cells on tumor-
free survival, we divided the patients into two 
groups (high frequency >25.46% and low fre-
quency <25.46%) using the mean value of the 
percentages of GrB+CD19+B cells calculated 
according to the patients with and without HCC 
recurrence. Surprisingly, nearly 2.3 times more 
patients with low frequency than those with 
high frequency showed early recurrence (58.6% 
vs. 17.9%; Figure 1I). Collectively, these data 
indicate that decreased percentages of 
GrB+CD19+B cells correlate with early recur-
rence in LTR.

Decreased GrB+CD19+B cells can identify LTR 
with progressive HCC

Given that our data demonstrated a strong 
association between HCC recurrence and 
decreased GrB+CD19+B cell production, we 
wondered whether clinical-pathological param-
eters, which differentiated patients with HCC 
recurrence from without HCC recurrence, could 
have an impact on GrB expression. First, we 
compared the clinical parameters to check 
their effect. As patients with HCC had a stable 
preoperative liver function, the model for end-
stage liver disease score was similar between 
LTR with and without HCC recurrence (P>0.05, 
Figure S2A). Although high exposure to them 
can increase the risk of HCC recurrence [16], 
calcineurin inhibitors are still our major choice 
due to their effective suppression. Therefore, 
neither the type of calcineurin inhibitors nor the 
tacrolimus trough level affected HCC recur-
rence (P>0.05, Figure S2B, S2C). HCC is com-
monly associated with chronic hepatitis and 
liver cirrhosis in China, which prevailed in both 
groups. Accordingly, they failed to have an 
impact on HCC recurrence (P>0.05, Figure S2D, 
S2E). Notably, preoperative transcatheter arte-
rial chemoembolization and hepatitis recur-
rence which was reported to correlate with HCC 
recurrence [17, 18] showed a negative associa-
tion as a result of a partial pathologic response 
and tenofovir disoproxil fumarate treatment 
[19], respectively (P>0.05, Figure S2F, S2G). 
Interestingly, levels of postoperative AFP re- 
mained similar between LTR with and without 
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Figure 1. Decreased GrB+CD19+B cells are correlated with early HCC recurrence. Comparison of the expression of 
GrB in resting (P>0.05, A) and activated (P<0.01, B) CD19+B cells from HC and LTR, respectively; Comparison of the 
expression of GrB in resting (P>0.05, C) and activated (P<0.05, D) CD19+B cells from LTR with HF and with HCC, re-
spectively; Comparison of the expression of GrB in resting (P>0.05, E) and activated (P<0.01, F) CD19+B cells from 
LTR with and without HCC recurrence, respectively; Representative flow cytometry dot plots of the expression of GrB 
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HCC recurrence (P>0.05, Figure S2H). As the 
patients were followed up at regular intervals, 
therefore, HCC recurrence was detected at an 
early stage.

Then, we analyzed the pathological parame-
ters, which play a key role in HCC recurrence. 
We found there was no significant difference 
between LTR with and without HCC recurrence 
with respect to macrovascular invasion, cap-
sule invasion, or lesions ≥4 (P>0.05, Figure 
S3A-C). However, LTR with poor tumor differen-
tiation, microvascular invasion, HCC beyond 
Milan criteria, and larger total tumor diameter 
had a higher rate of HCC recurrence (P<0.05, 
Figure S3D-G). Subsequently, we checked the 
associations between the positive parameters 
and the percentages of GrB+CD19+B cells. 
Notably, the percentages of GrB+CD19+B cells 
correlated with tumor differentiation, microvas-
cular invasion, total tumor diameter (Figure 
2A), and tumor beyond Milan criteria (P<0.05). 
More importantly, using poor tumor differentia-
tion, microvascular invasion, total tumor diam-
eter >9 cm, and HCC beyond Milan criteria as 
the cut-offs to regroup the LTR, respectively, we 
found LTR meeting these conditions all had 
lower proportions of GrB+CD19+B cells (P<0.05, 
Figures 2B-D, 1H). 

To test their predictive values we performed  
the analysis of AUC-ROC for the positive patho-
logical parameters and the percentages of 
GrB+CD19+B cells (Figure 2E), which revealed 
the latter strongly classified HCC recurrence 
versus non-recurrence (AUC 0.801, P<0.01) 
with the cut-off value of 22.45%. The corre-
sponding sensitivity and specificity were 77.3% 
and 74.3%, respectively. Consequently, LTR 
with GrB+CD19+B cells <22.45% had shorter 
tumor-free survival (P<0.01; Figure 2F). Coll- 
ectively, these data reveal that decreased 
GrB+CD19+B cell production is significantly 
associated with progressive HCC and has a 
better predictive value.

