
INTERNATIONAL JOURNAL OF MOlecular medicine  43:  243-255,  2019

Abstract. Acute‑on‑chronic liver failure (ACLF) is a 
newly‑defined serious syndrome with major features of acute 
decompensation (AD) of hepatic cirrhosis, liver failure and 
failure of multiple other organs. To date, the mechanism under-
lying the development and progression of ACLF remains to be 
fully elucidated. It has been noted that ACLF is associated with 
immune dysregulation. However, studies have mainly focused 
on T‑cell responses. The present study aimed to determine the 
composition and alterations of B‑cell receptor (BCR) heavy 
chain repertoires associated with ACLF using next generation 
sequencing (NGS). A total of six patients with hepatitis B virus 
(HBV)‑related ACLF and six healthy control subjects were 
prospectively enrolled in the present study. The B‑cell immu-
noglobulin heavy chain (IGH) repertoires in peripheral blood 
mononuclear cells (PBMCs) obtained from the patients with 
HBV‑related ACLF and the control subjects were analyzed 
using NGS, coupled with multiplex polymerase chain reaction, 
were Illumina sequenced, and were further characterized using 
the international ImMunoGeneTics database. The distribution 
of the BCR complementarity‑determining region 3 (CDR3) 

variable (V), diversity (D) and joining (J) and V‑J gene 
segments were found to be comparable between the ACLF 
and control groups. Of note, the degree of clonal expansion 
in the ACLF group was significantly higher than that in the 
control group (P<0.05). Furthermore, a t‑test of the distribu-
tion ratio of the V, D, J and V‑J combinations in patients with 
ACLF and control subjects revealed differentially expressed 
genes. In total, six genes were upregulated and 19 genes were 
downregulated in response to ACLF. The difference between 
these two groups was statistically significant (P<0.05). The 
approach used in the present study was feasible and effective 
for analyzing peripheral B‑cell repertoires in HBV‑related 
ACLF. These results provide direct evidence that the BCR 
repertoire is important in immune responses, autoimmunity 
and alloreactivity, and that there is a link between the BCR 
repertoire and HBV‑ACLF. Therefore, ACLF‑specific BCR 
CDR3 sequences hold promise for therapeutic benefit to 
HBV‑ACLF in the future.

Introduction

Acute‑on‑chronic liver failure (ACLF) has been increas-
ingly recognized as a distinct disease entity. ACLF has 
been newly‑defined as a serious syndrome characterized by 
the acute decompensation (AD) of hepatic cirrhosis, which 
encompasses the acute deterioration of hepatic function and 
involves the dysfunction of multiple other organs in patients 
with chronic liver disease (1). Based on an analytic study of 
1,343 patients, the European Association for the Study of 
the Liver and Chronic Liver Failure (EASL‑CLIF) consor-
tium suggested the following diagnostic criteria for ACLF: 
i) Liver cirrhosis and AD as defined by the development of 
ascites, encephalopathy, gastrointestinal hemorrhage and 
bacterial infection; ii) organ failure assessed according to the 
Chronic Liver Failure‑Sequential Organ Failure Assessment 
(CLIF‑SOFA) score; iii) a 28‑day mortality rate >15%. In this 
CANONIC study, the prevalence of ACLF reached as high as 
30.9%, and this considerably relevant syndrome appeared to be 
different from AD, which was not only based on liver failure, 
multiple organ failure and high mortality rates, but also on age, 
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precipitating events and systematic inflammation (2). It has 
been reported that alcoholic liver cirrhosis represents 50‑70% 
of the underlying liver diseases of ACLF in Western countries, 
whereas hepatitis‑associated liver cirrhosis constitutes 10‑30% 
of all ACLF cases. In the majority of Asian countries with 
high a prevalence of hepatitis B virus (HBV) infection, chronic 
hepatitis B (CHB) is considered to be the major causative factor 
for ACLF, accounting for ~70% of ACLF cases, and accounts 
for as little as 15% of alcohol‑related ACLF (2‑4).

To date, the mechanism underlying the development and 
progression of ACLF remain to be fully elucidated. It has been 
noted that that ACLF is correlated to immune dysregulation. 
However, studies have mainly focused on T‑cell response, 
despite the fact that human lymphocytes are well known to 
comprise T‑ and B‑cells, which account for almost 20% of 
peripheral lymphocytes. These fulfil an important role in 
the immune response. An effective B‑cell immune response 
is largely dependent on B‑cells with diverse B‑cell receptors 
(BCRs), which are capable of specifically recognizing and 
binding antigens. Each BCR is structurally connected by two 
heavy chains with variable (V), constant (C), transmembrane 
and cytoplasmic regions, and two light (L) chains which have 
V and C regions.

