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Abstract: Objectives: Hepatitis C virus (HCV) infection is associated with abnormal immune responses. Since regula-
tory T (Tregs) and B (Bregs) cells modulate the progression of infectious diseases, this study aimed at examining 
how these cells are involved with the development of HCV infection. Methods: The frequencies of circulating Bregs 
and Tregs were characterized using flow cytometry. Both the association and dynamic changes of these cells with 
related clinical parameters were analyzed after Direct-Acting Antiviral (DAA) agent treatments. Additionally, both 
regulatory B and T and naïve B and T cells were sorted and stimulated with healthy or HCV sera in vitro. Results: 
Bregs frequency in HCV-infected patients increased significantly and were positively correlated with levels of sera 
HCV RNA load, Alanine aminotransferase (AST) and total bilirubin (TBILI). Additionally, the increased Bregs returned 
to normal levels after DAA treatment. However, Tregs increased markedly in patients with HCV-cirrhosis and were 
significantly associated with Aspartate aminotransferase to Platelet Ratio Index (APRI) and Fibrosis 4 (FIB-4) scores. 
Furthermore, HCV sera doesn’t expand either Tregs or Bregs, however, it does induce the IL-10 expression in B cells 
although it fails to induce FOXP3 expression in CD4+ T cells. Conclusions: Increased Bregs not only may be associ-
ated with poor viral eradication and liver injury but also may provide a predictive marker of HCV disease therapeutic 
efficacy following DAA-treatment. HCV sera may selectively induce Bregs. Tregs probably do not control disease 
status in the early stages but may contribute to the progression of liver fibrosis in the late stages of HCV infection. 
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Introduction

Hepatitis C virus (HCV) infection still remains a 
major global health problem. Persistent infec-
tion with HCV causes chronic hepatitis C (CHC) 
and many patients progressively and eventually 
develop liver cirrhosis, hepatocellular carcino-
ma (HCC) and end-stage liver disease [1]. 

During chronic viral infection, effector T cells 
become progressively exhausted and their pro-
tective antiviral immune activity is reduced [2]. 
A growing body of studies emphasized the role 
of regulatory T cells in chronic viral infectious 

diseases [3]. It is well known that Tregs are criti-
cal for the suppression of immune responses 
and maintain homeostasis of immune function 
[4-6]. Many studies have shown Tregs contrib-
ute to the impairment of virus-specific T cell 
responses involved in the pathogenesis of 
chronic HCV infection [7]. 

Similar to Tregs, regulatory B cells (Breg), a 
newly defined B cell subgroup with the capacity 
of inhibiting immune responses, play an impor-
tant role in maintenance of peripheral tolerance 
[8, 9]. Breg cells mainly produce regulatory 
cytokines, such as IL-10, and are comprised of 
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many phenotypic subsets. CD1dhiCD5+ cells, 
have been identified to be responsible for IL- 
10 production by B cells [10], while in the 
CD24hiCD27+ B cell subset, IL-10 producing 
cells are not only highly concentrated but also 
have a higher proliferative capacity in response 
to mitogenic stimulation [11]. Moreover, in the 
human, a subset of Bregs that exhibits a 
CD19+CD24hiCD38hi phenotype [12], has been 
identified within immature transitional B cells 
and plays a crucial role in regulating T-cell 
responses by releasing IL-10 [11]. IL-10 serves 
as the most important functional molecule for 
Bregs, its regulation is controlled by many tran-
scription factors, such as c-Maf, AhR [13, 14]. 
To date, the role of Breg cells has been identi-
fied in the regulation of several immune-medi-
ated processes of different disease types, such 
as autoimmune diseases [12], infectious dis-
eases [15], and cancers [16]. 

It is now well-established that the antiviral 
immune response determines the outcome of 
virus infection. The direct-acting antiviral (DAA) 
regimen is one of the major safe and effective 
antiviral therapeutic procedures [17]. DAA-
induced sustained virologic responses (SVR) 
reduce the risk of cirrhosis and hepatocellular 
carcinoma as well as many other extra-hepatic 
manifestations of HCV infection [18]. 

