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Abstract: Hepatitis B virus (HBV) genotype C is a prevalent HBV genotype in the Chinese population.
Although genotype C shows higher sequence heterogeneity and more severe liver disease than other
genotypes, its pathogenesis and immunological traits are not yet fully elucidated. In this study,
we first established and chemically synthesized the consensus sequence based on representative
138 full-length HBV genotype C genomes from the Chinese population. The pHBV1.3C plasmid
system, containing a 1.3-fold full-length HBV genotype C consensus sequence, was constructed
for subsequent validation. Next, we performed functional assays to investigate the replicative
competence of pHBV1.3C in vitro through the transient transfection of HepG2 and Huh7 cells and
validated the in vivo function via a hydrodynamic injection to BALB/c recipient mice. The in vitro
investigation revealed that the extracellular HBV DNA and intracellular replicative intermediate
(i.e., pregenomic RNA, pgRNA) were apparently measurable at 48 h, and the HBsAg and HBcAg
were still positive in hepatoma cells at 96 h. We also found that HBsAg and HBeAg accumulated
at the extracellular and intracellular levels in a time-dependent manner. The in vivo validation
demonstrated that pHBV1.3C plasmids induced HBV viremia, triggered morphological changes and
HBsAg- or HBcAg- positivity of hepatocytes, and ultimately caused inflammatory infiltration and
focal or piecemeal necrosis in the livers of the murine recipients. HBV protein (HBsAg) colocalized
with CD8+ T cells or CD4+ T cells in the liver. F4/80+ Kupffer cells were abundantly recruited around
the altered murine hepatocytes. Taken together, our results indicate that the synthetic consensus
sequence of HBV genotype C is replication-competent in vitro and in vivo. This genotype C consensus
genome supports the full HBV life cycle, which is conducive to studying its pathogenesis and immune
response, screening novel antiviral agents, and further optimizing testing and therapeutics.

Keywords: Hepatitis B virus genotype C; HBV genome; consensus sequence; HepG2 cells; Huh7
cells; BALB/c; CD8; CD4; F4/80; Kupffer cell

1. Introduction

Hepatitis B virus (HBV) infection is a global public health problem [1,2]. It causes
inflammation of the liver tissue, which may result in liver cirrhosis and hepatocellular
carcinoma (HCC) [3]. It is estimated that approximately 800,000 deaths per year could be
attributed to the consequences of acute or chronic HBV infection [4]. In consideration of the
high burden of HBV infection, the Global Health Sector Strategy to eliminate viral hepatitis
by 2030 was approved at the 69th World Health Assembly [5]. The prevalence of hepatitis
B surface antigen (HBsAg) in China declined to 5–6% in 2016 [6], which could be attributed
to the policy of prophylactic vaccine. Nevertheless, China still faces challenges in achieving
its goal of a 65% reduction in mortality from HBV by 2030 [7].

HBV—a member of the Hepadnaviridae family with a narrow host range and hepa-
totropic feature—is a small DNA virus with a 3.2 kb partially double-stranded circular
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DNA genome. The genome is composed of four overlapping open reading frames (ORFs:
P, preC/C, preS/S, and X), four promoters (core promoter, CP; PreS1 promoter, SP I; PreS2
promoter, SP II; and X promoter, XP), and two enhancers (Enhancer I, EN I; and Enhancer
II, EN II), as well as a polyadenylation [poly(A)] signal. The ORFs are responsible for the
encoding of seven distinct proteins (polymerase, HBeAg, HBcAg, L/M/S-HBsAg, and
HBx) with the regulation of promoters and enhancers [8]. Biomarkers provide information
on the replication of HBV. Specifically, HBV pregenomic RNA (pgRNA), which is packaged
inside of the core particle for conversion to progeny DNA, is the most important HBV tran-
script required for viral reverse transcription and replication; HBV DNA, the only marker
during the window phase of HBV infection, can be used to confirm viremia with HBsAg
mutations; HBsAg, which makes the envelope of HBV, indicates the phase of infection;
HBeAg, secreted from infected hepatocytes, is the marker of active virus replication; and
HBcAg plays multiple roles in viral replication [4,9–11].

