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An HBV susceptibility variant of KNG1 modulates the
therapeutic effects of interferons a and A1 in HBV infection by
promoting MAVS lysosomal degradation
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Summary

Background Hepatitis B virus (HBV) infection is one of the main causes of hepatocellular carcinoma (HCC). The
relationship between HBV infection and the host genome as well as their underlying mechanisms remain largely
unknown.

Methods In this study, we performed a whole-genome exon sequencing analysis of 300 sib-pairs of Chinese HBV-
infected families with the goal of identifying variants and genes involved in HBV infection. A site-direct mutant
plasmid was used to investigate the function of SNP rs76438938 in KNGi. The functional and mechanical studies
of KNG1 were conducted with in vitro liver cell lines and a hydrodynamic injection model in vivo. The impact of
KNG1 on HBV infection therapy was determined in hepatocytes treated with IFN-o/A1.

Findings Our whole-exon association study of 300 families with hepatitis B infection found that SNP rs76438938 in
KNGa significantly increased the risk for HBV infection, and the rs76438938-T allele was found to promote HBV
replication by increasing the stability of KNG1 mRNA. By competitively binding HSP90A with MAVS, KNG1 can
inhibit the expression of types I and III IFNs by promoting MAVS lysosomal degradation. Such suppression of
IFN expression and promotion of HBV replication by Kng: were further demonstrated with an animal model
in vivo. Lastly, we showed that the rs76438938-C allele can improve the therapeutic effect of IFN-a and -A1 in
HBYV infection.

Interpretation This study identified a SNP, rs76438938, in a newly discovered host gene, KNG, for its involvement in
HBYV infection and treatment effect through modulating the cellular antiviral process.

Funding This study was supported in part by the Independent Task of State Key Laboratory for Diagnosis and
Treatment of Infectious Diseases of the First Affiliated Hospital of Zhejiang University, the China Precision Med-
icine Initiative (2016YFC0906300), and the Research Center for Air Pollution and Health of Zhejiang University.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Hepatitis B virus (HBV) infection, one of the world’s
major public health problems, can lead to liver cirrhosis
(LC) and hepatocellular carcinoma (HCC)."” There are
about 300 million HBV infections worldwide, with a
prevalence rate of 3.9%.> The infection and treatment of

hepatitis B are related to the genetic background of the
host.*” Several Asian genome-wide association (GWAS)
studies have shown that SNPs in HLA genes are associ-
ated with chronic HBV infection, including HLA-DP
(rs9277535, 1s3077, 159366816, 159277542) and HLA-DQ
(rs2856718, 1s7453920, 159276370, 1s9276516, and
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Research in context

Evidence before this study

Host genetics significantly affects HBV infection, but the
mechanism underlying this is largely unknown. KNG1 is
thought to play a role in the inflammatory response, but its
function and mechanism in the immune response have never
been addressed.

Added value of this study

The exome-wide association analysis identifies some HBV
infection-associated variations, which include rs76438938
located in KNG1. SNP rs76438938-T promotes HBV
replication and increases KNG1 mRNA stability. By promoting
lysosomal degradation of MAVS, KNG1 inhibits the expression

rs7453920).5° Clinical studies identified a significant
correlation  between IL-18-607C/A and -137G/C
(rs1946519 and rs187238) polymorphisms and the risk of
HBYV infection." Huang et al. found that the TT genotype
of TLR3 rs3775290 was closely related to the reduction of
Chronic hepatitis B (CHB) risk.”* A meta-analysis revealed
the importance of TLR3 rs3775291 in HBV-related dis-
eases.”” However, genetic factors that contribute to HBV
infection have not yet been fully revealed, and many more
such susceptibility genetic variations remain to be
identified."*

HBV was previously considered a “stealth virus”
because the expression of IFNs and other inflammatory
factors was not observed in liver biopsies of chimpanzees
infected with HBV." However, these results might reflect
the fact that the IFN response is suppressed by HBV.'*"”
A strong and specific innate immune response was
detected in differentiated HepaRG cells transduced with
recombinant baculovirus encoding the HBV genome,
including IFN-B and other IFN-stimulating genes.”® A
recent study showed that primary human hepatocytes
(PHH) and fibroblasts (MPCC) respond to HBV infection
and activate types I and III IFN responses.” Sato et al.
reported that the pre-genomic RNA (pgRNA) produced
by HBV replication was recognized by the pattern
recognition receptor (PRR) retinoic acid-inducible gene I
(RIG-I) to trigger type III (rather than type I) IFN re-
sponses in hepatocytes and human liver chimeric mice.”

The type III IFN family is composed of three mem-
bers: IFNL1 (IL-29), IFNL2 (IL-28A), and IFNL3 (IL-
28B).”" Although type III IFN exerts biological functions
by interacting with different cell surface receptors, it is
regulated by a mechanism common to type I IFN.”
Pattern recognition receptors such as Tolllike re-
ceptors (TLR) and RIG-I-like receptors recognize viruses
or other pathogens and bind to and transmit signals to
mitochondrial antiviral-signaling (MAVS) sites (also
known as Cardif, IPS-1, and VISA).” Activated MAVS
recruits and phosphorylates TBK1 and IRF3, leading to
the production of types I and III IFNs.*

of types | and Il IFNs, which leads to increased HBV
replication. Moreover, we found that SNP rs76438938-C can
yield a better therapeutic effect of IFN-a and IFN-A1 in HBV
infection.