It has been documented that the V region comprises 
two domains, namely, VH and VL, and possesses three 
complementarity‑determining regions(CDRs): CDR1, CDR2 
and CDR3. CDRs are variable in amino acid composition 
and sequence, and the range can reach as high as 69‑612 in the 
library, allowing the identification of a variety of antigens and 
the production of specific antibodies. These three CDRs act 
to identify and jointly determine BCR antigen specificity (5). 
Similar to the T‑cell receptor repertoire, the diversity of the 
BCR repertoire is possibly formed through the recombina-
tion of multiple sets of similar genes to generate functional 
genes. Immunoglobulin heavy (IGH) chains are encoded by 
recombination of variable (V), diversity (D) and joining (J) 
genes, which are formed from sets of V, D and J genes (IGHV 
and IGHJ), whereas VJ rearrangements of the κ and λ chain 
V genes (IGKV, IGLV) and J genes (IGKJ, IGLJ) encode the 
immunoglobulin light chains (6,7). It has long been observed 
that there is a broad deficit of B‑cells in patients who suffer 
from acute liver diseases, and that there is an association 
between exposure to circulating antigens and the abnormality 
of shunting or Kupffer cells, which is presumably the conse-
quence (8).

High‑throughput sequencing (HTS) is an advanced genetic 
tool that enables the investigation of more complex sequencing 
targets. In the present study, HTS was coupled with multiplex 
polymerase chain reaction (PCR), Illumina sequencing and 
the international ImMunoGeneTics database to assess the 
composition and alteration of BCR heavy chain repertoires 
associated with ACLF. It is anticipated that the results of the 
present study may provide direct evidence of the role of BCR 
heavy chain repertoires in the development and progression 
of ACLF.

Materials and methods

Patients. In the present prospective study, six patients with 
HBV‑related ACLF and six healthy controls (control subjects) 

were recruited between January and September 2013 at the 
No. 181 Hospital of Guilin (Guilin, China). The diagnosis 
of ACLF was pathologically and clinically confirmed on the 
basis of the diagnostic criteria developed by the Asia‑Pacific 
Association for the Study of the Liver (3,9), which has been 
accepted for defining this novel clinical entity as follows: ‘An 
acute hepatic insult manifesting as jaundice and coagulopathy, 
which is complicated within four weeks by ascites and/or 
encephalopathy in a patient with previously diagnosed or undi-
agnosed chronic liver disease’. The patients with HBV‑related 
ACLF were confirmed to have CHB, without any evidence of 
sepsis/bacterial infection, combined hepatitis C virus infec-
tion, or active alcoholism. Therefore, the patients with ACLF 
in the present study shared a similar etiology, which was HBV 
infection. However, there were no differences among BCRs 
associated with the etiologies of ACLF. It is noteworthy that 
jaundice with serum bilirubin ≥5 mg/dl or 85 µmol/l, and 
coagulopathy with INR >1.5 or prothrombin activity <40% are 
required for the final diagnosis of ACLF (3). The patients with 
HBV‑related ACLF had a mean age of 34.12 years old, with an 
age range of 20‑54 years old. The six healthy controls (control 
subjects) were matched for age, gender and ethnicity, and had 
no clinical signs of liver disease.

Prior to the present study, written informed consent was 
obtained from each participant or from their guardians. The 
present study complied with the Declaration of Helsinki for 
investigations involving humans, and the study protocol was 
carefully reviewed and approved by the Ethics Committee of 
the No. 181 Hospital of Guilin.

Multiplex PCR. Amplification of the BCR CDR3 region by 
multiplex‑PCR. In order to prepare the template library for 
subsequent analysis using a Genome Analyzer, multiplex‑PCR 
was performed. DNA was extracted from PBMCs using 
GenFIND DNA (Agencourt; Beckman Coulter, Inc., Brea, 
CA, USA) extraction kits according to the manufacturer's 
protocol. The following were added to a 200‑µl PCR tube: 
500  ng DNA, Mul‑PCR Primer (V primer and J primer) 
using a QIAGEN multiplex PCR kit. The tubes were placed 
into a thermal cycler and the PCR cycling program was 
run with 30 cycles. Agarose gel electrophoresis: Using 2% 
agarose gel, electrophoresis conditions: 100 V for 2 h. Size 
selection: 100‑190 bp. The amplicons were purified using 
the QIAquick Gel Extraction kit (Qiagen GmbH, Hilden, 
Germany). Samples were quantified using Quant‑iT PicoGreen 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The rearranged BCR CDR3 regions were amplified 
using genomic DNA as the template, with 12 forward primers, 
each specific to the functional BCR‑V segment, and four 
reverse primers, each unique to the BCR‑J segment. All the 
forward and reverse primers harbored the universal forward 
and reverse primer sequences (forward, 5'‑AAT​GAT​ACG​
GCG​ACC​ACC​GA‑3' reverse, 5'‑CAA​GCA​GAA​GAC​GGC​
ATA​CGA‑3') at their 5' ends, respectively, which are compat-
ible with the GA2 cluster station solid‑phase PCR. Following 
the multiplex‑PCR amplification, the targeted PCR products 
were purified using agarose gel electrophoresis and a QIA 
quick PCR purification kit, according to the manufacturer's 
protocol. The generated library was then quantified using 
the following two approaches: Determination of the average 
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length on the Agilent 260 bioanalyzer instrument with Agilent 
DNA 600 reagents, and reverse transcription‑quantitative PCR 
analysis using the TaqMan probe. For multiplex PCR ampli-
fication of DNA, 30 ng DNA was mixed with the JH reverse 
primer and the FR1 forward primer set (0.25 µM each), using 
0.5 µl Phusion® High‑Fidelity DNA Polymerase (Finnzymes; 
Thermo Fisher Scientific, Inc.), 1 µl dNTPs (0.25 µM) and 
1 µl DTT (0.25 µM), per 50 µl reaction. The following PCR 
program was used: 3 min at 94˚C, 35 cycles of 30 sec at 94˚C, 
30 sec at 60˚C and 1 min at 72˚C, with a final extension cycle 
of 7 min at 72˚C on an MJ Thermocycler (10).