GrB+CD19+B cells can directly suppress HCC 
progression

B cells were previously regarded as antigen-
presenting cells and immunoglobin-producing 
cells. Recently, studies have shown that B cells 
can exert a suppressive impact on lymphocytes 
through GrB secretion, which could be partially 
reversed by PI-9, namely the GrB inhibitor [11, 
12]. Furthermore, Shi et al. reported that 
CD20+B cells in the tumor invasive margin  
possessed tumor-killing potential by producing 
GrB [14]. These researches and our data 
prompted us to find out whether GrB+CD19+B 
cells can directly suppress HCC progression. 
Therefore, we chose two HCC cell lines (Hepg2 
and Huh7) for co-culture and divided them into 
three groups including HCC cells alone (group 
1), HCC cells + GrB+CD19+B cells (group 2), and 
HCC cells + GrB+CD19+B cells + PI-9 (group 3). 
We first detected the effect of GrB+CD19+B 
cells on HCC cell proliferation. Using CCK8 
assays, we found on day 1 the OD values were 
a little lower in group 1 because group 2 and 
group 3 had larger cell numbers. On the follow-
ing days group 1 showed remarkably increased 
OD values compared with group 2. In contrast, 
the OD values rose in group 3 after adding PI-9 
despite failing to reach significance. All these 
data meant that CD19+B cells significantly 
restrained HCC cell growth via GrB secretion 
(P<0.05, Figure 3A, 3B). We also noticed a 
reduction in OD values of all groups on day 3, 
which might be a result of limited space and 
nutrition. Additional colony formation assay  
further confirmed that GrB+CD19+B cells could 
significantly inhibit the proliferation of HCC  
cells (P<0.05, Figure 3C, 3D). After that, we 
investigated whether GrB+CD19+B cells affect-
ed HCC cell migration and invasion by taking 
advantage of scratch wound healing assay and 
transwell cell invasion assay, respectively. We 
found that group 1 had the higher healing rate 
(P<0.05, Figure 3E, 3F) and the invasive cell 
numbers (P<0.05, Figure 3G, 3H) compared 

in activated CD19+B cells from HC and LTR with HF and with HCC, respectively (G). Comparison of the percentages 
of GrB+CD19+B cells between tumor within and beyond Milan criteria (P<0.01, H); Kaplan-Meier curve analysis of 
tumor-free survival between high and low percentages of GrB+CD19+B cells using the mean value of HCC group as 
the cut-off (P<0.01, I). PBMC were stimulated with IgG+IgM (5.4 μg/ml) in the presence of IL-21 (50 ng/ml) for 20 
h and Brefeldin A (1 μg/ml) was added for the last 4 h of incubation. GrB expression in B cells was detected by flow 
cytometry. Bars represent mean and standard deviation. GrB, granzyme B; HC, healthy controls; LTR, liver transplant 
recipients; HF, hepatic failure; HCC, hepatocellular carcinoma; PBMC, peripheral blood mononuclear cells.
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with group 2. The results indi-
cated invasion and migration 
abilities of HCC cells were 
greatly decreased after co-cul-
ture with GrB+CD19+B cells. 
Furthermore, the suppressive 
function of GrB+CD19+B cells 
can be affected in part by PI-9 
in accordance with the litera-
ture. Collectively, these data 
indicate that GrB+CD19+B cells 
directly inhibits the prolifera-
tion, migration, and invasion of 
HCC cells.

Phenotypic characteristics of 
GrB+CD19+B cells from LTR 
with HCC

In order to investigate the phe-
notypic features of this cell 
subset isolated from LTR with 
HCC, we assessed the surface 
molecules on the CD19+B cell 
population identified on the 
basis of the GrB production. 
CD19+B cells were stimulated 
with IgG+IgM in the presence 
of IL-21 as either GrB (Figure 
S4A, S4B) or surface mole-
cules (Figure S4C) could be 
hardly detected without stimu-
lation. After analysis, we found 
GrB+B cells displayed a CD5+ 

CD38+CD27+CD138+CD19+ ph- 
enotype upon stimulation (Fi- 
gure 4A), which were different 
from that of typical IL-10-
producing regulatory B cells 
[20-22]. Subsequently, we 
found GrB+CD19+B cells and 
IL-10+CD19+B cells were dis-
tinct B cell subsets (Figure 4B), 
which may explain the different 
phenotypes of the cell subsets. 
Then, we compared the fre-
quency of each surface mole-
cule between LTR with and 
without recurrence. Notably, 
the proportions of CD5+GrB+ 

CD19+B cells from LTR with 
HCC recurrence were higher 
than those from LTR without 
HCC recurrence in activated 
and resting GrB+CD19+B cells, 