Implications of all the available evidence

We provide new insights into how KNG1 plays a role in the
cellular antiviral process. Our data demonstrate that
rs76438938 is a functional variant affecting hepatitis B
susceptibility and treatment. This study suggests a potential
precise treatment strategy for patients carrying the
rs76438938-T allele.

In this study, to identify new functional HBV sus-
ceptibility genes and genetic variants, we performed a
genetic association analysis on an exome sequencing
dataset of 300 sib-pairs HBV-infected family samples
with similar genetic backgrounds and found that SNP
1s76438938 and its host gene KNG1 were significantly
associated with HBV infection. We further conducted a
series of in vitro and in vivo experiments, including
gene silencing and hydrodynamic injection, to explore
its function and potential mechanism. We revealed the
important role of KNGI in HBV infection and
demonstrated a new mechanism indicating that KNG1
induces MAVS lysosome degradation through
competitive binding to HSP90A to inhibit the expres-
sion of types I and III IFNs. Additionally, the risk allele
rs76438938-T increases the stability of KNGI mRNA,
leading to increased susceptibility to HBV infection.
Finally, we showed that SNP rs76438938 could
modulate the therapeutic effect of IFN-a and -Al in
HBYV infection.

Methods

Participants

The three hundred sib-pairs regardless of gender used
in the study were recruited at the First Affiliated Hos-
pital of Zhejiang University School of Medicine and
other neighboring hospitals or medical centers.”
Among these siblings, 300 with chronic hepatitis B vi-
rus infection (CHBVI) were identified as seropositive
for either hepatitis B surface antigen (HBsAg) or HBV-
DNA, whereas the corresponding sib-controls were
negative for both (Supplementary Table S1). More
detailed descriptions of the demographic and pheno-
typic characteristics of these subjects have been reported
previously.” All participants were of Chinese Han
ethnicity. Informed written consent was obtained from
each participant, and demographic and clinical data
were collected by structured questionnaires. The project
was approved by the Ethical Committee of the First
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Affiliated Hospital of Zhejiang University School of
Medicine (Ref No. 2017-921).

DNA isolation, library preparation, and whole-
exome sequencing

Genomic DNA (gDNA) was extracted from whole blood
using the Gentra Puregene Blood Kit (#158845, Qia-
gen) and stored at —-80 °C until needed. One pg of DNA
per sample was used as input material for sample
preparation. Sequencing libraries were generated us-
ing NEBNext® Ultra™ DNA Library Prep Kit for
Mumina (#E7103L, NEB, USA) according to the man-
ufacturer’s recommendations, and index codes were
used to attribute sequences to each sample. DNA
fragments were end-polished, A-tailed, and ligated with
the full-length adaptor for Illumina sequencing. PCR
products were purified with the AMPure XP system,
and libraries were analyzed for size distribution by
Agilent 2100 Bioanalyzer and quantified with real-time
PCR. The libraries were sequenced on an Illumina
HiSeq2000 platform, and 150-bp paired-end reads were
generated.

Genome-wide association analysis
DNA-seq reads of each sample were aligned with the
reference genome hg38 using a Burrows-Wheeler
Aligner (BWA) under the default setting.”” After
removal of PCR duplicates by Picard tools 1.119 (http://
broadinstitute.github.io/picard/), single nucleotide var-
iations (SNVs) were identified by the Genome Analysis
Toolkit (GATK v.3.5). The statistics of each variant,
including allele balance, depth of sequencing coverage,
strand balance, and multiple quality metrics, were an-
notated using the GATK Variant Annotator.”* These
statistics were used in an adaptive error model to esti-
mate the probability that each SNV was a true one using
the GATK Variant Quality Score Recalibration
(VQSR)'Z&Z‘J

Then, SNVs were filtered at a VQSR truth sensitivity
(TS) of 99.9% for further analysis. Functional variants
were annotated using the ANNOVAR?®; both individual
and genetic variant quality controls were examined us-
ing PLINK (v.1.9). The QC steps were conducted under
the following criteria: genotype call rate >95%, minor
allele frequency (MAF) >1%, and P value of Hardy—
Weinberg equilibrium (HWE) >1 x 107°. After these
QC and filtering steps, a total of 191,924 SNPs were
retained for further analysis. Genome-wide association
analysis was carried out under two approaches. The first
approach was a logistic regression under an additive
genetic model adjusted by age and sex as covariates. The
second approach was the liberalization of the sibling
transmission/disequilibrium  test (STDT) model
adjusted for age, sex, and the first five principal com-
ponents (PCs),”" which was realized with the family-
based association for disease traits (DFAM) procedure
implemented in PLINK.*> Only those overlapped SNPs
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with a P value <0.05 (Pearson Correlation Analysis) for
both genetic models were retained for the investigation.