Based on an 8% or more divergence in HBV genome sequences, HBV has been classi-
fied into nine genotypes (A–I), with a 10th putative genotype (J) isolated from an individual
in Japan [10,12]. These HBV genotypes can be further classified into at least 35 subgeno-
types, based on a 4–8% intergroup nucleotide divergence across the complete genome.
The number of subgenotypes widely varies among the genotypes, and the genotypes also
greatly differ in disease progression, response to therapy, and clinical outcomes [13–15].
The distribution of HBV genotypes considerably varies across different areas of China.
Specifically, HBV genotype B is predominant in central southern areas; genotype C is
predominant in eastern, northern, and northeastern areas; genotypes B and C are both
dominant in southwestern areas; and the recombinant genotype C/D is predominant in
northwestern areas [16,17]. Genotype C is one of the most prevalent HBV genotypes in the
Chinese population [16–18]. According to Li et al. [16], the proportion of genotype C is
75.3% in northern areas and 57% in southern areas. Genotype C is divided into 17 subgeno-
types [19,20]. All of the identified subgenotypes of genotype C, except for C16, have been
reported in Chinese areas [16,20], and C2 is the primary subgenotype of genotype C identi-
fied in China [16,18]. The adr serological subtype is dominant in genotype C among the
Chinese population [21]. Other studies have indicated that genotype C is a significant
cause of chronic HBV infection [22], and it is associated with a higher risk of liver cirrhosis
and HCC [23,24]. Patients infected with genotype C are less sensitive to interferon (IFN)
therapy than patients with genotype B [15]. Previous studies have mainly focused on the
wild genome from infected patients with HBV genotype C [25–27]. However, potential
mutations in the wild HBV genome alter the expression of HBsAg [28,29]. Therefore, a con-
sensus sequence of HBV genotype C would be a good choice for studying its pathogenesis
and immunological traits. However, the consensus sequence of HBV genotype C has not
yet been functionally validated.

Here, we first established the consensus sequence of genotype C based on 138 full-
length HBV genotype C genomes randomly obtained from the Chinese population. The
consensus genome was chemically synthesized and inserted into a eukaryotic expression
vector, namely pHBV1.3C. Next, we validated the feasible replication and expression
of pHBV1.3C both in vitro and in vivo. The replication-competent consensus sequence
provides a convenient tool for understanding the pathogenesis and virus-related traits of
HBV genotype C.

2. Materials and Methods
2.1. Consensus Sequence

A total of 2038 full-length HBV genomes of genotype C submitted between 2009 and
2019 from different areas of China were downloaded from the NCBI database. Among these
genomes of HBV genotype C, we retrieved 128 genomes using a random sampling method.
Another 10 genotype C genomes were screened from blood donors at the Guangzhou Blood
Center. A maximum of 10 genomes were obtained from a single author to ensure the repre-
sentativeness of the consensus sequence. All 138 genomes were analyzed using BioEdit 7.0
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software for entropy data and MegAlign 7.1 software for the consensus sequence. A single
nucleotide of the consensus sequence was selected from the most frequent nucleotide at
the same position (Supplementary Materials Table S2). Subsequently, phylogenetic analysis
of the 138 full-length genomes with HBV genotype references or subgenotype C references
was performed using MEGA 7.0 software, as described previously [30].

2.2. Plasmid Construction

The 1.3-fold consensus sequence of HBV genotype C (nucleotide 1038-3215/1-1984)
was chemically synthesized (Sangon Biotech, Shanghai, China) and double-digested with
Hind III and EcoR I (TAKARA, Beijing, China). Next, it was cloned into an identical digested
pcDNA3.1(+) (Sangon Biotech, Shanghai, China) vector, as previously described [28].
The new infectious plasmid, namely, pHBV1.3C, which contained a 1.3-fold consensus
sequence of HBV genotype C, was subsequently constructed. The research was performed
in accordance with the health guidelines related to recombinant DNA.

2.3. Cell Culture and Transfection

The HepG2 cells and Huh7 cells (Biospecies, Guangzhou, China) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco Life Technologies, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum (FBS, Gibco Life Technologies, Grand
Island, NY, USA) containing 100 units/mL of penicillin and 100 µg/mL of streptomycin
(Gibco Life Technologies, Grand Island, NY, USA). The cells were kept at 37 ◦C in a
humidified incubator with 5% CO2. For the in vitro studies, HepG2 cells and Huh7 cells
were seeded in 12- or 24-well plates at an appropriate density to adhere overnight. The
transient plasmid transfection of pHBV1.3C was performed, as per the manufacturer’s
instruction, using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA). In this
research, pHBV1.3B (constructed as previously described) [28] and pcDNA3.1(+) were used
as the positive treatment and the mock treatment, respectively. At the indicated time, the
cells and cell culture supernatants were harvested for different experiments.