Figure 2. Decreased GrB+CD19+B cells can identify LTR with progressive 
HCC. Correlations between the percentage of GrB+CD19+B cells and total 
tumor diameter (P<0.01, A); The percentages of GrB+CD19+B cells between 
LTR with poor and non-poor tumor differentiation (P<0.01, B), with and 
without microvascular invasion (P<0.01, C), with total tumor diameter >9 
cm and ≤9 cm (P<0.01, D), respectively; ROC curve analysis of microvas-
cular invasion, the percentage of GrB+CD19+B cells, tumor differentiation, 
total tumor diameter and Milan criteria (E); Kaplan-Meier curve analysis of 
tumor-free survival between LTR with the percentage of GrB+CD19+B cells 
>22.45% and <22.45% (P<0.01, F). PBMC were stimulated with IgG+IgM 
(5.4 μg/ml) in the presence of IL-21 (50 ng/ml) for 20 h and Brefeldin A (1 
μg/ml) was added for the last 4 h of incubation. GrB expression in B cells 
was detected by flow cytometry. Bars represent mean and standard devia-
tion. HCC, hepatocellular carcinoma; GrB, granzyme B; LTR, liver transplant 
recipients; ROC, receiver operating characteristic; PBMC, peripheral blood 
mononuclear cells; MVI, microvascular invasion; TD, tumor differentiation; 
TTD, total tumor diameter; MC, Milan criteria.
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Figure 3. GrB+CD19+B cells can directly suppress HCC progression. The effects of GrB+CD19+B cells on the proliferation (A-D), migration (E, F), and invasion (G, H) in 
HepG2 and Huh-7 cells as analyzed by CCK-8, colony formation, scratch wound healing, and transwell cell invasion assays, respectively. Bars represent mean and 
standard deviation. Original magnification ×5 for colony formation assay; original magnification ×40 for scratch wound healing assay; original magnification ×100 
for transwell cell invasion assay. Purified CD19+B cells (106/ml) were stimulated with IgG+IgM (5.4 μg/ml), CpG OND 2006 (9.6 μg/ml) and IL-21 (50 ng/ml) in the 
presence or absence of PI-9 (5 μg/ml) for 4 d before coculture. GrB, granzyme B; CCK-8, cell counting kit-8; HCC, hepatocellular carcinoma; OD, optical density; 
PI-9, proteinase inhibitor-9.
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respectively (P<0.05, Figures 4C and S4D). 
Studies have demonstrated CD5+B cells could 
play an important role in supporting tumor cell 
growth [23, 24], which are consistent with our 
data. Interestingly, in LTR with HCC recurrence 
the percentages of CD5+GrB+CD19+B cells were 
similar to those of CD5-GrB+CD19+B cells 
(P>0.05, Figure 4D). In contrast, the production 
of CD27+GrB+CD19+B cells remained similar 
among different populations with or without 
stimulation (P>0.05, Figures 4E and S4E). 
Finally, we analyzed the frequencies of CD38+ 

GrB+CD19+B cells and CD138+GrB+CD19+B 
cells, which were found to be higher in LTR with 

HCC recurrence upon activation suggesting 
their potential differentiation toward plasma 
cells (P<0.05, Figure 4F, 4G; P>0.05, Figure 
S4F, S4G). 

GrB+CD19+B cell production decreases at both 
the protein level and the transcriptional level 
requiring JAK/STAT signaling in LTR with HCC 
recurrence

The expression of GrB in CD19+B cells isolated 
from LTR with HCC was confirmed by PCR and 
western blot analysis, respectively. Hence, GrB 
expression was demonstrated for both mRNA 

Figure 4. Phenotypic characteristics of GrB+CD19+B cells from LTR with HCC. Representative flow cytometry dot 
plots of the expression of surface molecules on GrB+CD19+B cells from LTR with HCC recurrence upon stimulation 
(A); A representative flow cytometry dot plot of GrB+CD10+CD19+B cells from LTR with HCC recurrence upon stimula-
tion (B); Comparison of the percentages of CD5+GrB+CD19+B cells between LTR with and without HCC recurrence 
upon stimulation (P<0.05, C); Comparison of the percentages of CD5+GrB+CD19+B cells and CD5-GrB+CD19+B cells 
between LTR with and without HCC recurrence upon stimulation (P>0.05, D); Comparison of the percentages of 
CD27+GrB+CD19+B cells (P>0.05, E), CD38+GrB+CD19+B cells (P<0.05, F) and CD138+GrB+CD19+B cells (P<0.05, 
G) between LTR with and without HCC recurrence upon stimulation. PBMC were stimulated with IgG+IgM (5.4 μg/
ml) in the presence of IL-21 (50 ng/ml) for 20 h and Brefeldin A (1 μg/ml) was added for the last 4 h of incuba-
tion. Surface markers expression on B cells was detected by flow cytometry. Bars represent mean and standard 
deviation. GrB, granzyme B; LTR, liver transplant recipients; HCC, hepatocellular carcinoma; PBMC, peripheral blood 
mononuclear cells.
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and protein levels. Unlike classical cytotoxic 
cells such as CD3+T cells, which store pre-
formed GrB without stimulation (Figure S5A), B 
cells only express GrB following activation. 
First, we tested the effect of varying stimuli on 
GrB production while the resting CD19+B cells 
served as a negative control confirming that 
GrB production was sharply enhanced upon 
stimulation with anti-BCR and with IL-21 (Figure 
S5B). Next, we found that exogenous IL-21 
could increase the levels of GrB mRNA (Figure 
S5C) but higher levels of IL-21 could lead to an 
increased rate of CD19+B cell apoptosis (Figure 
S5D). In contrast, higher levels of anti-BCR 
could result in slowly elevated levels of GrB 