Cell culturing

The HepG2 (RRID: CVCL_0027), HepG2.2.15 (RRID:
CVCL_L855), and Huh7 (RRID: CVCL_0336) cells were
maintained in 37% Dulbecco’s Modified Eagle medium
(#SH30022.01, HyClone, Logan, UT, USA) containing
10% fetal bovine serum (#10100147, GIBCO, Waltham,
MA USA), penicillin G 100 U/ml, and streptomycin
100 pg/ml (#10378016, GIBCO) and incubated at 37 °C
in a humidified incubator with 5% CO,.
HepG2.2.15 cells were supplemented with G418 sulfate
400 pg/ml (#10131027, GIBCO). The L02 (RRID:
CVCL_6926) was maintained in RPMI 1640 medium
(#SH30027.01, HyClone, Logan, UT, USA), with the
other conditions being the same. All cell lines were
purchased from the China Center for Type Culture
Collection (CCTCC) and tested negative for mycoplasma
throughout the study. The short tandem repeat (STR)
profiling was used to verify the identity of each cell line.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from cell lines using TRIzol re-
agent (#15596018, Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. Reverse-
transcribed ¢cDNA was synthesized using the iScript™
cDNA Synthesis Kit (#1708890, Bio-Rad, Shanghai)
following the manufacturer’s protocol. Real-time PCR was
performed with SYBR Premix Ex Tag (#RR420, TaKaRa).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the internal control for the amplification of
mRNA. The comparative CT method was applied to
calculate the relative mRNA expression. Primer sequences
are displayed in Supplementary Table S2.

Transfection

HepG2.2.15, L02, Huh7, and HepG2 cells (~8 x 10°)
were seeded at an appropriate equal number in 6-well
plates. In each well, cells were transfected with the
recommended concentration of siRNA or plasmids us-
ing Lipo3000 (#L3000015, Thermo Fisher) according to
the manufacturer’s instructions and harvested after
48-72 h for assays. All siRNAs were purchased from
Genepharma (Genepharma, Shanghai, China). The
siRNA sequences used in the study are displayed in
Supplementary Table S3.

Immunofluorescence assay

The PCAGGS-HSP90A-His and pcDNA3.1-KNG1-
3 x Flag or pcDNA3.1-MAVS-Flag plasmids were trans-
fected into HepG2.2.15 cells, which were grown on cov-
erslips for 48 h. HepG2.2.15 cells were washed three
times with PBS before fixation with 4% formaldehyde for
20 min. The fixed cells were permeabilized with 0.1%
Triton X-100 for 10 min and then blocked with 5%
bovine serum albumin for 1 h. Cells were incubated with
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the corresponding antibodies for 1 h at room tempera-
ture. After washing three times with TBST, cells were
incubated for 1 h at room temperature with Alexa
Fluor® 488 conjugated anti-rabbit IgG (#ab150077,
Abcam) and Alexa Fluor® 647 anti-mouse IgG
(#ab150115, Abcam). DAPI (#P0131, Beyotime) was used
for nucleus staining. The intracellular localization was
analyzed by a confocal microscope (Nikon, Tokyo, Japan).

Generation of nucleotide base-editing cell lines
The BE4-Gam plasmid (Addgene plasmid #100806) was
a gift from Dr. David Liu. A specific oligonucleotide
targeting rs76438938 was designed according to the
experimental methods.”> The BE4-Gam plasmid and
oligonucleotides were cotransfected into L02 cells by
Lipo3000. After 48 h of transfection, cells were placed in
a 96-well plate to obtain a single clone. Gene-edited cell
lines were obtained from these monoclonal cells and
verified by Sanger sequencing.

Western blotting

The transfected cells were lysed by RIPA buffer con-
taining 1 mM phenylmethylsulfonyl fluoride (PMSF,
#ST506, Beyotime) and quantified using the BCA pro-
tein assay (#P0010, Beyotime). Protein samples were
diluted with 5x sample loading buffer and boiled at
100 °C for 10 min. Next, 30 pg of protein was separated
by 8% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to PVDF membranes
(#IPVH00010, Millipore, St. Louis, USA). Membranes
were blocked with 5% skim milk at room temperature
for 1 h and then incubated with the appropriate primary
antibody at 4 °C overnight. Membranes were washed
with TBST followed by 1 h of incubation with secondary
antibody at room temperature. Antibody-bound proteins
were visualized by ECL Hyper film kit in a ChemiDoc
MP imaging system (BioRad, Hercules, CA). For quan-
tification, Image ] (National Institutes of Health) was
used to measure the densitometry of each band, which
was then normalized to ACTB or GAPDH. Primary
antibodies used for Western blotting were anti-KNG1
(11926-1-AP, RRID: AB_2133403), anti-RIG-I (20566-1-
AP, RRID: AB_10700006), anti-MAVS (14341-1-AP,
RRID: AB_10548408), anti-Flag (20543-1-AP, RRID:
AB_11232216 and 66008-4-Ig, RRID: AB_2918475),
anti-ACTB (20536-1-AP, RRID: AB_10700003), anti-
HSP90A (A5006, RRID: AB_2863411), anti-His (66005-
1-Ig, RRID: AB_11232599), and anti-GAPDH (AC033,
RRID: AB_2769570). The secondary antibodies were
goat anti-rabbit IgG (SA00001-2, RRID: AB_2722564)
and goat anti-mouse IgG (AS003, RRID: AB_2769851).
All these antibodies were purchased from Proteintech or
Abclonal.

Co-immunoprecipitation
After extracting cellular protein with the same proced-
ures as used for Western blotting, 450 pl of lysate and

1 pg of specific antibody or IgG control of the corre-
sponding species were incubated overnight at 4 °C with
rotation. Then, 30 pl Protein A + G agarose gel beads
(#P2019, Beyotime) were added to the mixture, and the
incubation was continued for 3 more hours at 4 °C with
rotation. After centrifugation at 2500 rpm for 5 min, the
agarose was washed three times with 1 ml of PBS, and
30 pl of 1 x SDS sample buffer was added to the mixture
and incubated at 100 °C for 10 min to elute the protein.
Finally, the supernatant liquid was centrifuged to collect
material for subsequent immunoblotting experiments.