In the present study, we directed a major inves-
tigative effort at not only identifying regulatory 
T and B cells in peripheral blood of HCV-infected 
patients but also correlating the frequencies 
and dynamic changes of these immune cell 
subpopulations prior to and after DAA drug 
treatment. To our knowledge, this is the first 
study that investigates the frequency and cor-
relation of CD19+CD24hiCD38hi B regulatory 
cells in HCV-infected patients.

Materials and methods

Human subjects

A total of 109 patients with chronic HCV infec-
tion and 49 healthy control subjects from  
the Third Affiliated Hospital of Sun Yat-Sen 
University and Guangzhou blood center were 
enrolled in the study (Table 1). The diagnosis of 
chronic HCV infection was based on the detec-
tion of serum HCV RNA in the sera for more 
than 6 months. Subjects infected with the hep-
atitis A, B, D, or E viruses, those co-infected 

with human immunodeficiency virus (HIV), and 
those with other liver diseases were excluded. 
Peripheral blood samples were obtained from 
all control subjects, and patients with HCV 
infection prior to, during and after DAA drug 
treatment. All human studies were approved  
by the Research Ethical Committee from  
The Third Affiliated Hospital of Sun Yat-Sen 
University and signed the informed consent. 

Clinical index assay

The clinical data of individual subjects enrolled 
in the study were collected from hospital 
records. Moreover, the APRI and Fibrosis-4  
indices were non-invasive scoring systems that 
are usually used to estimate the degree of  
liver fibrosis based on several laboratory tests. 
The APRI values were calculated using the fol-
lowing formula: APRI = (AST[U/L]/platelets 
[109/L]) × 100. An APRI index ≤0.5 signified  
the absence of significant fibrosis; APRI index 
≤1.0 signified the absence of cirrhosis; APRI 
>1.5 signified the presence of significant fibro-
sis; and APRI >2 signified the presence of cir-
rhosis. APRI scores between 1.0 and 1.5 signi-
fied the progressive stages of fibrosis [19, 20]. 
FIB-4 values were determined using the follow-
ing formula: age (years) × AST [U/L]/(Platelets 
[109/L] × (ALT [U/L])1/2). A Fibrosis 4 score 
(FIB-4) <1.45 and >3.25 enables the correct 
identification of patients who have moderate or 
significant fibrosis [20, 21].

Flow cytometry analysis

Peripheral venous blood samples (5 ml) were 
collected from all subjects and analyzed imme-
diately. Freshly peripheral blood mononuclear 
cells (PBMCs) were isolated by density-gradient 
centrifugation using Ficoll (Axis-Shield) and 
stained using the following anti-human mono-
clonal antibodies: anti-CD4, anti-CD25, anti-
CD127, anti-CD226, anti-TIGIT, anti-CD19, anti-
CD38 and anti-CD24. These samples were 
incubated at 4°C for 30 min and protected  
from light. The cells were analyzed with BD  
LSR Fortessa flow cytometry (BD Biosciences) 
after washed once with staining buffer. The col-
lected data were analyzed with FlowJo software 
(version V10). 

Cells isolation and culture

All CD19+CD24hiCD38hi regulatory B cells, 
CD19+CD24intCD38int naïve B cells, CD4+CD25+ 
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CD127low regulatory T cells, CD4+CD45RA+ 
naïve T cells were sorted with flow cytometry 
sorter (purify >95%). Regulatory or naïve B ce- 
lls were stimulated with Lipopolysaccharides 
(LPS) 1 ug/ml and CD40L 1 ug/ml in the pres-
ence of HCV patients or healthy control sera. 
Placenta blue count at day 0, day 3, and day 6. 
IL-10 expression was detected by flow cytome-
try. Regulatory T cells were stimulated with  
anti-CD3/CD38 dynabeads (beads: cells =  
1:3) and rhIL-2 (300 U/ml), rhTGF-β (5 ng/ml) 
under HCV or healthy sera, Placenta blue count 
at day0, day3 and day6. Naïve T cells were 
stimulated with anti-CD3/CD38 dynabeads 
(beads: cells = 1:5) and rhIL-2 (100 U/ml), 
rhTGF-β (5 ng/ml) during different serum  
stimulation for 3 days. FOXP3 expression was 
tested Flow cytometry. For intracellular stain- 
ing of cytokine, cells were stimulated with PMA 
(0.25 mg/ml), ionomycin (0.25 mg/ml) and 
Brefeldin A (5 mg/ml) at the last five hours. 
Then cells fixed, permeabilized and stained 
(Invitrogen) with anti-IL-10 antibody.