The libraries were subsequently amplified with the 
c‑Bot system to create a cluster on the flow cell, followed by 
paired‑end sequencing of the amplified flow cell using an 
Illumina MiSeq instrument, in which the generally accepted 
read length of 60 bp was used. In order to ensure analysis 
quality, any raw reads that contained the low quality sequence 
and adaptor sequence were filtered, following which clean 
reads suitable for the subsequent data analysis were obtained. 
The data processing procedures were summarized as follows: 
i) Removal of reads with the adapter; ii) elimination of N 
reads, as N is unable to determine the information for a base 
with a proportion >6%; iii) removal of reads of relatively low 
quality (sequence quality value ≤5 bases accounting for >50% 
of the entire read).

Data analysis. During the development of B‑lymphocytes, the 
V, D and J gene rearrangement of BCR, the V‑J fragments, or 
that between the V‑D‑J fragments may be randomly inserted 
into various numbers of nucleotides. By contrast, different 
numbers of nucleotides may be missed in the V‑J fragments 
or those between the V‑D‑J fragments. Therefore, a highly 
diverse CDR3 variable area, which has marked differences in 
length and amino acid sequence, was formed. This allowed 
the diversity of B‑lymphocytes to be assessed through the 
length of CDR3. The length of CDR3 in normal individuals is 
similarly normally distributed. In the present study, systematic 
analysis of the frequent use of V, D J and V‑J fragments was 
performed. The upregulated and downregulated genes were 
identified using Student's t‑test to compare the BCR heavy 
chain V, D, J and V‑J fragments. Furthermore, the diversity of 
the BCR repertoire was assessed using the Simpson index of 
diversity (Ds) (10) and Shannon‑Wiener index (H') (11) in the 
present study. The statistical analyses were conducted using 
GraphPad Prism software (version 4.03; GraphPad Software, 
San Diego, CA, USA). The Mann‑Whitney test was used to 
analyze the differences between the ACLF and control groups, 
given the relatively small sample size in the present study. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BCR heavychainCDR3 sequences from patients with 
HBV‑related ACLF and control subjects. The HTS technique 
was used to capture the BCR heavychainCDR3 sequences 
of B‑cells prepared from peripheral blood obtained from the 
recruited patients with ACLF and control subjects. As a result, 
an average number of 12,243,860.30 in the control group and 
an average number of 12,299,65.30 in the ACLF group were 

initially obtained. As the Raw Reads or Sequenced Reads 
contain low‑quality sequences and adaptors sequences, these 
Raw Reads were filtered to obtain high‑quality clean reads with 
an average number of 6,674,277.80 in the control group and an 
average number of 6,114,722.70 in the ACLF group, ensuring 
the quality of the information analysis. These were used for 
the subsequent data analysis. The total reads/sequences, BCR 
sequences, in‑frame sequences, total IGH CDR3 sequences, 
unique CDR3 nt sequences, unique CDR3 aa sequences, 
highly expanded clone (HEC) numbers, and HEC ratios are 
shown in Table I.