2.4. Quantitative Analysis of Extracellular HBV DNA and Intracellular HBV pgRNA

For the analysis of extracellular HBV DNA and intracellular HBV pgRNA, HepG2 cells
or Huh7 cells were seeded in 12-well plates in advance. At 5 h post-transfection, the cells
were gently washed five times with 1× phosphate-buffered saline (PBS) to eliminate the
influence of the transfected plasmids. At 48 h post-transfection, the cell supernatants were
collected for HBV DNA analysis by quantitative real-time polymerase chain reaction (qPCR,
fluorescence probe method) using an HBV Nucleic Acid Detection Kit (Daan, Guangzhou,
China). The qPCR assays were performed in accordance with the manufacturer’s in-
structions. Total RNA was extracted from the 48 h-transfected cells using a Quick-RNA
Purification Kit (ES science, Shanghai, China) for the analysis of intracellular HBV pgRNA.
HBV genotype C pgRNA and β-actin in the HepG2 cells or Huh7 cells were quantified
with the corresponding primers (HBV RNA: 5′-CTGGGTGGGAAGTAATTTGG-3′ and
5′-TAAGATAGGGGCATTTGGTG-3′; β-actin: 5′-TCCCTGGAGAAGAGCTACGA-3′ and
5′-AGCACTGTGTTGGCGTACAG-3′). The reverse transcription PCR and qPCR reactions
were performed with a Fast All-in-One RT Kit (with gDNA Remover) (ES science, Shanghai,
China) and a 2×Super SYBR Green qPCR Master Mix (ES science, Shanghai, China) as
per the manufacturer’s instructions. The relative transcriptional folds were calculated
as 2−∆∆Ct. The human housekeeper gene β-actin was used for expression normalization.
These experiments were performed at least in triplicate. The qPCR was conducted using
the applied biosystems of ABI 7500.

2.5. Immunofluorescence Staining

HepG2 cells and Huh7 cells were cultured for 96 h post-transfection with the plasmids
in 24-well plates. Then, the cells were washed three times with 1×PBS. Immunofluorescence
(IF) staining was carried out as described previously [28]. Briefly, HepG2 cells and Huh7
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cells were fixed with 4% paraformaldehyde diluted using 1×PBS and permeabilized using
0.25% Triton X-100. After blocking with 1% bovine serum albumin (BSA), the cells were
incubated with anti-HBsAg (ab68520, Abcam, Cambridge, UK) (1:500) and anti-HBcAg
(ab8638, Abcam, Cambridge, UK) (1:500) antibodies containing 0.1% BSA at 4 ◦C overnight.
The goat anti-rabbit IgG (H + L) CY3-conjugated (Affinity Biosciences, Changzhou, China)
and goat anti-mouse IgG (H + L) Fluor488-conjugated (Affinity Biosciences, Changzhou,
China) antibodies in a 1:200 dilution were used as the secondary antibodies. 4′,6-diamidino-
2-phenylindole (DAPI) (Beyotime, Shanghai, China) was used to stain the nuclei. The cells
were captured by fluorescent microscopy (Leica, Wetzlar, Germany) at a magnification
of ×400.

2.6. Quantification Assays for HBsAg and HBeAg

The culture supernatants and cell lysates of the pHBV1.3C-transfected cells were
separately obtained from 12-well plates at the indicated time points. Subsequently, the
extracellular and intracellular levels of HBsAg and HBeAg were assessed using elec-
trochemiluminescence (ECL) assays with Elecsys HBsAg II quant II (the lower limit of
detection is 0.05 IU/mL) (Roche, Mannheim, Germany) and Elecsys HBeAg (the cutoff
≥1.0 is positive) (Roche, Mannheim, Germany) in accordance with the manufacturer’s
directions. These experiments were performed at least in triplicate.