Real-time polymerase chain reaction (RT-PCR) 

Total RNA was isolated from naïve B cells stim-
ulated with different sera using the RNeasy 
Mini Kit (QIAGEN) according to the manufactur-
er’s instructions; 1 μg RNA was used to synthe-
size the first strand of cDNA using the 
PrimeScript RT reagent Kit (Takara). PCR was 
performed on a 7500 fast (ABI) RT-PCR 
machine using SYBR Premix Ex Taq (Takara). 
Primers sequences for the following mRNA 
were used: IL-10 (Forward: GGCGCTGTCAT- 
CGATTTCTTC Reverse: GCCACCCTGATGTCTCA- 
GTT), c-Maf (Forward: AGCAAGTCGACCACC- 
TCAAG Reverse: CTGGAATCGCGTGTCAGACT), 

All data comparisons and the correlated figures 
were made by GraphPad Prism version 7.0 soft-
ware (GraphPad Software). All data were pre-
sented as mean values ± the standard error of 
the mean (SEM). The Student’s t test was us- 
ed for two-group comparisons. A one-way 
ANOVA test was used for assessment of the 
multiple groups. Correlation analyses were car-
ried out using linear regression analysis. P val-
ues less than 0.05 were considered statistical-
ly significant.

Results

Characteristics of HCV-infected patients 

A total 109 of HCV patients (including chronic 
HCV patients 89 and HCV patients with cirrho-
sis 20) and 49 healthy controls were recruited. 
As expected, all patients had disease duration 
more than 6 months and were consistent with 
their chronic state. In comparison with that in 
the HC, abnormally higher levels of sera ALT, 
AST, positive HCV RNA load were identified 
(Table 1).

High frequency of CD19+CD24hiCD38hi regula-
tory B cells but not CD4+CD25+CD127low regu-
latory T cells in the peripheral blood of HCV-
infected patients compared to healthy controls

We first characterized the frequency of 
CD19+CD24hiCD38hi Bregs and CD4+CD25+ 

CD127low Tregs in these subjects (Figure 1A-C). 
The proportion of CD19+CD24hiCD38hi Bregs in 
peripheral blood CD19+ B cells of HCV-infected 
patients was significantly greater than HC 
(P<0.001) (Figure 1B). In addition, Tregs are 
characterized by high expression of CD4, CD25 

Table 1. Baseline characteristics of HCV-infected patients 
and healthy controls

Characteristic Patients (109) 
(mean ± SEM)

HC§ (49) 
(mean ± SEM)

Age (years) 46.99 ± 1.405 41.93 ± 2.163
Gender (M/F) 62/47 27/20
HCV genotype (1/no 1) 51/58 NA§

Baseline HCV RNA (log10 U/L) 6.07 (3.44-8.05) NA§

ALT§ level (U/L) 74.7 (14-344) ≤40
AST§ level (U/L) 64.6 (17-277) ≤40
Abbreviations: HC§: healthy control; ALT§: alanine aminotransferase; 
AST§: aspartate aminotransferase; NA§: not applicable. Date are shown 
as medium (range).

GATA3 (Forward: GCCCCTCATTAAGCC- 
CAAG Reverse: TTGTGGTGGTCTGACA- 
GTTCG), TGF-β (Forward: CGACTCGC- 
CAGAGTGGTTAT Reverse: AGTGAACC- 
CGTTGATGTCCA), AhR (Forward: AC- 
ATCACCTACGCCAGTCG Reverse: CG- 
CTTGAAGGATTTGACTTGA). The ampli-
fied conditions included a three-step 
schedule as follows: 95°C for 10 min, 
95°C for 15 s, and 60°C for 60 s for 
40 cycles. The expression levels of the 
mRNAs were reported as fold change 
vs healthy control serum.

Statistical analysis
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and low expression of CD127 (IL-7 receptor α) 
in the peripheral blood [22]. However, there 
were no significant differences in the percent-
age of CD25+CD127low cells within CD4+ T cells 
among these two groups of subjects (P>0.05) 
(Figure 1D). Bregs may play a pivotal role in the 
persistent infection of HCV virus.