Comparison of immune diversity in patients with ACLF 
and control subjects. In order to compare the immune 
diversity between the ACLF and control groups, the normal-
ized Shannon entropy index was applied, which has been 
well‑accepted for quantitatively measuring diversity. In the 
analysis of immune diversity in these two groups, the index 
was calculated and rated between 0 and 1, with 1 as the highest 
diversity and 0 as an indication for no immune diversity. As 
shown in Fig. 1A‑F, immune diversity was marginally higher 
in the ACLF group, when compared with that in the control 
subjects, although this difference was not statistically signifi-
cant (P=0.1364). Subsequently, the HEC in these two groups 
were examined, and it was found that the HEC was higher 
in the ACLF group than in the control group, indicating the 
amplification of abnormal CDR3 sequences. Although differ-
ences between these two groups were observed, there was no 
statistical significance, which was possibly due to the relatively 
small sample size used in the present study. In comparing the 
Shannon entropy of the ACLF group with the control group, it 
was found that the Shannon entropy value distribution of the 
patients with ACLF was scattered, whereas the value distribu-
tion of control subjects was relatively concentrated. As shown 
in Fig. 1A and B, the Shannon entropy distribution of patients 
with ACLF was substantially skewed, whereas the Shannon 
entropy of the control subjects presented with a normal distri-
bution. Although different Shannon entropy distributions were 
identified in these two groups, the difference was not statisti-
cally significant (P=0.2096). The CDR3 HEC was higher in 
the ACLF patient group, compared with that in the control 
subjects, however, the difference between these two groups 
was not statistically significant.

Analysis of CDR3 length distribution between patients with 
ACLF and control subjects. It is well‑recognized that CDR3 
length distributions in normal subjects are approximately 
normally distributed. In the present study, CDR3 length 
distributions were analyzed in patients with ACLF (X1A, 
TX‑1A,TY‑1A,TA‑1A,TB‑1A and TC‑1A) and control subjects 
(K1A, K2A, K4A, K6A, K7A and W1A). The results are 
shown in Fig. 2A and B. The CDR3 normal length distribu-
tion of patients with ACLF was compared with that of control 
subjects. Through Gaussian fitting, the normal CDR3 length 
distribution of each sample was obtained. Furthermore, the 
normal distribution between the ACLF and control groups was 
compared, and it was found that the CDR3 length distribution 
of control subjects tended to be more normally distributed, 
when compared with that of patients with ACLF (Fig. 2C 
and D).
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Comparison of usage frequency of the V, D, and J gene 
segments in the BCR heavy chain. In order to compare the 
usage frequency of the V, D and J gene segments in the BCR 
heavy chain, a usage frequency distribution histogram and 

hierarchical clustering heat map were generated according 
to each usage frequency in the ACLF and control groups. 
The differential expression, including the upregulation and 
downregulation of the individual gene fragments, were then 

Figure 1. Comparative analysis of B‑cell diversity between the ACLF and control groups. (A) Values in the control group were concentrated, whereas values 
in the ACLF group were relatively dispersed. (B) A significantly skewed distribution was identified in the ACLF patient group, whereas a substantially normal 
distribution was identified in the control group (P=0.2096). (C) Scatterplot and (D) box plot of the HEC ratio show that the values in the control group were 
concentrated and the values in the ACLF group were relatively dispersed (P=0.2058). (E) Scatterplot and (F) box plot of Shannon entropy distribution for 
patients with ACLF and control subjects, show that the values for the control group were concentrated, whereas the values for the ACLF group were relatively 
dispersed. HEC, highly expanded clone; ACLF, acute‑on‑chronic liver failure.

Table I. Comparison of B‑cell receptor statistical data.

		  In‑frame	 Total CDR3	 Unique cdr3	 Unique cdr3	 HEC
Individual	 Total reads 	 sequences	 sequences	 nt sequences	 aa sequences	 number, all

NC‑1	 15,410,305	 13,317,137	 12,584,061	 414,914	 292,378	 0
NC‑2	 15,517,826	 13,016,806	 12,249,709	 391,751	 276,673	 1
NC‑3	 14,022,700	 11,415,501	 6,600,111	 260,471	 181,219	 4
NC‑4	 537,114	 465,901	 439,959	 43,655	 30,075	 2
NC‑5	 14,696,122	 12,483,863	 11,778,081	 392,836	 279,047	 2
NC‑6	 13,279,095	 11,231,688	 6,575,248	 432,519	 316,507	 0
ACLF‑1	 13,494,348	 11,594,496	 6,925,522	 388,512	 281,302	 2
ACLF‑2	 11,264,437	 9,942,837	 9,479,612	 452,729	 329,633	 0
ACLF‑3	 9,958,559	 8,099,585	 7,733,592	 190,996	 140,723	 201
ACLF‑4	 12,978,762	 9,887,906	 8,771,599	 168,652	 118,150	 446
ACLF‑5	 12,819,431	 6,862,593	 6,206,099	 316,046	 228,715	 6
ACLF‑6	 12,539,789	 6,300,919	 9,651,145	 446,872	 326,426	 0 