mRNA rather than an increased rate of CD19+B 
cell apoptosis (Figure S5E). After that, the prop-
er levels of anti-BCR and IL-21 were reached to 
maximize GrB expression (Figure 5A). We fur-
ther found LTR with HCC recurrence had lower 
levels of GrB mRNA compared with LTR without 
HCC recurrence under the same condition 
(P<0.05, Figure 5B, 5C). 

Induction of a B cell-mediated response 
depends on the activation of the JAK/STAT 
pathway and IL-21 signaling is associated with 
activation of a series of JAK/STAT family mem-
bers [25-27]. Consequently, we stained CD19+B 
cells for pJAK1, pJAK3, pSTAT1, and pSTAT3 

Figure 5. GrB+CD19+B cell production decreases at both the protein level and the transcriptional level requiring 
JAK/STAT signaling in LTR with HCC recurrence. Comparison of GrB mRNA levels upon activation under varying 
conditions with resting B cells as a control (A); Representative PCR for GrB in LTR with and without HCC recurrence 
upon activation with resting B cells as a control (B); Comparison of GrB mRNA levels in LTR with and without HCC 
recurrence upon activation with resting B cells as a control (P<0.05, C); Western blot analysis of GrB, pJAK1, pJAK3, 
pSTAT1 and pSTAT3 with β-actin as a control in CD19+B cells from LTR with HCC recurrence (D); Comparison of rela-
tive band intensity for GrB (E), pJAK1 (F) and pSTAT3 (G) in activated GrB+CD19+B cells from LTR with and without 
recurrence with β-actin as a control (P<0.05). CD19+B cells were stimulated in the presence or absence of IgG+IgM 
(5.4 μg/ml) or IL-21 (50 ng/ml) or both for 20 h and Brefeldin A (1 μg/ml) was added for the last 4 h of incubation. 
GrB mRNA expression was detected by PCR and GrB signal pathway by Western blot, respectively. Bars represent 
mean and standard deviation. GrB, granzyme B; LTR, liver transplant recipients; HCC, hepatocellular carcinoma.
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and included GrB and actin as controls. We 
found the different extent of up-regulation of 
GrB, pJAK1, and pSTAT3 and no up-regulation 
of pSTAT1 or pJAK3 (Figure 5D). When we com-
pared protein expression from patients with 
and without HCC recurrence, the levels of GrB, 
pJAK1, and pSTAT3 were significantly higher in 
patients without HCC recurrence (Figure 5E-G). 
Collectively, these data show that CD19+B cells 
from LTR with HCC recurrence produce less 
GrB at the protein level and the transcriptional 
level via JAK1 and STAT3 signaling. 

Decreased GrB+CD19+B cells can predict 
HCC recurrence in an independent validation 
cohort

In an attempt to validate the suppressive effect 
of GrB+CD19+B cells on tumor progression fol-
lowing liver transplantation, we performed an 
independent study. Patients lacking the follow-
up data were excluded. In this validation cohort, 
a total of 155 LTR with HCC were enrolled, who 
accepted liver transplantation and were then 
followed up at our center. Blood samples were 
obtained to analyze the lymphocyte subsets. 
These patients were followed up at regular 
intervals to observe the HCC recurrence and 
patient’s survival following liver transplanta-
tion. 49 patients had a tumor recurrence during 
the follow-up period and 33 patients died 
(Table 2). 

In this validation cohort, LTR with recurrence 
showed lower percentages of GrB+CD19+B  
cells (P<0.05, Figure 6A). Then, they were 
regrouped at the cut-off value of 22.45% calcu-
lated above, the HCC recurrence rate proved to 
be higher in the group with the frequency 

shorter tumor-free survival and cum survival 
(P<0.01, Figure 6C, 6D). Subsequent ROC anal-
ysis further confirmed that the percentage of 
GrB+CD19+B cells was a strong predictor for 
HCC recurrence with the AUC of 0.808 (P< 
0.01, Figure 6E). Finally, we asked if the per-
centage of GrB+CD19+B cells could indepen-
dently predict HCC recurrence. Using multiple 
logistic regression analysis, the percentage of 
GrB+CD19+B cells (OR: 1.142; 95% CI: 1.064-
1.225; P<0.01) was the only significant inde-
pendent risk factor (Table 3), while tumor dif-
ferentiation, microvascular invasion, tumor be- 
yond Milan criteria or total tumor diameter did 
not reach statistical significance. Collectively, 
these data indicate that the percentage of 
GrB+CD19+B cells has a strong impact not only 
on the HCC recurrence but also the patient 
survival.