2.7. Hydrodynamic Injection and In Vivo Assays

Mice care and experimental procedures were carried out in accordance with national
and institutional policies for animal health and well-being. The use of animals (six mice per
group) for this study was approved by the Animal Management Committee of Guangzhou
Blood Center. Male BALB/c mice [31] (6 to 8 weeks old, 16–22g) were purchased from
Guangdong Medical Laboratory Animal Center. The plasmids of pHBV1.3C (30 µg, diluted
with 1×PBS) were delivered into the mouse liver via a hydrodynamic injection (HDI)
through the tail vein, and a pcDNA3.1(+) (30 µg, diluted with 1×PBS) injection was used as
the negative control. The total volume, at 10% percent of the mouse weight, was delivered
within 5–8 s. At the indicated time, blood samples were collected through the orbital cavity.
The mice were euthanized to collect hepatic tissue samples.

For viremia analysis, the mice serum samples were separated and diluted at a ratio of
1:20 to assess the expression of HBsAg (Elecsys HBsAg II quant II) and HBeAg (Elecsys
HBeAg) as mentioned above. Then, qPCR was performed for serum HBV DNA analysis as
described above. The activity of alanine aminotransaminase (ALT, the value >50 IU/mL
is positive) was measured with an ALT reagent (Kehua, Shanghai, China) as per the
manufacturer’s instruction.

Hematoxylin–eosin (HE) staining and IF staining were performed for the histopatho-
logical and immunological analyses. Briefly, the hepatic tissues were fixed with 10%
formalin and embedded in paraffin. The HE staining was conducted in accordance with the
standard methods. For the IF staining, 5-µm-thick hepatic tissue sections were rehydrated
and boiled for antigen retrieval. Then, the sections were blocked and incubated with
the primary antibodies HBsAg (1:1000, Abcam, Cambridge, UK), HBcAg (1:500, Abcam,
England), CD8 (1:500, Servicebio, Wuhan, China), CD4 (1:2500, Servicebio, Wuhan, China),
and F4/80 (1:2500, Servicebio, Wuhan, China) at 4 ◦C overnight, followed by incubation
with the corresponding secondary antibody and DAPI staining. The images were observed
using Pannoramic DESK (3DHISTECH, Budapest, Hungary).

2.8. Statistical Analysis

The data, derived from three independent experiments, were exported by GraphPad
Prism v7.0 (GraphPad Software, San Diego, CA, USA). The p values were obtained using
the Mann–Whitney U test and a two-tailed unpaired Student’s t-test. Differences were
considered significant at p < 0.05.
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3. Results
3.1. Consensus Sequence of HBV Genotype C from the Chinese Population

Initially, 138 full-length genomes of HBV genotype C submitted between 2009 and
2019 in China were randomly obtained from the NCBI database. These genomes were
aligned using MEGA 7.0. The whole-genome analysis of the 138 genomes indicated that
the sequence variation was significantly higher in the nonoverlapping regions than in the
overlapping regions by entropy analysis at each nucleotide (Figure 1A). Next, a comparison
of all 138 full-length HBV genotype C genomes was performed using MegAlign 7.1 software
to establish the consensus sequence (Supplementary Materials Figure S1), of which amino
acid sequences from the four open reading frames were showed in Supplementary Materials
Table S1. Genotype of the 138 genomes was verified through phylogenetic analysis, as
described in a phylogenetic tree (Figure 1B). The subgenotypes of genotype C among the
138 genomes were further investigated by phylogenetic analysis (Figure 1C). We found
that C2 was the major subgenotype (Figure 1D). Then, the 1.3-fold consensus sequence
of HBV genotype C was synthesized and inserted into the Hind III and EcoR I sites of
pcDNA3.1(+) (Figure 1E). Finally, the infectious plasmid was named pHBV1.3C and used
for the subsequent validation.
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Figure 1. The annotation of the consensus sequence of HBV genotype C. (A) Variability distribution
of the representative 138 HBV genotype C genomes from the Chinese population. Entropy analysis at
each nucleotide within the dataset was performed using BioEdit 7.0 software. Mean entropy in the
nonoverlapping regions was significantly higher at 0.105 (95% confidence interval, 0.097–0.114) than
that in the overlapping regions at 0.062 (95% confidence interval, 0.055–0.068) (Mann–Whitney U
test, p < 0.0001). (B) Phylogenetic tree of the relationship between 138 full-length genomes and HBV
genotypes. The analysis was conducted based on the 138 full-length genomes of HBV genotype C.
The phylogenetic tree was mapped with the neighbor-joining method. Red circle, the references of
HBV genotypes. (C) Phylogenetic analysis of the subgenotypes among the 138 genotype C genomes.
Black circle, the subgenotype references of genotype C. (D) The proportion of the subgenotypes
among the 138 genomes of genotype C. (E) The infectious clone. The 1.3-fold full-length consensus
sequence (nucleotide 1038-3215/1-1984) of HBV genotype C was synthesized and cloned into the
pcDNA3.1(+) vector, namely pHBV1.3C, for functional validation.