HepG2-NTCP cell line establishment and HBV
infection

Lentivirus  encoding  sodium  taurocholate  co-
transporting polypeptide (NTCP) was purchased from
OBiO Technology (Shanghai, China). The virus was
used to infect HepG2 cells in the presence of polybrene
(5 mg/ml). After infection for 48 h, the cells were
cultured in DEME medium containing 5 mg/ml puro-
mycin (#1780151, GIBCO) for 7 days to generate a
HepG2-NTCP cell line. The stable HepG2-NTCP cell
line was confirmed by qRT-PCR and Western blotting.
HBYV infection was conducted as described previously.**
The HBV used in this study was derived from
HepG2.2.15 cells and was quantified by qRT-PCR.
HepG2-NTCP cells were preincubated for 24 h with
3% DMSO (#D2650, Sigma) and then infected with
HBYV in the presence of 4% PEG8000 (#A600433, San-
gon Biotech) and 3% DMSO for 16 h.

Animal studies

Hydrodynamic injection was used to transfect gene
expression plasmids. Male C57BL/6 mice (6-8 weeks
old, RRID: IMSR_JAX:000664) were purchased from
Zhejiang Center of Laboratory Animals and randomized
into two groups which were received hydrodynamically
injected (HDI) intravenously over 5-8 s with pHBV
(10 pg) along with vector (20 pg) or Kngl-Flag (20 pg)
plasmids. The mixture of plasmids was suspended in a
volume of saline equivalent to 10% of body weight. Each
mouse was cared for under standard conditions ac-
cording to institutional guidelines and was euthanized
randomly under anesthesia after successful injection at
a specific time point, and serum and liver samples were
collected for further analysis. The experimental pro-
cedures used in the study were approved by the Insti-
tutional Animal Care and Use Committee of Zhejiang
University (ZJCLA-TACUC-20030050).

Detection of HBV-DNA, HBsAg, and HBeAg

After 48 h of transfection, the supernatant liquid was
collected by centrifugation at 3000 rpm for 10 min at
4 °C. The HBV DNA content was measured by an HBV-
DNA fluorescent quantitative PCR detection kit (San-
sure Biotech, Hunan, China). Using the ARCHITECT
kit (Abbott, Chicago, IL, USA), the concentrations of
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HBsAg and HBeAg were quantified by chemilumines-
cent particle immunoassay. All measurements were
carried out at least three times according to the manu-
facturer’s instructions.

Statistical analysis
All experiments were repeated at least three times, and
the data are shown as Mean + Standard error of the
mean (SEM). We used two-tailed unpaired t-tests to
compare the two groups. P < 0.05 was considered sta-
tistically significant.

Role of funders

The funders played no role in the study design, data
collection, data analysis, data interpretation, and paper
writing.

Results

Characterization of a functional variant
rs76438938 in KNG1 for affecting HBV infection
To identify susceptibility variants and genes for HBV
infection, we performed a whole-exome sequencing
analysis on 300 paired family samples. Because of a
relatively small sample size, we did not find any SNP
that met the significance threshold at the genome-wide
level (P < 1 x 107®, Pearson Correlation Analysis).
Considering the purpose of this study was to find the
variants that are more likely to be involved in HBV
infection, the liberalization of the sibling transmission/
disequilibrium test (sTDT) was also adopted for the
study, which is commonly used for genetic association
analysis of family study design (Supplementary
Fig. Sla). Based on two association analysis methods,
639 SNPs across 534 genes were found to be associated
with hepatitis B infection (P < 0.05, Pearson Correlation
Analysis), which includes 3 nonsense variations and 180
missense variations (data not shown).

To discover functional variants that are more likely to
affect HBV infection, we focused on the three nonsense
variants, which are more likely to have a large biological
effect on their host gene (Supplementary Table S4).
Examination of clinical data showed that 80% of in-
dividuals carrying the rs76438938-T allele had developed
chronic hepatitis B and liver cirrhosis (OR = 4.6660,
P = 0.0209, Pearson Correlation Analysis; Fig. 1la;
Supplementary Table S5), indicating that SNP
rs76438938-T in KNGI significantly enhances the sus-
ceptibility of carriers to HBV infection.

Gene annotation of the NCBI database revealed that
KNG1 is located on chromosome 3, and it is expressed
mainly in the liver and kidneys. KNGI contains 10
exons and encodes two proteins through alternative
splicing: high molecular weight kininogen (HMWK)
and low molecular weight kininogen (LMWK) (Fig. 1b).
The SNP rs76438938 is located in the 3'UTR of HMWK
and the 10th exon of LMWK, which results in a
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truncation of 16 amino acids from the C-terminus of the
LMWK.