Increased numbers of Bregs are positively cor-
related with the values of clinical measures in 
the HCV-infected patients 

To further understand the significance of 
increased numbers of Breg cells in the patho-

genesis of HCV infection, we analyzed the 
potential relationship between the numbers of 
Bregs and the values of clinical parameters. As 
shown in Figure 2A, the proportion of circulat-
ing Breg cells was correlated positively with the 
levels of sera HCV RNA loads, AST and total bili-
rubin levels, though the correlation was not 
very strong. Moreover, the percentage of Bregs 
was significantly higher in ALT abnormal 
patients than that in patients with normal sera 
ALT levels (Supplementary Figure 1A). None- 
theless, the genotype seems to not affect the 
proportion of peripheral Bregs (Supplementary 
Figure 1B). As for Treg cells, no significant cor-

Figure 1. Increased frequency of CD19+CD24hiCD38hi regulatory B cells but not CD4+CD25+CD127low regulatory T 
cells in HCV-infected patients and healthy controls. A. CD19+CD24hiCD38hi regulatory B cells were detected by flow 
cytometry. B. The proportion of CD19+CD24hiCD38hi regulatory B cells was compared between HCV-infected patients 
(2.069 ± 0.1344) (N = 95) and Healthy controls (1.401 ± 0.1115) (N = 39). C. Gating strategy of CD4+CD25+CD127low 
regulatory T cells on flow cytometry. D. The proportion of CD4+CD25+CD127low regulatory T cells was compared be-
tween HCV-infected patients (6.15 ± 0.1975) (N = 99) and Healthy controls (6.308 ± 0.3033) (N = 49). Values were 
Mean ± SEM. Statistical analyses were performed using t test. ***P<0.001, ns, not significant.
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relation was found between the proportion  
and HCV RNA loads, total bilirubin levels, but 
low positively correlated with sera AST levels 
(Figure 2B). Therefore, increased numbers of 
Breg but not Treg cells are associated with the 
virus replication and liver injury in HCV patients 
in this population. 

CD4+CD25+CD127low regulatory T cells in-
crease in patients with hepatitis C cirrhosis 
and have the positive correlation with APRI 
and FIB-4 scores than CD19+CD24hiCD38hi 
regulatory B cells

Since previous studies reported that Tregs can 
activate fibrogenesis in hepatic stellate cells, 
and promote the progression the chronic HCV 
induced liver fibrosis [23], we next investigated 
whether the frequency of peripheral circulating 
Tregs and Bregs could relate to liver fibrosis 
and be associated with disease involvement. 
As shown in Figure 3A, chronic hepatitis C 
patients (CHC) and patients with hepatitis C cir-
rhosis (HCV-LC) had a higher percentage in 

Bregs. However, there were no statistical differ-
ences between the two groups. Unlike Bregs, 
the patients with hepatitis C cirrhosis had a  
significantly higher percentage of Tregs com-
pared with HC and CHC (Figure 3C). In addition, 
since APRI index and Fibrosis-4 score were  
usually used for estimating the degree of liver 
fibrosis [20]. We studied the correlation and 
observed that Tregs were significantly positi- 
vely associated with the APRI index and 
Fibrosis-4 score (Figure 3D). Moreover, pati- 
ents with higher APRI or FIB-4 indexes had sig-
nificantly higher percentages of Tregs than 
those patients with lower APRI or FIB-4 indexes 
(P<0.05) (Supplementary Figure 2A, 2B). These 
results suggest that the circulating Tregs but 
not Bregs play a more important role in the pro-
gression of cirrhosis.

Previous study revealed that the expression of 
CD226 and TIGIT on human Tregs might be 
involved in the stability and immunosuppres-
sive function of Treg [24]. In our data, the 
expression of TIGIT on Treg in HCV-infected 