3.2. Replication of pHBV1.3C in HepG2 Cells and Huh7 Cells

To examine the replication ability of pHBV1.3C in vitro, we analyzed the expression
of HBV biomarkers after transiently transfecting pHBV1.3C into HepG2 cells and Huh7
cells. At 48 h post-transfection, the qPCR analysis indicated that the secreted HBV DNA
was significantly raised in the pHBV1.3C cell supernatants relative to pHBV1.3B (the
positive control), but undetectable in the mock treatment (Figure 2A); the pgRNA level
of HBV was also increased in the pHBV1.3C-transfected cells (Figure 2B). Further, the IF
staining revealed that HBsAg and HBcAg were still positive in the transfected cells at 96 h
(Figure 2C). Moreover, the ECL analysis of the pHBV1.3C-transfected cells revealed that
HBsAg (Figure 2D) and HBeAg (Figure 2E) accumulated in a time-dependent manner at
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both the extracellular and intracellular levels. These data suggested that pHBV1.3C was
effectively replicated in the host hepatoma cells.
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Figure 2. The replicative capacity of pHBV1.3C in HepG2 cells and Huh7 cells. (A) The extracellular
HBV DNA level attributed to pHBV1.3C was analyzed by qPCR at 48 h. (B) The intracellular HBV
pgRNA was examined by qPCR among the total RNA of the transfected cells at 48 h. Relative
transcriptional folds were calculated as 2−∆∆Ct. The β-actin was used to normalize changes in
pgRNA expression. (C) Visual detection of HBsAg and HBcAg in the transfected cells was performed
using IF staining at 96 h (magnification ×400, scale bar 50 µm). Intracellular or extracellular HBsAg
(D) and HBeAg (E) were estimated by ECL analysis of the transfected cell lysates and supernatants,
respectively, at the indicated time points. Data are shown as mean values ± standard deviation, n = 3.
A two-tailed, unpaired Student’s t-test was performed for p values vs. 24 h. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. pHBV1.3B, positive control; Mock, pcDNA3.1(+), negative control. The
HBV biomarkers were undetectable in the mock treatment. lg: log10; pgRNA, pregenomic RNA;
HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e antigen; HBcAg, hepatitis B core antigen;
h, hours.

3.3. Kinetic Viremia of the BALB/c Recipients Induced by pHBV1.3C

Next, we further investigated the virological traits induced by pHBV1.3C in vivo.
The BALB/c recipients were injected with the plasmids by HDI via the tail vein and
sampled as described in Figure 3A. The kinetic analysis revealed that the activity of ALT
peaked at one day post-HDI (d.p.i.) and then declined to the baseline level (≤50 IU/L)
(Figure 3B). The serological data showed that the circulatory HBV DNA peaked at 14 d.p.i.
and was still detectable at 42 d.p.i. (Figure 3B). Further ECL assays demonstrated that the
serum level of HBsAg increased promptly within seven d.p.i. but decreased thereafter
(Figure 3B). HBeAg gradually accumulated within 14 d.p.i. and remained positive until
42 d.p.i. (Figure 3B). These results together suggested that pHBV1.3C was successfully
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delivered into the murine liver through hydrodynamic injection and that it induced HBV
viremia in the murine recipients.
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Figure 3. Viremia and histopathological traits of the BALB/c recipients injected with pHBV1.3C.
(A) Schematic illustration of the BALB/c recipients injected with pHBV1.3C through hydrodynamic
injection via the tail vein. The blood and hepatic tissue samples were collected at the indicated time
for further analysis. (B) Viremia traits attributed to pHBV1.3C. Mouse serum data: ALT activity in
the serum was measured by kinetic analysis at indicated time points. HBV DNA quantification in
the serum was performed by qPCR. HBsAg and HBeAg levels were measured using ECL assays.
(C) Histological analysis of the cross-sections was performed with HE staining (magnification ×40,
scale bar 500 µm). (D) IF staining was conducted to evaluate the hepatic expression of HBsAg
(red) and HBcAg (green) (magnification ×400, scale bar 20 µm). The white arrows pointed out the
HBcAg+ hepatocytes. ALT, alanine transaminase; HE, hematoxylin–eosin; IF, immunofluorescence;
Mock, negative control, pcDNA3.1(+) injection at one d.p.i.; d.p.i., days post-hydrodynamic injection;
HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e antigen; HBcAg, hepatitis B core antigen.
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3.4. Histopathological Characteristics in BALB/c Recipients Injected with pHBV1.3C