CDR3, complementarity‑determining region 3; HEC, highly expanded clone; NC, normal control; ACLF, acute‑on‑chronic liver failure.
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Figure 2. CDR3 length distribution for patients with ACLF and control subjects. (A) CDR3 length distribution for each of the six control subjects. (B) CDR3 
length distribution for each of the six patients with ACLF. (C) Scatterplot analysis of the distribution of CDR3 length in patients with ACLF, vs. control subjects. 
(D) Boxplot analysis of the CDR3 length distribution in the ACLF group, compared with that in the control group. CDR3, complementarity‑determining 
region 3; ACLF, acute‑on‑chronic liver failure.
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identified in the ACLF group, and compared with the control 
group. A t‑test was used to analyze the usage frequency 
and distribution ratio of the V, D, J and V‑J genes in the six 
patients with ACLF (X1A, TX‑1A, TY‑1A, TA‑1A, TB‑1A 
and TC‑1A) and six control subjects (K1A, K2A, K4A, K6A, 
K7A and W1A). It was found that the usage of the IGHV 
gene, which is a well‑accepted assessment for BCR reper-
toire structure, exhibited lower frequencies in the majority or 
all IGHV genes in the control subjects, when compared with 
that in the patients with ACLF. Furthermore, these clonal 
populations had significantly higher frequencies of a single 
IGHV gene or group of IGHV genes (12). Based on the usage 
frequency distribution histogram of the V gene of the BCR 
heavy chain and clustering heat map (Fig. 3A and B), and the 
results obtained from the t‑test for the distribution ratio of the 
V gene of patients with ACLF and control subjects (Fig. 3; 
Table II), it was found that the IGHV3‑30 gene was signifi-
cantly upregulated (P<0.05), whereas the IGHV3‑74 and 
IGHV2‑70 genes were significantly downregulated (P<0.05). 
Furthermore, a distribution histogram of the D region usage 
frequency of the BCR heavy chain and the D sub‑genotype of 
each frequency clustering heat map were generated (Fig. 4A 
and B). The t‑test for the distribution ratio of the D gene in 
the six patients with ACLF and six control subjects allowed 
for the identification of the differential gene expression 
between these two groups (Fig. 4; Table  III). As a result, 
three significantly downregulated genes, IGHD4/OR15‑4b, 
IGHD4/OR15‑4a and IGHD2‑8, were identified in the ACLF 
group, compared with the control group (P<0.05). Similarly, 
a distribution histogram of the J region usage frequency of 
BCR heavy chain and the J sub‑genotype of each frequency 
clustering heat‑map was established (Fig. 5A and B). At‑test 
was then performed for the distribution ratio of the J gene of 
the six patients with ACLF and six control subjects (Fig. 5, 
Table IV). The IGHJ2 gene was identified to be significantly 
upregulated in the ACLF group, when compared with the 
control group (P<0.05), whereas the IGHJ1, IGHJ5, IGHJ3, 
IGHJ4 and IGHJ6 genes remained statistically unchanged 
between these two groups.

Subsequently, a bubble chart for the expression of the 
combinations of each V and J gene segment was established 
(Fig. 6), and different colors were used for different genes. 
The differential composition of the V‑J combinations in 
the patients with ACLF (X1A, TX‑1A, TY‑1A, TA‑1A, 
TB‑1A and TC‑1A) were then compared with those in the 
control subjects (K1A, K2A, K4A, K6A, K7A and W1A). 
Subsequently, a t‑test for the distribution ratio of the 
combinations of the six patients with ACLF and six control 
subjects was performed, and the negative P‑values were 
plotted (Fig. 6; Table V). As observed in the alterations in 
gene expression, the upregulated genes are denoted in blue, 
downregulated genes are denoted in red, and non‑signif-
icant change combinations are denoted in green (Fig. 6). 
Furthermore, four significantly upregulated combination 
genes were found, including (IGHV3‑30, IGHJ2),(IGHV3‑30, 
IGHJ3), (IGHV3‑30,IGHJ6) and (IGHV4‑59,IGHJ2) 
(P<0.05), whereas 14 combination genes were identified to be 
significantly downregulated, including (IGHV3‑49,IGHJ5), 
(IGHV3‑15,IGHJ5), (IGHV3‑11,IGHJ5), (IGHV3‑20,IGHJ6), 
(IGHV3‑74,IGHJ5), (IGHV6‑1,IGHJ4), (IGHV3‑74,IGHJ4), 

(IGHV2‑5,IGHJ5), (IGHV3‑72,IGHJ4), (IGHV5‑51,IGHJ4), 
(IGHV3‑23,IGHJ4), (IGHV3‑20,IGHJ5), (IGHV3‑33,IGHJ5) 
and (IGHV2‑70,IGHJ5) (P<0.05).

Comparison of the top 20 BCR heavy chain V region genes 
used between the ACLF and control groups. The top 20 
frequently used genes of the BCR heavy chain V subtypes 
are listed in Fig. 7, in which the percentage of each sample V 
subtype in the top 20 frequently used genesis shown.