Figure 2. Correlation analysis between CD19+CD24hiCD38hi regulatory B cells or CD4+CD25+CD127low regulatory T 
cells and clinical parameters. A. The proportion of CD19+CD24hiCD38hi regulatory B cells was positively correlated 
with HCV RNA loads (r = 0.291, P = 0.0147, N = 83) (left) and sera AST levels (r = 0.273, P = 0.0184, N = 87) (mid-
dle) and sera total bilirubin levels (r = 0.297, P = 0.0139, N = 70) (right). B. The proportion of CD4+CD25+CD127low 
regulatory T cells was not associated with HCV RNA loads (r = 0.198, P = 0.0619, N = 90) (left) and sera total biliru-
bin levels (r = 0.087, P = 0.434, N = 83) (right), but positively correlated with sera AST levels (r = 0.287, P = 0.0012, 
N = 91) (middle). Statistical analyses were performed using linear regression analysis.
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patients was significantly elevated, primarily in 
chronic hepatitis C patients (Supplementary 
Figure 3C). Data indicated that the expression 
of TIGIT on Tregs was positively correlated with 
the percentages of Tregs in the peripheral 
blood and sera AST levels (Supplementary 
Figure 4A, 4B). TIGIT+ Tregs may be the crucial 
subpopulation of Tregs that contributes to the 
development of HCV infection.

The dynamic changes of the 
CD19+CD24hiCD38hi regulatory B cells and 
CD4+CD25+CD127low regulatory T cells in HCV-
infected patients with DAA treatment

In recent years, although the development of 
DAA treatment has dramatically improved HCV 
treatment options [25]. A statistically signifi-
cant decrease in the proportion of Bregs was 
observed during and after DAA treatment com-
pared to prior treatment. Usually patients take 
DAA for 12 weeks, 0-12 weeks were named 

during DAA treatment and 12 weeks was 
named after DAA treatment, when patients 
achieve a sustained virologic response. Ad- 
ditionally, there were no significant differences 
of Bregs among the during after treatment and 
healthy controls (Figure 4B). Interestingly, the 
frequency of Tregs did not show significant 
changes after antiviral treatment (Figure 4D). It 
is likely that the important indicator of success-
ful therapy in HCV patients is the viral load; 
Bregs but not Tregs had a positive correlation 
with HCV RNA load. After treatment, the amount 
of virus in patients was significantly reduced 
and diminished eventually; Bregs then gradual-
ly returned to normal levels.

The sera from HCV-infected patients could in-
duce more IL-10 production in B cells but not 
more FOXP3 expression in T cells

To further understand why the numbers of re- 
gulatory B cells increased in HCV-infected 

Figure 3. CD4+CD25+CD127low regulatory T cells increase in patients with hepatitis C cirrhosis and have the positive 
correlation with APRI index and Fibrosis-4 scores than CD19+CD24hiCD38hi regulatory B cells. A. The proportion of 
CD19+CD24hiCD38hi regulatory B cells were compared between chronic HCV patients (N = 89) and HCV liver cirrhosis 
patients (N = 16) and healthy controls (N = 47). C. CD4+CD25+CD127low regulatory T cells were compared between 
chronic HCV patients (N = 89) and HCV liver cirrhosis patients (N = 18) and healthy controls (N = 49). Values were 
Mean ± SEM. Statistical analyses were performed using one-way ANOVA. (*: P<0.05, **: P<0.01, ***: P<0.001). B. 
The correlation between CD19+CD24hiCD38hi regulatory B cells and APRI index (r = 0.047, P = 0.717, N = 64) (left) 
and Fibrosis-4 score (r = 0.359, P = 0.387, N = 60) (right). D. The correlation between CD4+CD25+CD127low regula-
tory T cells and the APRI index (r = 0.379, P = 0.002, N = 67) (left), Fibrosis-4 score (r = 0.412, P = 0.001, N = 62) 
(right). Statistical analyses were performed using linear regression analysis.
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patients, we conducted a series of experiments 
in vitro to determine whether the increase of 
regulatory B cells was due to the amplification 
of Breg cells or the induction from non-Breg 
cells. First, we observed that the healthy PBMC 
stimulated by the sera from HCV-infected 
patients produced a significant higher propor-
tion of the CD19+CD24hiCD38hi regulatory B 
cells when compared with healthy control  
sera (Figure 5A). Then, we sorted the CD19+ 

CD24hiCD38hi regulatory B cells for the am- 
plification or induction of Breg cells from 
CD19+CD24intCD38int naïve B cells that had 
been stimulated with LPS and CD40L. Pre- 
vious study has demonstrated this protocol  
can induce IL-10+ B cells [11].