To investigate the function of rs76438938 as a
nonsense mutation in HBV infection, we constructed
LMWK expression plasmids carrying either the C (i.e.,
full-length or wild-type LMWK) or T allele (i.e., trun-
cated or mutant LMWK) and transfected them into
HepG2.2.15 cells and then detected their effect on
intracellular HBV replication level. As shown in Fig. 1c,
the expression plasmids carrying either the
rs76438938 C or T allele were successfully expressed in
cells and the rs76438938-T allele resulted in a truncated
LMWK protein. Compared with the HepG2.2.15 cells
expressing full-length LMWK (i.e., C allele), qRT-PCR
analysis showed significantly increased HBV DNA and
HBV pgRNA in the cells expressing mutant LMWK,
along with the higher levels of HBeAg and HBsAg
detected by ELISA (Fig. 1d). These results suggest that
SNP 1s76438938-T promotes HBV replication in
HepG2.2.15 cells.

Surprisingly, endogenous LMWK protein was not
detected in HepG2.2.15 cells. Compared with the con-
trol group where HepG2 cells were transfected with the
LMWK overexpression plasmid, the LMWK protein was
not detected by Western blotting in normal HepG2 and
HepG2.2.15 cells (Supplementary Fig. S1b). In addition,
the LMWK protein was not also observed in mouse liver
samples (Supplementary Fig. Slc). These data imply
that HMWXK is the main protein product of KNG1, while
LMWK may only have a potential effect on HBV
replication.

To further evaluate the effect of rs76438938 on
KNG1, we generated a mutant cell line carrying the risk
allele rs76438938-T by using the CRISPR-BE4-Gam
system in LO2 cells (Supplementary Fig. S1d). We
found that rs76438938-T significantly increased the
expression of KNG1 (Fig. le). Actinomycin D treatment
assays showed that the KNG1 mRNA in mutant cells
decayed slower relative to the wild-type cells, indicating
that rs76438938-T is capable of increasing KNG1 mRNA
stability (Fig. 1f). At the protein level, a significant in-
crease of the long form of KNG1 protein (i.e., HMWK)
was detected in LO2 cells carrying the rs76438938-T
allele (Fig. 1g), and no short form of the protein (i.e.,
LMWK) was detected in this cell line. These results
indicate that rs76438938 executes its biological function
mainly by modulating KNG1 expression during HBV
infection. Since HMWK is the main protein of KNG1,
we will use HMWK level to represent the protein level of
KNGT1 in the following description of this paper, unless
stated otherwise.

KNG1 promotes HBV replication

To investigate the functions of KNG1 in HBV infection,
we first explored whether KNGI responds to HBV
infection. By analyzing the gene expression data of pri-
mary human hepatocytes (PHHs) from GSE69590
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Fig. 1: Characterization of a functional variant rs76438938 in KNG1 affecting HBV infection. (a) Participants carrying the T allele and their
sibs in family samples. (b) Schematic diagram of KNG1 alternative splicing. The red arrow marks rs76438938. (c) Both wild-type and mutant
LMWK were overexpressed in HepG2.2.15 cells. (d) Levels of HBV DNA, HBV pgRNA, HBeAg, and HBsAg in HepG2.2.15 cells transfected with
wild-type or mutant LMWK plasmid. (e) qRT-PCR analysis of KNG1 in LO2 cells with CC and TT genotypes. (f) Effect of rs76438938 on the KNG1
mRNA stability. Actinomycin D (5 pg/ml) was used to treat cells, which were collected at 0, 2, 4 and 6 h after treatment. The mRNA was
detected by gRT-PCR normalized to GAPDH. (g) Western blotting analysis of KNG1 in L02 cells with CC and TT genotypes. Error bars indicate
SEM. P-value was determined using a two-tailed unpaired t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

before and after HBV infection, we found that KNG1
was significantly upregulated after HBV infection
compared with the PHH controls (Fig. 2a). In addition,
we detected KNG1 expression in HepG2-NTCP cells
before and after HBV infection. Both qRT-PCR and
Western blotting analysis results showed that HBV
infection resulted in significantly increased KNGI
expression (Fig. 2b and c).

We further studied the effect of KNG1 on intracel-
lular HBV replication in different liver cell lines. When
comparing the cells transfected with the pHBV plasmid
and control vector, KNG overexpression significantly
promoted the production of HBV in HepG2 cells
(Fig. 2d and e). Such increased HBV replication levels
were also observed in HepG2.2.15 and Huh7 cells
transfected with KNGI overexpression plasmid
(Supplementary Fig. S2a—S2d). Next, we down-regulated
KNG1 expression by siRNA targeting all transcripts of
KNG]1. There was a significant reduction in the amounts
of various HBV markers, including HBV DNA, HBV
PgRNA, HBeAg, and HBsAg in HepG2 cells with KNG1
knock-down (Fig. 2f and g). To determine whether the
role of KNG1 in promoting HBV replication was uni-
versal, we performed the same experiments in the
HepG2.2.15 and Huh7 cells and found that down-
regulated KNG1 expression effectively inhibited all of
the above HBV markers (Supplementary Fig. S3a—S3d).
Together, these results indicate that KNG1 plays a key
role in promoting HBV replication.