CDR3amino acid sequences commonly used in the ACLF 
and control groups. In the present study, three amino acid 
sequences commonly used in all patients with ACLF (n=6) 
and control subjects (n=6) were found, which were AR, FDY 
and MDV. The nine cloned numbers for patients with ACLF 
in the CDR3amino acid sequences are listed in Table VI, and 
the total number of CDR3 clones are shown in the last row. In 
addition, the three cloned numbers for control subjects in the 

Table III. Results of the t-test for the distribution ratio of the 
D gene.

Type	 Control	 Case	 P‑value	 T‑value

IGHD4/OR15‑4b	 0.35	 0.158333	 0.001349	 ‑5.11743
IGHD4/OR15‑4a	 0.293333	 0.118333	 0.001483	 ‑4.87766
IGHD2‑8	 1.393333	 0.731667	 0.002883	 ‑3.929

IGHD, immunoglobulin heavy diversity.

Table II. Results of the t-test for the distribution ratio of the 
V gene.

Type	 Control	 Case	 P‑value	 T‑value

IGHV3‑74	 2.191677	 1.526667	 0.009973	 ‑0.26749
IGHV2‑70	 1.486667	 1.266667	 0.046805	 ‑2.26805
IGHV3‑30	 8.946667	 11.93333	 0.024998	 2.645089 

IGHV, immunoglobulin heavy variable.

Table IV. Results of the t-test for the distribution ratio of the 
J gene.

Type	 Control	 Case	 P‑value	 T‑value

IGHJ2	 2.776667	 4.56	 0.009614	 3.624858
IGHJ4	 45.35	 39.975	 0.124539	 ‑1.72416
IGHJ3	 6.173333	 7.073333	 0.137946	 1.661918
IGHJ1	 1.206667	 1.495	 0.270726	 1.197279
IGHJ6	 31.35833	 34.225	 0.337043	 1.008973
IGHJ5	 13.13167	 12.66667	 0.79099	 ‑0.27929 

IGHJ, immunoglobulin heavy joining.
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Figure 3. Analysis of the usage frequency of V gene segments in the B‑cell receptor heavy chain complementarity‑determining region 3 region in patients 
with ACLF and control subjects. (A) Upregulated genes are denoted in blue and downregulated genes are denoted in red. In the t‑test, positive values indicate 
upregulated genes, whereas negative values indicate downregulated genes. (B) Clustering heat map of the V gene sub‑types of the six patients with ACLF and 
six control subjects. ACLF, acute‑on‑chronic liver failure.
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Figure 4. Analysis of the usage frequency of D gene segments in the B‑cell receptor heavy chain complementarity‑determining region 3 region in patients with 
ACLF and control subjects. (A) Downregulated genes are shown in red (P<0.05). (B) Clustering heat map of the D gene sub‑types of patients with ACLF and 
control subjects. ACLF, acute‑on‑chronic liver failure.
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Figure 5. Analysis of the usage frequency of J gene segments in the B‑cell receptor heavy chain complementarity‑determining region 3 region in patients with 
ACLF and control subjects. (A) Significantly downregulated genes are denoted in red (P<0.05), and genes with no significant changes are denoted in black. 
(B) Clustering heat map of the J gene sub‑types in patients with ACLF and control subjects. ACLF, acute‑on‑chronic liver failure; IGHJ, immunoglobulin 
heavy joining.



yan et al:  VARIATION IN THE BCR REPERTOIRE OF PATIENTS WITH ACLF252

CDR3amino acid sequences are shown in Table VII, and the 
total number of all CDR3 clones are shown in the last row.

Discussion

ACLF has been recognized as a distinct syndrome from AD, 
and the development of ACLF has been found to occur under 
the setting of systematic inflammation (2). However, to date, 
the mechanism underlying the development and progression 
of ACLF remains to be fully elucidated (13). In particular, 
the role of the immune system remains unclear. In the present 
study, NGS was used to characterize the polymorphisms of 

the BCR CDR3 gene segments in PBMCs prepared from 
patients with HBV‑ACLF (n=6) and control subjects (n=6). 
The main novel findings were follows: i) Patients with ACLF 
exhibited a significantly higher extent of clonal expansion for 
B‑cells, when compared with control subjects; ii) patients 
with ACLF presented with a skewed usage of BCR CDR3 V, 
D, J and V‑J gene segments, whereas control subjects had a 
close‑to‑normal distribution; iii) the BCR heavy chain CDR3 
of the V, D, J and V‑J combinations of subfamily genes were 
abnormally expressed in response to ACLF; and iv) there was 
a significant association between the BCR CDR3 repertoire 
and ACLF.

Figure 6. Comparison of the combinations of IGHJ and IGHV genes between patients with ACLF and control subjects. Upregulated genes are denoted in 
blue, downregulated genes are denoted in red. If there was no significant change, green was used. Increased numbers of IGHJ and IGHV combinations 
were observed in the ACLF group, compared with the control group. ACLF, acute‑on‑chronic liver failure; IGHJ, immunoglobulin heavy joining; IGHV, 
immunoglobulin heavy variable.