We also examined the histopathological effects in the murine hepatic tissue owing to
the injection of pHBV1.3C. As expected, the HE staining results showed that pHBV1.3C
triggered inflammatory infiltration and induced focal or piecemeal necrosis in the hepatic
tissues of different BALB/c recipients as indicated in Figure 3C, in contrast to the mock-
treated control. These findings indicated that pHBV1.3C resulted in different degrees of
morphological changes in livers. Subsequently, the hepatic tissues were subjected to the IF
staining to determine the expression of HBV proteins. The IF staining confirmed that the
cytoplasmic HBsAg and HBcAg were positive in the recipients’ hepatocytes (Figure 3D).
Taken together, our data confirmed that pHBV1.3C was able to replicate and express HBV
proteins in the host hepatic cells and induce histopathological injury in vivo.

3.5. Hepatic Immunopathological Characteristics in BALB/c Recipients Injected with pHBV1.3C

Given that the virus-specific immune response is critical for the host against HBV
in vivo, we investigated three typical markers of the adaptive and innate immune cells
within the liver of the recipients. Then, IF staining of CD8, CD4, and F4/80 was per-
formed to detect CD8+ T cells, CD4+ T cells, and mouse liver-resident macrophages [32],
respectively. The IF assays revealed the colocalization of HBsAg with CD8+ or CD4+ T
cells in the livers of pHBV1.3C-injected recipients (Figure 4A). The staining results also
indicated the abundant recruitment of F4/80+ cells around HBV-related necrotic lesions in
the pHBV1.3C-injected livers (Figure 4B), which may provide a hint for the mechanism of
pHBV1.3C-induced necrosis.
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4. Discussion

HBV genotype C is still mostly responsible for the prevalence of HBV infections in
China [16]. The replication of HBV is catalyzed by HBV DNA polymerase that lacks a
proofreading ability, which explains why its mutation rate is 10 times higher than that
of other DNA viruses. The high mutation rate allows HBV to acclimatize to the host
environment but also poses an obvious burden for the elimination of HBV [33,34]. Thus,
the consensus sequence of HBV genotype C could pave the way for an intensive and
robust understanding of the virus. Moreover, scientific validation is required to develop a
convenient infectious clone replicated in vitro and in vivo.

First, we established the representative consensus sequence of HBV genotype C,
using 138 full-length genomes randomly obtained from the Chinese population. The
entropy analysis of the 138 genotype C genomes showed that the polymorphism in the
nonoverlapping regions was more frequent than that in the overlapping regions, which may
suggest the constrained complexity distribution of those sequences [35]. Phylogenetic tree
analysis showed that the 138 full-length genomes belong to HBV genotype C and are distinct
from other HBV genotypes. The subgenotype with the highest proportion among the
138 genotype C genomes was C2, which is dominant in China [19]. The pcDNA3.1(+) vector
containing the HBV genome is commonly used to study the virological and immunological
traits of HBV under the control of CMV promoter/enhancer [25,36,37]. Different lengths
of the HBV genome inserted into the plasmid backbone affect the expression level of
HBV biomarkers [25]. Other HBV-related studies have shown that the 1.3-fold HBV
genome plasmid ensures the effective transcription of 3.5 kb pgRNA [28,38,39]. The
1.3-fold consensus sequence contains HBV promoter elements and enhancer elements
(Supplementary Materials Figure S1), which modulate the expression of HBV genes. Hence,
we constructed the infectious plasmid with a 1.3-fold full-length consensus sequence,
namely, pHBV1.3C, for further validation.