Downregulation of IFNs by KNG1 through MAVS
inhibition
Considering it is well known that interferons can
inhibit HBV replication under different physiological
conditions,”**** we mnext sought to determine
whether KNG1 affects the expression of IFNs as
well. We found that overexpression of KNGI
significantly reduced the expression of types I (IFN-
p) and III IFNs (i.e., IFNLI, IFNL2/3) in HepG2
cells (Fig. 3a). To explore the potential inhibitory
mechanism of KNG1 on the expression of IFNs, two
key upstream genes in the HBV-activated IFN
pathway, RIG-I and MAVS,*** were measured by
qRT-PCR and Western blotting. The results showed
that KNG1 had no significant effect on RIG-I, but it
significantly down-regulated MAVS protein without
affecting mRNA expression (Fig. 3b and c), which is
consistent with the findings in HepG2 cells trans-
fected with si-KNG1 (Fig. 3d-f). Moreover, signifi-
cant inhibitory effects of KNGI1 on MAVS and IFNs
were also observed in HepG2.2.15 and Huh7 cells
(Supplementary Figs. S4 and S5).

We then investigated whether KNG1 inhibited types
I and III IFNs via a MAVS-dependent pathway and
found that in HepG2.2.15 cells with suppressed MAVS
expression through siRNA, the ability of KNGI to
inhibit the expression of IFNs and promote HBV
replication was impaired (Fig. 3g—i). These results
indicate that KNG1 promotes HBV replication by
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affecting the post-transcriptional regulation of MAVS to
inhibit IFNs expression.

KNG1 decreases IFNs through MAVS inhibition in an
HSP90A-dependent manner
There are two main protein degradation pathways in
cells: the ubiquitin-proteasome pathway and the lyso-
some pathway. To determine which pathway was
necessary for downregulating the MAVS protein by
KNG1, lysosomal inhibitor NH,Cl or proteasome in-
hibitor MG132 was used to treat HepG2.2.15 cells
transfected with a KNGI-expressed plasmid. Western
blotting analysis showed that the lysosomal inhibitor
NH,Cl but not proteasome inhibitor MG132 was
capable of restoring the downregulation of MAVS pro-
tein by KNG1 (Fig. 4a), suggesting that KNG 1 promotes
the lysosomal degradation of MAVS.

Using co-immunoprecipitation experiments, we
found that KNG1 interacted with MAVS (Supplementary
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Fig. S6a), however, the mechanism of how KNG1 affects
MAVS remained unclear. To further determine how
KNG1 was involved in MAVS degradation, we collected
protein mixtures containing KNG1 and MAVS and then
identified them by LC/MS. This led to the identification
of four potential binding proteins: HSP90A, CKAP4,
HSPAS, and EEF1G (Supplementary Fig. S6b). We
decided to focus on heat shock protein 90A (HSP90A)
because it is a well-known regulator of protein homeo-
stasis. Indeed, after treating HepG2.2.15 cells with 17-
AAG (a selective inhibitor of HSP90A), the inhibitory
effect of KNG1 on MAVS and types I and III IFNs was
blocked (Fig. 4b and c), indicating that KNG1 suppresses
MAVS and types I and III IFNs in an HSP90A-dependent
manner.

We then validated the interaction between
KNG1 and HSP90A by Western blotting after
co-immunoprecipitation of both proteins (Fig. 4d and e).
In addition, an immunofluorescence assay confirmed
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that KNG1, MAVS, and HSP90A were partially colo-
calized together (Fig. 4f). Thus, we conclude that both
KNG1 and MAVS can interact with HSP90A, but how

KNG1 decreases MAVS-mediated IFNs through
HSP90A remains to be seen through further
investigation.

KNG1 competitively blocks the binding ability of
MAVS to HSP90OA

After excluding the toxic effects of 17-AAG in HepG2
cells, we found that 17-AAG prevented HSP90A from
binding to MAVS in liver cells, which led to reduced
levels of MAVS protein level in a dose-dependent manner
(Fig. 5a—c). Given that KNG1 promoted the lysosomal
degradation of MAVS, we investigated whether HSP90A
affects the lysosomal degradation of MAVS. The results
showed that 17-AAG decreased MAVS protein in HepG2
cells, but the lysosomal inhibitor NH4Cl restored the level
of MAVS (Fig. 5d). The stabilizing effect of HSP90A on
MAVS protein was also observed in HepG2.2.15 and
Huh7 cells (Supplementary Fig. S7a—S7h). In addition,
we assessed MAVS protein stability in the presence or
absence of 17-AAG by using the cycloheximide (CHX)

chase assay and found that 17-AAG treatment signifi-
cantly promoted the degradation of MAVS protein,
whereas NH,CI treatment prevented MAVS degradation
(Fig. 5e; Supplementary Fig. S7i). These results suggest
that functional abrogation of HSP90A triggers lysosome-
mediated MAVS degradation.

We then investigated whether KNG1 affects the
lysosomal degradation of MAVS by regulating the
binding of MAVS to HSP90A. The co-
immunoprecipitation results showed that KNG1 pre-
vented the binding of MAVS to HSP90A (Fig. 5f). On
the other hand, the binding abundance of HSP90A to
MAVS was also significantly reduced after KNG1 over-
expression (Fig. 5g). Similarly, we carried out the same
experiments in HepG2.2.15 and Huh7 cells and ob-
tained the same results, i.e., KNG1 inhibited the inter-
action of MAVS with HSP90A (Supplementary
Fig. S8a—S8d).

The HSP90A protein contains three domains, of
which the N-terminus is the ATP-binding domain,
while the client protein tends to bind to the M-inter-
mediate domain and the C-terminus domain.** To
identify the specific part corresponding to the
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combination of HSP90A with KNG1 and MAVS, we
conducted co-immunoprecipitation assays using a series
of truncated HSP90A structures and found that both
MAVS and KNG1 were bound to the N-terminal domain
of HSP90A (Fig. 5h). These results suggest that KNG1
inhibits the binding ability of MAVS to HSP90A,
resulting in MAVS degradation.