Table V. Results of the t‑test for the distribution ratio of the V-J gene combinations.

V‑type	 J‑type	 Control	 Case	 P‑value	 T‑value

IGHV3‑49	 IGHJ5	 0.026666	 0.006666	 0.000815	 ‑5.070925
IGHV3‑15	 IGHJ5	 0.0716666	 0.025	 0.005040	 ‑3.838859
IGHV3‑11	 IGHJ5	 1.3766666	 0.995	 0.00639811	 ‑3.6823573
IGHV6‑1	 IGHJ4	 0.446666	 0.278333	 0.012146	 ‑3.235252
IGHV3‑20	 IGHJ6	 0.1933333	 0.63333	 0.0118824	 ‑3.0769355
IGHV3‑74	 IGHJ5	 0.3833333	 0.193333	 0.0119918	 ‑3.062569
IGHV3‑74	 IGHJ4	 1.0833333	 0.6483333	 0.0158769	 ‑2.9282990
IGHV3‑33	 IGHJ5	 0.1466666	 0.045	 0.035139	 ‑2.747301
IGHV3‑20	 IGHJ5	 0.0833333	 0.03	 0.034568	 ‑2.651974
IGHV2‑5	 IGHJ5	 0.1183333	 0.058333	 0.026997	 ‑2.617230
IGHV3‑72	 IGHJ4	 0.05	 0.013333	 0.028606	 ‑2.607250
IGHV3‑23	 IGHJ4	 4.5783333	 3.253333	 0.033451	 ‑2.52706
IGHV5‑51	 IGHJ4	 2.0316666	 1.346666	 0.032790	 ‑2.515948
IGHV2‑70	 IGHJ5	 0.3716666	 0.21	 0.039841	 ‑2.362483
IGHV3‑30	 IGHJ3	 0.5366666	 0.743333	 0.041738	 2.340706
IGHV3‑30	 IGHJ2	 0.1733333	 0.483333	 0.041722	 2.637409
IGHV3‑30	 IGHJ6	 2.78	 4.225	 0.017769	 2.879356
IGHV4‑59	 IGHJ2	 0.2283	 0.52	 0.014176	 3.497063 

IGHJ, immunoglobulin heavy joining; IGHV, immunoglobulin heavy variable.
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Table VI. Number of CDR3 amino acid sequences for the clones of patients with ACLF.

CDR3	 TA1A	 TB1A	 TC1A	 TX1A	 TY1A	 X1A

AR	 2.08x10‑5	 6.54x10‑6	 5.17x10‑7	 1.04x10‑4	 9.01x10‑6	 1.02x10‑5

DY	 3.97x10‑6	 6.96x10‑6	 2.72x10‑6	 2.28x10‑7	 4.12x10‑6	 6.84x10‑6

FDY	 3.34x10‑6	 3.69x10‑6	 7.76x10‑7	 1.14x10‑7	 5.88x10‑7	 1.76x10‑6

GMDV	 6.91x10‑6	 3.38x10‑6	 9.05x10‑7	 2.39x10‑6	 4.21x10‑6	 1.09x10‑5

LDV	 7.95x10‑8	 3.16x10‑7	 9.05x10‑7	 1.03x10‑6	 4.90x10‑7	 3.11x10‑7

MDV	 5.48x10‑6	 1.48x10‑6	 3.49x10‑6	 8.89x10‑6	 3.23x10‑6	 6.94x10‑6

YGMDV	 1.11x10‑6	 3.06x10‑6	 1.81x10‑6	 1.25x10‑6	 2.06x10‑6	 2.69x10‑6

YYGMDV	 1.19x10‑6	 7.38x10‑7	 7.76x10‑7	 1.03x10‑6	 1.27x10‑6	 3.11x10‑7

YYYGMDV	 1.59x10‑7	 8.44x10‑7	 1.29x10‑7	 5.70x10‑7	 2.74x10‑6	 2.07x10‑7

Total	 12,584,061	 9,479,612	 7,733,592	 8,771,599	 10,206,099	 9,651,145 

CDR3, complementarity‑determining region 3.

Figure 7. Identification and characterization of the most frequently used BCR heavy chain V gene segments. The Y axis represents the top 20 most frequently 
used BCR heavy chain V gene subtypes, and the remaining V sub‑types are denoted in black. BCR, B‑cell receptor; IGHV, immunoglobulin heavy variable.
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It has been reported that a large proportion of B‑cell clones 
in the BCR sequence are at lower frequencies, and these clones 
indicate its inability for clonal expansion (14). In the present study, 
certain HECs were identified in each individual BCR heavy 
chain CDR3, and these clones were able to form in a complex 
environment with antigen or pathogen stimulation. Furthermore, 
clonal expansion was observed in patients with ACLF and control 
subjects, and a higher extent of clonal expansion was present in 
the ACLF group, when compared with the control group.