Interestingly, there was no significant differ-
ence in the total numbers of Breg amplified dur-
ing six days culture under different conditions 
(Supplementary Figure 5). Since IL-10 is the 
most important functional molecule for Bregs, 

we selected this cytokine as the differentiation 
indicator. As we expected, we noted that sera 
from HCV patients indeed induced naïve B cells 
to produce more IL-10 including mRNA and pro-
tein levels (Figure 5B-D). We also did a series  
of similar experiments on CD4+CD25+CD127low 
regulatory T cells, but no significant differences 
were found (Supplementary Figure 6A-E), sug-
gesting HCV-sera neither expands nor induces 
Treg cells. Given many transcription factors, 
such as c-Maf, GATA3, AhR, play a crucial role in 
regulating the secretion of IL-10 by regulatory B 
cells, and AhR could directly bind to and regu-
late the expression of IL-10 in Bregs [13, 14], 
we also detected the expression of those tran-
scription factors and found that, compared with 
c-Maf and GATA3, AhR increased significantly 
after HCV serum stimulation (Figure 5E). It is 
possible that the increasing of IL-10 secreting 
in B cells under HCV-infected patients is medi-
ated by the HCV-sera-AhR signaling. 

Figure 4. The dynamic changes of the CD19+CD24hiCD38hi regulatory B cells and CD4+CD25+CD127low regula-
tory cells in HCV-infected patients with DAA treatment. (A) Change of the CD19+CD24hiCD38hi regulatory B cells 
before (N = 97), during (N = 34), and after DAA (N = 16) treatment and (B) statistical chart. (C) Change of the 
CD4+CD25+CD127low regulatory cells before (N = 99), during (N = 67) and after DAA (N = 22) treatment and (D) 
statistical chart. Values were Mean ± SEM. Statistical analyses were performed using one-way ANOVA. *: P<0.05, 
**: P<0.01, ***: P<0.001, ns, not significant.
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Discussion

Approximately 70% of HCV infected individuals 
may develop chronic infection [16, 20]. A com-
plex and mutual interaction between innate 
and adaptive immune responses plays a major 
role in the clearance of HCV infection [26]. 
Many patients develop immunodeficiency with 
impaired T cells responses and dysfunctional B 
cell activation [27]. Meanwhile, regulatory cells 
take part in the viral evasion and the persis-
tence of HCV infection [28]. 

Among immune suppressors including T, B, DC, 
macrophage and other subsets, Tregs play a 
dominate role in immune tolerance [28-31]. 
Treg cells comprise a collection of innate or 
natural Treg subsets (tTreg), induced in the 
periphery (pTreg) and differentiated ex vivo 
(iTreg) [32, 33]. Treg cells regulate immune 
response through direct cell to cell contact or 
through the elaboration of cytokines [34, 35]. 
In addition, B regulatory (Breg) cells, which 

mainly secret IL-10 suppressive cytokines, have 
been rigorously studied in the last decade [10, 
36]. A subset of Bregs in human peripheral 
blood exhibit a CD19+CD24hiCD38hi phenotype 
and are the IL-10 producer which expresses 
both CD1dhi and immunoglobulin D [35, 37]. 
These cells represent about 1% of peripheral 
blood mononuclear cells and decrease in 
patients with systemic lupus erythematosus 
(SLE), fail to suppress tumor necrosis factor 
(TNF) and IFN production by Th1 cells [12, 37]. 
Many studies have begun to focus on the rela-
tionship between this group of Bregs and 
immune-related disorders [12, 38] and hold a 
great promise for their clinical application.

In the present study, we found that the fre- 
quencies of circulating CD19+CD24hiCD38hi 
regulatory B cells were significantly increased 
in HCV patients. This finding could implicate 
that Bregs may have been activated after HCV 
antigenic stimulation in helping the virus 
escape from attacking via their immunosup-

Figure 5. The sera from HCV-infected patients could induce more IL-10 produce in B cells but not more FOXP3 ex-
pression in T cells. (A) Healthy PBMC stimulated with LPS (1 ug/ml) for 3 days under HCV-sera (N = 42), produced 
high percentages of CD19+CD24hiCD38hi regulatory B cells compared with healthy control (N = 30). (B) Sorted 
CD19+CD24intCD38int naïve B cells from healthy control stimulated with LPS (1 ug/ml) and CD40L (1 ug/ml) under 
different sera for 3 days. HCV sera induced B cell produce more IL-10, including mRNA (D) and protein level (C). (E) 
The mRNA levels of relative transcription factors were detected in B cells stimulated with different serum conditions. 
Values were Mean ± SEM of three independent experiments. Statistical analyses were performed using t test. *: 
P<0.05, ns, not significant.
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pressive role. In addition, we found significant 
percentages of circulating Bregs were positive-
ly correlated with the levels of sera AST, TBILI 
and HCV virus load which reflect to liver dam-
age [39]. Other similar studies have reported 
that circulating regulatory B cells may have an 
impact on the pathogenesis of various diseas-
es such as chronic hepatitis B virus [40], rheu-
matoid arthritis [37], even in cancers [38].