Kng1 promotes HBV replication by inhibiting Mavs-
mediated IFN expression in vivo

In vitro results showed that the KNGI promotes HBV
replication by inhibiting types I and III IFNs expression,
so we then evaluated KNG I-mediated IFNs inhibition in
an animal model. The pHBV plasmid was hydrody-
namically injected into the tail vein of mice together
with the mouse homologous Kngl overexpression
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plasmid or its control vector. We then investigated their
effects on days 2, 4, or 6 after injection (Fig. 6a). The
results showed that compared with the control mice
(n = 4), the HBV replication level in the Kngl group was
significantly enhanced day 4 and 6 post-injection, and
the replication level appeared to peak on day 4 (Fig. 6b
and c). We then increased the number of experimental
animals and studied Kngl function on day 4 after in-
jection (n = 9). Western blotting analysis showed a
higher expression of Kngl protein level in the livers of
Kngl-overexpression mice compared with the control
mice, which decreased Mavs protein level but did not
affect its mRNA (Fig. 6d and e). Consistent with in vitro
results, the expression of Ifml2/3 was significantly
inhibited in the liver transfected with the Kngl plasmid,
and ELISA assays also detected a significant down-


www.thelancet.com/digital-health

Articles

10

@
a g 15 b Cc 315
e Input  IP: MAVS 3
Q s HepG2 HepG2 E e
£ 10 HSPBOAIEEIN}](D;. 17-AAG(M) 0 025 0.5 1 g 10
£ o
E_E GAPDH 37kDa GAPDH kDa s
£ DMSO + - s
Z 00 17-AAG - &+ & 00 PPN
o o Qﬂf’ IR KU
d e
17-AAG (uM) M HepG2 DMSO 17-AAG  17-AAG+NH,CI
[
kS CHX(M) o0 1 2 0o 1 2 0 1 2
HepG2 £
NH C - Yt H MAVS |-- el B o‘--|70kDa
17-AAG =+ -+ - 37KkDa
MAVS--‘-70kDaE GAPDH|-“ﬂ‘~‘~_.|
GAPDH | wwsw wins wp s |37 kDa .g h
2
5
Q
x S > O HSP90A (1-732)[[ _ N[ ™M T c ]
FTFES HSPIOAN (9-236) ]
o HSP90A-M (272-617)
S HSPOA-C (629-732)
f g HSP90A-M+C (272-732) .
HepG2 lnput IP: His HepG2 Iupul IP: His . -
nput : His
IB: 1{5?904@ ES’O kDa IB: HSP90AE| E] 90 kDa v [DOBSS = 70kDa
IB: MAVS [. -|70 kDa IB: MAVS | 4 [* Q] 70 kDa m:Fag [0 95KkDa
GAPDH | " = 37kDa GAPDH | e 37kDa o 1“‘ » ' “ S0k
'+ His
Flag 95 kDa FlagE!\ 95 kDa 2- .. ~ . |25KDa
~ 15kDa
caron [ ] 37kDa GAPDH S W 37kDa Ve + T -
Vector + - Vector  + - HSPOOANHis - + - ° °
KNG1-Flag - + KNG1-Flag - + HSP90A-M-His ~ ~ * . -
i HSP90A-C-His ~ - °
MAVS-His + . HSP90A-His + + HSP90A-M+('»H: R L.
pHBV + + PHBV + KNGLFmg * + * * +

Fig. 5: KNG1 competitively blocks the binding of MAVS to HSP9OA. (a) Effect of 17-AAG on viability in HepG2 cells. Cells were treated with
different concentrations of 17-AAG for 24 h, and viability assays were performed by Cell Counting Kit-8. (b) Effect of 17-AAG on the binding of
MAVS to HSP9OA in HepG2 cells. Cells were treated with 0.5 pM 17-AAG for 24 h before immunoprecipitation of MAVS. (c) Effect of 17-AAG on
MAVS protein in HepG2 cells. Cells were treated with increased concentrations of 17-AAG for 24 h. (d) Effect of 17-AAG on MAVS lysosomal
degradation in HepG2 cells. Cells were treated with or without NH,Cl (20 mM) before the addition of 17-AAG (0.5 uM). (e) Comparison of
MAVS protein stability in HepG2 cells in cycloheximide (CHX) chase assay. Cells were treated with CHX (100 pg/pl) for increasing times (0-2 h)
in the presence or absence of 17-AAG (0.5 pM). (f and g) Effect of KNG1 on the binding of MAVS and HSP9OA in HepG2 cells. Vector or KNG1-
Flag plasmids were co-transfected into HepG2 cells with pHBV and MAVS-His or HSP9OA-His plasmids. Cell lysates were incubated with anti-His
antibody and Protein A + G agarose. (h) Identification of HSP9OA domain responsible for binding to MAVS and KNG1. HepG2 cells were
transfected with HSP9OA truncation mutants (top). Cell lysates were incubated with anti-His agarose, and immunoprecipitated proteins were
immunoblotted with indicated antibodies. Error bars indicate SEM. P-value was determined using a two-tailed unpaired t-test. *P < 0.05;
**P < 0.01; ***P < 0.001.

regulation of IFN-f abundance in mice serum (Fig. 6f
and g). Meanwhile, Kngl significantly promoted HBV
replication (Fig. 6h). Immunohistochemical (IHC)
staining yielded similar results and confirmed that Kng1
significantly inhibited MAVS levels and increased HBx
levels in the liver (Fig. 6i). Together, these data indicate
that Kngl promotes HBV replication by suppressing
IFN expression in vivo.