Extensive studies have shown that the V, D and J gene 
segments of BCRs are rearranged in the development of 
B‑lymphocytes, during which different numbers of nucleotides 
can be randomly inserted into or deleted from the V‑J gene 
segments or V‑D‑J gene segments. Therefore, a variable CDR3 
region is formed with diversity in its length and sequence, in 
which the CDR3 sequence is able to determine a unique BCR 
clone type, allowing for the assessment of the clonal diversity 
of B‑lymphocytes through the length of CDR3 (15,16). In the 
present study, the normal distribution of CDR3 lengths was 
compared between patients with ACLF and control subjects. 
The head of the distribution tended to be skewed in patients 
with ACLF, whereas the distribution was close to normal in 
control subjects; the difference between these two groups 
was not statistically significant. In the comparative analysis 
of Shannon entropy and HEC between patients with ACLF 
and control subjects, there were differences between these 
two groups with respect to number and proportion. However, 
the difference was not statistically significant, which was 
possibly due to the small sample size. A Student's t‑test was 
used to analyze the frequency usage of the BCR heavy chain 
V, D, J and V‑J segments, and the following six upregulated 
genes were identified: IGHV3‑30, IGHJ2, (IGHV3‑30, IGHJ2), 
(IGHV3‑30, IGHJ3), (IGHV3‑30, IGHJ6) and (IGHV4‑59, 
IGHJ2). Furthermore, 19 downregulated genes were identified: 
IGHV3‑74, IGHV2‑70, IGHD4/OR15‑4b, IGHD4/OR15‑4a, 
IGHD2‑8, (IGHV3‑49, IGHJ5), (IGHV3‑15, IGHJ5), 
(IGHV3‑11, IGHJ5), (IGHV3‑20, IGHJ6), (IGHV3‑74, IGHJ5), 
(IGHV6‑1, IGHJ4), (IGHV3‑74, IGHJ4), (IGHV2‑5, IGHJ5), 
(IGHV3‑72, IGHJ4), (IGHV5‑51, IGHJ4), (IGHV3‑23, IGHJ4), 
(IGHV3‑20, IGHJ5), (IGHV3‑33, IGHJ5) and (IGHV2‑70, 
IGHJ5). The identified dysregulation of the BCR heavy chain 
CDR3 V, D, J and V‑J combinations of the sub‑family gene may 
be involved in the development and progression of ACLF. It was 
hypothesized that the upregulated genes IGHV3‑30,IGHJ2, 
(IGHV3‑30, IGHJ2), (IGHV3‑30, IGHJ3), (IGHV3‑30, IGHJ6) 
and (IGHV4‑59, IGHJ2) are involved in certain BCR‑specific 
clonal proliferations of B‑lymphocytes and undermine BCR 

diversity. This has been shown to be essential in maintaining 
the normal immune system in control subjects. The more 
subtypes of immune proteins present, the more effective 
the immune system against various pathogens. By contrast, 
the lower the number of subtypes an immune protein has, the 
more the individual becomes susceptible to diseases. In the 
present study, the downregulated genes IGHV3‑74, IGHV2‑70, 
IGHD4/OR15‑4b, IGHD4/OR15‑4a, IGHD2‑8, (IGHV3‑49, 
IGHJ5), (IGHV3‑15, IGHJ5), (IGHV3‑11, IGHJ5), (IGHV3‑20, 
IGHJ6), (IGHV3‑74, IGHJ5), (IGHV6‑1, IGHJ4), (IGHV3‑74, 
IGHJ4), (IGHV2‑5, IGHJ5), (IGHV3‑72, IGHJ4), (IGHV5‑51, 
IGHJ4), (IGHV3‑23, IGHJ4), (IGHV3‑20, IGHJ5), (IGHV3‑33, 
IGHJ5) and (IGHV2‑70, IGHJ5) may be associated with inhibi-
tion of the clonal proliferation of certain specific B lymphocytes 
of BCRs. It is noteworthy that a number of the above subtypes 
were significantly reduced in the patients with ACLF, compared 
with the control subjects, indicating that B‑lymphocytes were 
significantly reduced inpatients with ACLF.

In conclusion, an assay to determine the entire diversity of the 
B‑cell repertoire at a sequence‑level resolution in patients with 
HBV‑ACLF was successfully developed. The findings suggested 
that the development of HBV‑ACLF is linked with the BCR 
heavy chain CDR3 repertoire. Future insightful investigations 
are required to better understand the role of the BCR repertoire 
in immune responses, autoimmunity and alloreactivity, and in 
driving the development and progression of HBV‑ACLF. 
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