Discussion

We demonstrated that decreased GrB+CD19+B 
cells are correlated with early HCC recurrence 
and can identify LTR with pathological proven 
progressive HCC, suggesting their suppressive 
function on HCC. We further demonstrated th- 
at GrB+CD19+B cells directly inhibit the pro- 
liferation, migration, and invasion of HCC cells. 
GrB+CD19+B cells from LTR with HCC recur-
rence display a CD5+CD38+CD27+CD138+ phe-
notype, but the higher expression of CD5, 
CD38, and CD138, and the lower protein level 
and transcriptional level requiring JAK/STAT  
signaling. To support the role of GrB+CD19+B 
cells, we found LTR with decreased GrB+CD19+B 
cells have not only early HCC recurrence but 
also shorter survival in an independent valida-
tion cohort.

Table 2. Characteristics of liver transplant recipients with HCC from 
a validation cohort

Parameters With recurrence 
(n=49) 

Without recurrence 
(106) P

Age 53.02±8.05 54.42±8.24 0.322
Sex (male) 45 99 0.988
Maintenance 0.355
    Tacrolimus 38 89
    Cyclosporin A 11 17
Tumor-free survival (months) 16.69±9.47 28.32±14.58 0.000
Status (alive) 18 102 0.000
Cum survival (months) 26.33±13.20 28.32±14.58 0.416

<22.45% (P<0.01, Figure 
6B). Again, LTR with poor 
tumor differentiation, micro-
vascular invasion, HCC be- 
yond Milan criteria, and larg-
er total tumor diameter had 
a higher rate of HCC recur-
rence (P<0.05, Figure S6A-
D), which all exhibited a po- 
sitive correlation with the 
decreased percentages of 
GrB+CD19+B cells (P<0.01, 
Figure S6E-H). Therefore, 
LTR from the group with the 
frequency <22.45% had the 
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GrB is a serine protease most commonly pro-
duced by natural killer cells and cytotoxic T 
cells, which can also secrete the pore-forming 

rin, through either mannose-6-phosphate-
receptor or fluid phase endocytosis [30, 31]. 
However, the specific mechanism as to how B 

Figure 6. Decreased GrB+CD19+B cells can predict HCC recurrence in 
an independent validation cohort. Comparison of the percentages of 
GrB+CD19+B cells upon activation in LTR with and without HCC recurrence 
(P<0.05, A); Cases of tumor recurrence between LTR with the frequency 
of GrB+CD19+B cells >22.45% and <22.45% (P<0.05, B); Kaplan-Meier 
curve analysis of tumor-free survival (C) and cum survival (D) between LTR 
with the frequency of GrB+CD19+B cells >22.45% and <22.45% (P<0.05); 
ROC curve analysis of the percentage of GrB+CD19+B cells, tumor differen-
tiation, microvascular invasion, total tumor diameter and Milan criteria (E). 
PBMC were stimulated with IgG+IgM (5.4 μg/ml) in the presence of IL-21 
(50 ng/ml) for 20 h and Brefeldin A (1 μg/ml) was added for the last 4 h of 
incubation. GrB expression in B cells was detected by flow cytometry. Bars 
represent mean and standard deviation. GrB, granzyme B; LTR, liver trans-
plant recipients; HCC, hepatocellular carcinoma; ROC, receiver operating 
characteristic; PBMC, peripheral blood mononuclear cells.

protein, perforin, to mediate 
apoptosis in target cells. Re- 
cent studies have revealed 
that B cells can produce GrB 
upon stimulation [11, 28]. We 
demonstrated that human B 
cells gained regulatory poten-
tial in response to IL-21 provid-
ed additional triggering of  
the BCR and TLRs is present. 
Due to the immunosuppres-
sive nature, regulatory B cells 
have been repeatedly reported 
to be involved in transplanta-
tion tolerance [12, 13, 29]. In 
contrast, its regulation of an- 
titumor immunity is poorly un- 
derstood following transplan-
tation although the existence 
of tumor-infiltrating B cells has 
been previously described [14, 
15]. In our study, we found LTR 
with decreased percentages  
of GrB+CD19+B cells showed 
early HCC recurrence. When 
we further analyzed the corre-
lations between the frequency 
of GrB+CD19+B cells and path-
ological data, poor tumor dif-
ferentiation, microvascular in- 
vasion, total tumor diameter, 
and HCC beyond Milan criteria, 
which in essence reflect the 
progressive nature of HCC, had 
a positive association with de- 
creased frequency of GrB+ 

CD19+B cells. Taken together, 
these data suggested the po- 
tential antitumor function of 
GrB+CD19+B cells. Subsequent 
co-culture experiments confir- 
med the suppressive role of 
GrB+CD19+B cells, which is 
consistent with the clinical ob- 
servations. Interestingly, the B 
cells produce GrB without co-
expression of perforin. There- 
fore, GrB uptake into target 
cells is independent of perfo-
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cells suppress HCC cells via GrB production 
needs to be investigated further. 