We previously reported that Treg cells are eff- 
ective in preventing liver damage [41, 42]. Our 
results were also different from previous stud-
ies reporting data that CD4+CD25+Foxp3+ Tregs 
were increased in patients with chronic hepati-
tis C and may mediate the sustained suppres-
sion of HCV-specific T-cell responses [3, 43- 
45]. Those differences may derive from pheno-
typic differences in patients recruited, disease 
duration, and methods used for Treg cells eval-
uation. Additionally, race, disease activity and 
treatment also have been shown to have an 
impact on the frequencies of Treg [4, 42].

Nonetheless, major findings of the present 
study are that Tregs but not Bregs were signifi-
cantly positively associated with the APRI index 
and Fibrosis-4 scores. These results indicate 
that Tregs may have a pivotal role in the dis-
ease progression stage and promote the occur-
rence and development of liver cirrhosis in the 
late stage, which is consistent with other stud-
ies [23, 46]. The liver fibrosis process is mainly 
caused by the imbalance of synthesis and deg-
radation of extracellular matrix produced by 
activated hepatitis stellate cells [46, 47], they 
could promote the activation of hepatic stellate 
through the secretion of cytokines, such as 
TGF-β [48]. It is known that TGF-β promotes the 
liver fibrosis [49]. Thus, Treg cells have multiple 
roles in the pathogenesis of liver inflammation, 
damage and fibrosis. In the early stage, Treg 
can suppress inflammation and damage, none-
theless, Treg cells may promote liver fibrosis 
through TGF-β. TGF-β is crucial for Treg develop-
ment and differentiation, forming a feedback 
circulation of Treg, TGF-β, Treg and fibrosis.

With regard to the treatment of HCV, sustained 
virologic response is the primary purpose 
because the clinical remission is associated 
closely with viral clearance. The successful 
effectiveness and tolerance of direct-acting 
antivirals (DAAs) in eradicating HCV virus is con-
firmedly established and become the greatest 

triumphs of medical therapeutics in the last  
20 years [17, 50]. There was a significant 
decrease of Bregs during and after treatment 
compared to baseline levels. As this immune 
mediator was activated by antigenic stimula-
tion at baseline, along with the dramatic viral 
decline and the reduced liver inflammation, 
effective therapy aiming at HCV virus plays a 
strong role in immune balance recovery. After 
treatment, the amounts of virus in the patien- 
ts were significantly reduced and diminished 
eventually, Bregs then gradually return to nor-
mal levels, which suggest that the higher fre-
quencies of Bregs in patients with chronic HCV 
infection may play a relevant role in DAA-
induced antiviral responses and can be an 
important predictor of the achievement of viro-
logic response following DAA drugs treatment 
in HCV-infected patients. Nevertheless, Tregs 
may modify multiple immune responses and 
thus determine the further course of liver dis-
ease after HCV clearance, and play a profound 
impact on the pathogenesis of HCV associated 
liver cirrhosis.

We also demonstrated that increased circulat-
ing Bregs may be due to the induced differenti-
ation rather than amplification. It is likely that 
HCV-sera induces the differentiation of Breg 
cells and its function through mediating an AhR 
signaling. Indeed, AhR directly binds and regu-
lates the expression of IL-10 in Bregs [13]. 
Nonetheless, HCV-serum does not significantly 
affect Treg cells. It is under so far why HCV-sera 
has a different role in Treg and Breg cells. 
Additionally, underlying mechanisms thereby 
HCV-sera promotes Breg cells warrant a further 
study in the future.
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Supplementary Figure 1. A. The HCV genotype dose not influence the proportion CD19+CD24hiCD38hi regulatory B 
cells. The proportion of CD19+CD24hiCD38hi regulatory B cells between the ALT<40 U/L (1.603 ± 0.1931) and ALT>U/L 
(2.312 ± 0.1888) groups (N = 35 for ALT<40 and N = 64 for ALT>40). B. The proportion of CD19+CD24hiCD38hi regu-
latory B cells between HCV GT1 (2.012 ± 0.1841) and HCV none-GT1 (2.125 ± 0.2236) group (N = 52 for HCV GT1 
and N = 47 for none-GT1). Statistical analyses were performed using t test. *: P<0.05, ns, not significant. (HCV GT1: 
HCV genotype 1, HCV None-GT1: HCV no genotype 1).