Second, pHBV1.3C was practically validated via its in vitro performances. Other stud-
ies have shown that human hepatoma cell lines, i.e., HepG2 cells and Huh7 cells, provide
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robust systems to study the replication of HBV [31,40]. Once the plasmids are delivered
into the hepatoma cell lines, the host’s RNA polymerase with cell-specific transcription
factors uses the HBV genome template for all viral transcripts in the nucleus. HBV ORFs
are encoded into genomic and subgenomic transcripts. Genomic transcripts, acting as
mRNAs for encoding HBeAg, HBcAg, and polymerase, are referred to as HBV pgRNA. The
pgRNA is reverse-transcribed to HBV DNA. The subgenomic transcripts act as templates
for HBsAg and HBx [4]. Our in vitro results revealed that the extracellular HBV DNA
levels of pHBV1.3C-transfected HepG2 cells and Huh7 cells were significantly higher than
those of pHBV1.3B, which correlate with the more active replication of HBV genotype C in
patients [35]. The qPCR results also revealed that HBV pgRNA—the indicator of the HBV
replication in the host cells—was detectable in the pHBV1.3C-transfected cells. The in vitro
replicative capacity was further verified through the expression of HBV proteins. The IF
staining revealed the cytoplasmic colocalization of HBsAg and HBcAg in transfected cells
at 96 h. In keeping with the life cycle of HBV in HepG2 cells and Huh7 cells, HBsAg and
HBeAg apparently accumulate in a time-dependent manner, which further supports the
replication and expression of pHBV1.3C in vitro.

Subsequently, the in vivo investigations showed HBV viremia and histopathological
findings of the murine recipients induced by pHBV1.3C. Hydrodynamic injection via the
tail vein is an efficient method to deliver the genetic material into the murine liver. It
involves a rapid liquid injection of an appropriate volume with HBV plasmids, which re-
sults in viremia, histopathological traits, and even immune response [38,41]. The outcome
of hydrodynamic injection with HBV plasmids depends on the host immune response,
as it is during a natural infection [38]. BALB/c mice and C57BL/6 mice, which are im-
munocompetent, are widely used to study acute or chronic HBV infection in vivo via HDI,
respectively [31,42–44]. The course of acute HBV infection is characterized by an initial
peak in HBV DNA and HBV proteins, such as HBsAg and HBeAg [45]. HBV proteins
and their respective antibodies are detectable at seven weeks in BALB/c mice [42], and
HBV intermediates and proteins are detectable for up to one year in C57BL/6 mice [43].
C57BL/6 mice—susceptible to chronic HBV infection—may yield positive HBV-related
antibodies [44] and intrahepatic covalently closed circular DNA (cccDNA) [46]. In our
study, we used BALB/c mice as the murine recipients. The kinetic assays indicated that the
activity of serum ALT—a marker of liver damage—peaked at one d.p.i., which might result
from the effective delivery of pHBV1.3C into the liver via hydrodynamic injection; however,
the ALT declined to the baseline level thereafter. Normal ALT levels do not mean that the
liver has no inflammation [47]. The serological profiles also proved that the pHBV1.3C
induced HBV viremia with HBV DNA, HBsAg, and HBeAg serostatus (Supplementary
Materials Table S3). These HBV markers could peak within two weeks upon the acute
HBV infection and then decrease, which is probably related to the host’s antivirus immune
response [48,49]. The absence or presence of anti-HBs, anti-HBc, and anti-HBe has been
used to distinguish among different clinical phases of HBV infection [50]. The HBsAg is
weakly immunogenic in the absence of adjuvants. Antonio [50] found that the anti-HBs
appear after 10 weeks of HBV infection. HBeAg is a non-particulate protein of HBV. Se-
roconversion from HBeAg to anti-HBe is an important hallmark of disease progression,
which is typically associated with a transition to an inactive infection with a low level
of HBV DNA [9]. Spontaneous HBeAg seroconversion in patients with HBeAg-positive
CHB is rare within six months [51]. Anti-HBc is used as a marker of ongoing or prior HBV
contact. Other researchers have shown that the anti-HBc is produced after six weeks of
acute infection [52]. The dynamics of these antibodies need to be further investigated in the
pHBV1.3C-HDI mouse model. Furthermore, our histological analysis using HE staining
showed that pHBV1.3C triggered hepatic damage (inflammatory infiltration and focal
necrosis or piecemeal necrosis) within the BALB/c recipients. Consistent with the human
hepatoma cells, the IF staining also confirmed the expression of HBsAg and HBcAg in the
hepatocytes because of the injection of pHBV1.3C. Together with the in vitro study on the
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hepatoma cell lines, our in vivo investigations consistently supported the HBV replication
and expression of pHBV1.3C.