In addition, we found GrB+CD19+B cells were 
separate from IL-10+CD19+B cells, which are 
the classic type of regulatory B cells [32], and 
only a very small portion of GrB+IL-10+B cells 
developed after activation. This indicates that 
GrB+B cells are a separate subset different 
from IL-10+ regulatory B cells. Until today the 
exact phenotype of regulatory B cells is not 
clearly defined. Therefore, wide discrepancies 
exist among varying studies [33]. In this study, 
we observed that GrB+CD19+B cells in LTR with 
HCC recurrence had elevated expression of 
plasma cell marker, namely CD38 and CD138, 
meaning the recruited GrB+CD19+B cells un- 
derwent further maturation. Of note, we also 
detected the elevated expression of CD5 on B 
cells. The role of over-expression of CD5 on B 
cells in cancer pathogenesis has been recog-
nized recently [23, 24]. Thus, this might be a 
possible explanation at the molecular level for 
early tumor recurrence in LTR with decreased 
GrB+CD19+B cells. Induction of GrB in B cells 
involves both transcriptional and translational 
events and depends on the phosphorylation of 
JAK1 and STAT3. Accordingly, we noticed a 
reduction in GrB+CD19+B cells from LTR with 
HCC recurrence at both the protein level and 
the transcriptional level. Therefore, these data 
support the result that LTR with HCC recurrence 
exhibit decreased production of GrB+CD19+B 
cells.

In this study, we showed comprehensive data 
from LTR with HCC, indicating a critical role of 
GrB+CD19+B cells in preventing cancer pro- 
gression. Our findings warrant further inves- 
tigations for the design of future immunothera-
pies leading to immune responses and im- 
proved patient survival.
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Supplementary Information

Supporting materials and methods

Cell culture

Frozen stored peripheral blood mononuclear cells (PBMC) were thawed gently in 10% fetal calf serum 
(FCS, Gibco) supplemented RPMI 1640 medium (Gibco) and suspended (1×106/ml) in RPMI-1640 medi-
um supplemented with 10% FCS, 100 U/ml penicillin, 100 μg/ml Streptomycin (Gibco). For cytokines 
produced by CD19+B cells, PBMC were stimulated with IgG+IgM (anti-BCR, 5.4 μg/ml, Jackson 
ImmunoResearch Laboratories), lipopolysaccharide (LPS, 10 μg/ml, Sigma-aldrich), CD40L (1 μg/ml, 
Enzo Lifesciences) and CpG OND 2006 (9.6 μg/ml, Sigma-aldrich) in the presence or the absence of 
IL-21 (50 ng/ml, Sigma-aldrich), seeded in a 24-well flat-bottom plate, and incubated for 20 h at 37°C, 
5% CO2. Brefeldin A (1 μg/ml, Sigma-aldrich) was added for the last 4 h of incubation.

Antibodies (Abs) and flow cytometric measurement

Anti-human Abs included PE-Cy7-CD3 (Biolegend), PE-Granzyme A (GrA, eBioscience), APC-perforin 
(Biolegend), FITC-Zombie (Biolegend), APC-fire750-CD69 (Biolegend), PerCP-Cy5.5-TGF-β (Biolegend), 
APC-IL-10 (Biolegend), PE-GrB (eBioscience), APC-fire750-CD138 (Biolegend), APC-CD27 (Biolegend), 
PerCP-Cy5.5-CD38 (Biolegend), FITC-CD5 (Biolegend), PE-Cy7-CD19 (Biolegend). After stimulation, 
PBMC were harvested and first stained with surface Abs followed by fixation/permeabilization (Cytofix/
Cytoperm kit, BD Biosciences) and subsequent intracellular staining. Flow cytometry was performed in 
NovoCyte D2060R (ACEA Biosciences Inc). NovoEXpress software (San Diego, CA, USA) was used for 
analysis.

CD19+ B cell purification

PBMC were isolated by ficoll density gradient centrifugation and resuspended in isolation Buffer I (PBS+ 
0.5% BSA+ 2 mm EDTA) and Biotin Antibody cocktail (Miltenyi Biotec). The mixture was incubated for 10 
minutes at 4°C followed by adding isolation buffer I and Anti-Biotin Microbeads (Miltenyi Biotec). After 
incubation for another 15 minutes, the cells were passed through the column placed in the magnetic 
field. After that, the purified cells were collected and resuspended at a concentration of 1 Mio/ml for 
further use.