Supplementary Figure 2. Comparison of the percentages of CD4+CD25+CD127low regulatory T cells among different 
APRI or FIB-4 groups. A. The proportion of CD4+CD25+CD127low regulatory T cells in different groups according to the 
APRI index (the numbers of the four groups are 36, 13, 5 and 2). B. The proportion of CD4+CD25+CD127low regula-
tory T cells in different groups according to the FIB-4 scores (the numbers of the three groups are 23, 13 and 25). 
Statistical analyses were performed using one-way ANOVA. *: P<0.05, **: P<0.01, ns, not significant.
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Supplementary Figure 3. TIGIT+ Tregs increase in chronic HCV-infected patients. A. CD226 and TIGIT expression on 
peripheral blood CD4+CD25+CD127low regulatory T cells was detected by flow cytometry. B. The expression levels 
of CD226 on Tregs were compared and analyzed. (left) HCV-infected patients and healthy controls groups (N = 47 
for healthy controls and N = 99 for patients with HCV-infection), (right) chronic HCV patients and HCV liver cirrhosis 
patients, as well as healthy controls groups (the numbers of three groups are 47, 89, and 18). C. The expression 
levels of TIGIT on Tregs were compared and analyzed. (left) HCV-infected patients and healthy controls (N = 47 for 
healthy controls and N = 99 for patients with HCV-infection), (right) chronic HCV patients and HCV liver cirrhosis pa-
tients and healthy controls (the numbers of three groups are 47, 89, and 18). Statistical analyses were performed 
using t test (HCV-infection versus HC) and one-way ANOVA (CHC versus HCV-LC and HC). *: P<0.05, **: P<0.01, ns, 
not significant.

Supplementary Figure 4. TIGIT+ Tregs have a positive correlation with Tregs and sera AST levels. (A) The expression 
of TIGIT on Tregs was positively correlated with the proportion of Tregs (r = 0.338, P = 0.002) (N = 68) and (B) sera 
AST levels (r = 0.232, p = 0.043) (N = 68). Linear regression analysis was performed.
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Supplementary Figure 5. HCV sera does not amplify CD19+CD24hiCD38hi regulatory B cells in vitro. CD19+CD24hiCD38hi 
regulatory B cells were sorted from healthy subjects and stimulated with LPS (1 ug/ml) and CD40L (1 ug/ml) in the 
presence of healthy and HCV sera for days indicated in vitro. Total numbers in each well were counted in each time 
point. Values were Mean ± SEM of three separate experiments. Statistical analyses were performed using one-way 
ANOVA. ns, not significant.

Supplementary Figure 6. HCV serum neither expands nor induces the regulatory T cells. (A) PBMC isolated from 
healthy controls stimulated with anti-CD3/CD28 antibodies for 3 days under the HCV (N = 26) and control sera (N = 
27). The percentages of CD4+CD25+CD127low cells were compared and analyzed. The t test was performed between 
two groups. (B) CD4+CD25+CD127low cells isolated from healthy subjects were stimulated with anti-CD3/CD28 coat-
ing beads and rhIL-2, rhTGF-β with healthy (HC) and HCV sera (HCV-serum) for days indicated and total cell numbers 
were counted. Statistical analyses were performed using one-way ANOVA. (C-E) The expression of FOXP3 from naïve 
T cells stimulated with CD3/CD28 coating beads and rhIL-2, rhTGF-β in the presence of healthy and HCV sera for 3 
days, (C) is representative of flow analysis. (D, E) indicate Foxp3 protein and mRNA levels. Values were Mean ± SEM 
of three independent experiments. Statistical analyses were performed using t test. ns, not significant.