HBV infection is not directly cytopathic to hepatocytes but rather through the immune
system. The host’s innate and adaptive immune response promotes the clearance of HBV
in patients with acute hepatitis B [52]. The inflammatory infiltration and hepatic necrosis
might be associated with the complicated immune response in a bid to eliminate the
HBV attack [53–55]. To determine the infiltration of immune cells in pHBV1.3C-induced
acute liver injury, we studied the relationship of three typical immune cells with HBV
proteins. HBV-specific CD8+ T cells, helped by CD4+ T cells, are crucial for the spontaneous
resolution of acute HBV infection [56]. The peak appearance of HBV-specific CD8+ T cells
is often concomitant with the peak of liver damage, but the quantity of HBV-specific CD8+

T cells is low [50]. Recent studies have shown that CD8+ T cells recognize various HBV
epitopes with distinct phenotypic and functional features [57]. In this study, we observed
the colocalization of HBsAg and CD8+ T cells or CD4+ T cells in the pHBV1.3C-injected
livers. HBsAg-specific CD8+ T cells are one of the induced effectors of HBV clearance
in the HBV infection model [58]. They are more responsive to metabolic intervention
than HBcAg-specific T cells (undetectable in the infected liver within two weeks in this
study) [57]. Limited amounts of viral antigen influence the cytokines production in HBV-
specific CD8+ T cells [59]. Other studies have shown that HBV-specific CD8+ T cells
indirectly cause liver damage by triggering the recruitment of inflammatory infiltration
composed of macrophages [37,60]. The largest innate immune cell population in the liver
is the tissue-resident macrophages, also known as Kupffer cells. F4/80 is a representative
surface marker of mouse monocyte macrophages [61]. There may be two F8/40+ Kupffer
cells subsets, with phagocytic activity and cytokine-producing capacity [62]. Our data
revealed that F8/40+ cells were abundantly recruited around the HBsAg+ cells or HBcAg+

nidus, which may lead to the progression of liquefaction of necrotic tissues attributed to
pHBV1.3C. Here, the inflammatory liver lesions may not be the result of the infiltration of
CD8+ T cells, which target the infected hepatocytes through cytokines and lysis, but rather
the result of Kupffer cells’ phagocytic activity. The molecular details remain to be fully
investigated in the future.

Taken together, our aforementioned investigations provide a valuable tool to inves-
tigate HBV genotype C. The chemically synthesized consensus sequence of genotype C
provides valuable genic background for the research of the virus life cycle, virus–host
interaction, drug resistance, new agent screening, and treatment outcomes. Moreover,
our previous study reported that some HBsAg mutations play a coordinated role in the
pathogenesis of HBV [28]. The new infectious plasmids could be used to understand the
underlying mechanism of single mutation and coordinated mutation among HBV genotype
C, which would be beneficial to optimizing virus testing and developing corresponding
strategies to eradicate HBV infection.

5. Conclusions

Notably, our data illustrates the feasible replication and expression of the synthesized
consensus genome of HBV genotype C from the Chinese population. The in vitro results
revealed that pHBV1.3C (including the 1.3-fold consensus genome of HBV genotype C)
can produce the biomarkers of HBV in host HepG2 cells and Huh7 cells. Further in vivo
investigations showed that pHBV1.3C induces HBV viremia and HBV histopathological
traits and triggers immunopathological changes, thereby causing necroinflammation in
the liver of BALB/c recipients. Our study provides a convenient tool to understand the
pathogenesis and virus-related traits of HBV genotype C.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/v15122302/s1, Figure S1: The established consensus sequence of
HBV genotype C; Table S1: The translated amino acid sequences of the four open reading frames
(ORFs: P, preC/C, preS/S, X) from the consensus sequence of genotype C; Table S2: Positional
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frequency report of 138 HBV genotype C genomes; Table S3: Serum data of the mice recipients
injected with pHBV1.3C.
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