GrB polymerase chain reaction (PCR)

B cells from patients with HCC were magnetically isolated to a purity of ≥95% and incubated for 20 h 
with either no treatment or in the presence of IL-21 (10 ng/ml, 50 ng/ml, and 100 ng/ml) or anti-BCR 
(2.7 μg/ml, 5.4 μg/ml and 10.8 μg/ml) in addition to the above stimuli. After incubation, the cells were 
counted and total RNA from each sample was isolated using Trizol (Beyotime). Then, cDNA was prepared 
using PrimeScript RT reagent Kit with gDNA Eraser (Takara). The housekeeping gene RPL32 was run 
simultaneously as a standard. Primers were designed as summarized in Table S1. After reverse tran-
scription, products were run on a 2% agarose gel. All PCR assays were performed on an ABI 7500 Fast 
Real-Time PCR System (Applied Biosystems). Data are representative of four independent 
experiments.

Western blot

B cells from patients with HCC were isolated and incubated for 15 and 20 min (for JAK and STAT detec-
tion) or overnight (for GrB detection) with anti-BCR in the presence or absence of IL-21. After washing 
and blocking, primary Abs were added followed by a washing step and incubation with the secondary Ab 
conjugated to HRP for 1 h. Primary Abs against GrB, pJAK1, pSTAT1, and pSTAT3 were from Abcam and 
the Ab against pJAK3 was from CST. The Ab against β-Actin was purchased from Santa Cruz. Secondary 
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Abs were anti-rabbit IgG from Santa Cruz and anti-mouse IgG from Solarbio. Data are representative of 
four independent experiments.

Cell counting kit-8 (CCK-8) assay

The hepatic cell lines HepG2 and Huh7 (Xiehe Cell Resource Center of Beijing) were cultured in 96-well 
plates alone or with activated B cells (1:5) from patients with HCC in the presence or absence of GrB 
Inhibitor IV (PI-9, 5 μg/ml, Calbiochem) and separately incubated for 0, 24, 48, 72 and 96 h. In accord-
ance with the manufacturer’s protocol, optical density values were measured using the CCK-8 solution. 
The absorbance values at each point were measured at 450 nm. Data are representative of three inde-
pendent experiments.

Colony formation assay

HepG2 and Huh7 cells alone or with activated B cells (1:10) in the presence or absence of PI-9 were 
seeded in 12-well plates. Colony formation occurred within 12 days. After culturing for 12 days, we 
observed the cells fixed with 4% paraformaldehyde (KeyGEN BioTECH) stained with 1% crystal violet 
(Sigma-aldrich) at a magnification of ×5 for each group. Data are representative of three independent 
experiments.

Scratch wound healing assay

HepG2 and Huh7 cells were plated on a 6-well plate and scraped by a pipette tip to generate uniform 
wounds, respectively. After that, activated B cells with or without PI-9 were added to one well of each 
cell line. The initial gap length at 0 h and the residual gap length at 72 h after wounding were observed 
and photographed using photomicrographs at a magnification of ×40 for each group. Data are repre-
sentative of three independent experiments.

Transwell cell invasion assay

Transwell chambers coated with Matrigel (Corning) were employed to assess cell invasive ability. Cells 
(1:5) were seeded in the upper chamber and the modified Eagle medium consisting of FCS was added 
to the lower chamber. After incubated for 24 h, those cells adherent to the underside of the membrane 
were fixed with 4% paraformaldehyde stained with 1% crystal violet. The stained cells were visualized in 
random fields with the help of an optical microscope at a magnification of ×100 for each group. Data are 
representative of three independent experiments.

Table S1. DNA primers used in this study
Gene Sequence
GrB-F GCAGGAAGATCGAAAGTGCG
GrB-R TTGAGACTTTGGTGCAGGCT
RPL32-F GCGTAACTGGCGGAAACCCA
RPL32-R TTGTGAGCGATCTCGGCACA
GrB, granzyme B.
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Figure S1. Decreased GrB+CD19+B cells are correlated with early recurrence of HCC. GrB expression in CD19+B cells 
from LTR with HCC upon stimulation (IgG+IgM, 5.4 μg/ml; LPS, 10 μg/ml; CD40L, 1 μg/ml; CpG OND 2006, 9.6 μg/
ml; IL-21, 50 ng/ml; A); Comparison of the expression of GrA (B) and perforin (C) in resting CD19+B cells from HC, LTR 
with HF and with HCC (P>0.05); Comparison of the expression of GrA (D) and perforin (E) in activated CD19+B cells 
from HC, LTR with HF and with HCC (IgG+IgM, 5.4 μg/ml; IL-21, 50 ng/ml; P>0.05); Representative flow cytometry 
dot plots of the expression of GrA and perforin in activated CD19+B cells from HC, LTR with HF and LTR with HCC (F). 
Intracellular expression of cytokines in B cells was detected by flow cytometry. Bars represent mean and standard 
deviation. GrB, granzyme B; LPS, lipopolysaccharide; GrA, granzyme A; HC, healthy controls; HF, hepatic failure; HCC, 
hepatocellular carcinoma; LTR, liver transplant recipients.
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Figure S2. The correlations between clinical parameters and HCC recurrence. Comparison of MELD score (A), type 
of the calcineurin inhibitors (B), levels of tacrolimus (C), cases of pre-transplant cirrhosis (D), cases of pre-transplant 
hepatitis (E), cases of pre-transplant treatment (F), cases of post-transplant hepatitis recurrence (G) and levels of 
AFP (H) at the time of sampling between LTR with and without HCC recurrence, respectively. Bars represent mean 
and standard deviation. HCC, hepatocellular carcinoma; MELD, model for end-stage liver disease; AFP, alpha fetal 
protein; LTR, liver transplant recipients.
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Figure S3. The correlations between pathological parameters and HCC recurrence. Comparison of cases of lesions 
≥4 (A), cases of macrovascular invasion (B), cases of capsule invasion (C), cases of poor tumor differentiation (D), 
cases of microvascular invasion (E), total tumor diameter (F) and cases of HCC within Milan criteria (G) between LTR 
with and without HCC recurrence, respectively. Bars represent mean and standard deviation. HCC, hepatocellular 
carcinoma; LTR, liver transplant recipients.



Granzyme B+CD19+B cells in liver transplant recipients

6	

Figure S4. Phenotypic characteristics of GrB+CD19+B cells from LTR with HCC recurrence. Representative flow cy-
tometry dot plots of the GrB expression in resting CD19+B cells from LTR with HCC recurrence (A); A representa-
tive Western blot of GrB expression in resting CD19+B cells from LTR with HCC recurrence (B); Representative 
flow cytometry dot plots of the expression of surface molecules on resting GrB+CD19+B cells from LTR with HCC 
(C); Comparison of the percentages of CD5+GrB+CD19+B cells (P<0.05, D), CD27+GrB+CD19+B cells (P>0.05, E), 
CD38+GrB+CD19+B cells (P>0.05, F) and CD138+GrB+CD19+B cells (P>0.05, G) on resting CD19+B cells between 
LTR with and without HCC recurrence. The expression of surface markers and cytokines was detected by flow cy-
tometry and GrB signal pathway by Western blot, respectively. Bars represent mean and standard deviation. GrB, 
granzyme B; LTR, liver transplant recipients; HCC, hepatocellular carcinoma.
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Figure S5. GrB+CD19+B cell production in LTR with HCC recurrence decreases at both the protein level and the 
transcriptional level requiring JAK/STAT signaling. Representative flow cytometry dot plots of the GrB expression in 
resting CD3+T cells from LTR with HCC recurrence (A); Comparison of GrB mRNA levels upon activation under varying 
conditions with resting B cells as a control (IgG+IgM, 5.4 μg/ml; LPS, 10 μg/ml; CD40L, 1 μg/ml; CpG OND 2006, 
9.6 μg/ml; IL-21, 50 ng/ml; B); Comparison of GrB mRNA levels in B cells stimulated with different levels of IL-21 (10 
ng/ml, 50 ng/ml, 100 ng/ml, C) or IgG+IgM (2.7 μg/ml, 5.4 μg/ml, 10.8 μg/ml, E) with resting B cells as a control, 
respectively; Representative flow cytometry dot plots of CD19+B cell apoptosis stimulated with different levels of 
IL-21 (50 ng/ml, 100 ng/ml, D). CD19+B cells were stimulated under different conditions for 20 h and Brefeldin A (1 
μg/ml) was added for the last 4 h of incubation. The expression of surface markers and cytokines was detected by 
flow cytometry and GrB mRNA expression by PCR, respectively. Bars represent mean and standard deviation. GrB, 
granzyme B; LTR, liver transplant recipients; HCC, hepatocellular carcinoma; LPS, lipopolysaccharide.
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Figure S6. Decreased GrB+CD19+B cells can predict LTR with HCC recurrence in an independent validation cohort. 
Comparison of total tumor diameter (A), cases of poor tumor differentiation (B), cases of HCC within Milan criteria 
(C), and cases of microvascular invasion (D) between LTR with and without HCC recurrence, respectively; Correlation 
analysis between total tumor diameter (E), tumor differentiation (F), Milan criteria (G) and microvascular invasion 
(H), and the percentages of GrB+CD19+B cells, respectively. PBMC were stimulated with IgG+IgM (5.4 μg/ml) in the 
presence of IL-21 (50 ng/ml) for 20 h and Brefeldin A (1 μg/ml) was added for the last 4 h of incubation. GrB expres-
sion in B cells was detected by flow cytometry. Bars represent mean and standard deviation. GrB, granzyme B; LTR, 
liver transplant recipients; HCC, hepatocellular carcinoma.