Both KNG1 overexpression and rs76438938-T
reduce the therapeutic effects of IFN-a and IFN-A1
in HBV infection

Both abovementioned in vitro and in vivo experiments
have shown a significant inhibitory effect of KNG1 on
IFN expression. To determine the effect of KNG1 on the

therapeutic effect of interferons, we assayed the
expression level of classical IFN-stimulated genes (ISGs)
in the cells treated with either IFN-a or IFN-Al. After
comparing the toxicities and antivirus effects of these
two drugs under different concentrations, we finally
decided to use 10 ng/ml of IFN-a and 100 ng/ml of IFN-
Al for the following experiments (Supplementary
Fig. S9a-S9d).

We first studied the role of KNGI regarding the
treatment effect of IFN-a on HBV infection. The results
showed that compared with the control HepG2-NTCP
cells, KNGI1 overexpression significantly reduced the
expression levels of IFN-a-activated endogenous IFNs
and other typical ISGs (e.g., ISG15, ISG20, OASL,
OAS1, OAS2, Mx1, and RSAD2), which eventually led
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Fig. 6: Kng1 promotes HBV replication by inhibiting Mavs-mediated IFNs expression in vivo. (a) C57BL/6 mice (n = 4) received HDI with
pHBV (10 pg) along with vector (20 pg) or Kng1-Flag (20 pg) plasmids for 2, 4 and 6 days. (b and c) Levels of HBV DNA and HBV pgRNA in
mice samples. (d and e) Western blotting analysis and gRT-PCR analysis of Mavs in mice liver samples. C57BL/6 mice (n = 9) received HDI with
pHBV (10 pg) along with vector (20 pg) or Kng1-Flag (20 pg) plasmids for 4 days. (f) gRT-PCR analysis of Ifnl2/3 expression in mice liver
samples. (g) ELISA assay analysis of IFN-f in mice serum samples. (h) Levels of HBV DNA, HBV pgRNA, and HBeAg in mice liver samples. (i) The
immunohistochemical staining of Mavs and HBx in mice liver. The data were the average of three independent experiments. Scale bar = 50 pm.
Error bars indicate SEM. P-value was determined using a two-tailed unpaired t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

to an increased HBV DNA level (Fig. 7a—d). Similarly,
we obtained the same results in both HepG2.2.15 and
Huh7 cell lines (Supplementary Figs. S10a—S10d and
S1la-S11d). Further, we investigated the function of
KNG1 on the IFN-A1 treatment and found that KNG1
significantly inhibited the expression of IFN-Al-activated
interferons and multiple ISGs, leading to increased
HBV replication levels (Fig. 7e-h, Supplementary
Figs. S10e—S10h and S11e-S11h).

Since LMWK (i.e., the short form of KNGI) has a
potential effect on HBV replication in cells, we explored
the impact of wild-type (full-length) and mutant (trun-
cated) LMWK on the therapeutic effect of IFN-a and
IFN-A1. Compared with the cells transfected with wild-
type LMWK plasmid, we found weaker responses to
both IFN-a and -Al treatment and significantly
increased HBV DNA levels in HepG2-NTCP,
HepG2.2.15, and Huh7 cells transfected with mutant
LMWK plasmid (Supplementary Figs. S12-S14).
Together, these results indicate that KNGI

www.thelancet.com Vol 94 August, 2023

overexpression and risk allele rs76438938-T reduce the
therapeutic effects of IFN-a and -A1 in HBV infection.

Discussion
Based on the results of genetic analysis, we found that
SNP rs76438938, located in KNGI, was significantly
associated with HBV infection. We further demon-
strated that KNGI promotes HBV replication and
inhibited types I and III IFN expression. Mechanisti-
cally, KNG1 protein competitively blocks the binding of
MAVS to HSP90A, which triggers lysosomal degrada-
tion of MAVS, thereby suppressing types I and IIT IFN
production and ultimately promoting HBV replication.
Furthermore, we showed that rs76438938-T enhances
the amount of KNG1 by increasing its mRNA stability,
which leads to an increased risk of HBV infection
(Fig. 8).

By examining the clinical data of the subjects
included in the study, we found that the SNP
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*P < 0.05; **P < 0.01; ***P < 0.001.

rs76438938-T in KNG1 significantly increased the risk
of HBV infection in carriers, and these individuals
tended to have more severe disease stages. We also
found that KNGI1 was significantly up-regulated in
PHHs and HepG2-NTCP cells after HBV infection,
suggesting that KNG1 plays an important role in HBV
replication. The frequency of SNP 1576438938 varies
among different ethnic populations, with a frequency of
0.0125 in the Chinese Han population, 0.0273 in the
European population, and 0.062 in the South Asian
population. To better determine the function of the
interested SNP, we constructed LMWK expression
plasmids carrying rs76438938 C or T alleles and found
that the risk T allele increased HBV replication. There
are two main transcripts of KNG1: HMWK, which is the
main product of KNGI that executes its biological
function, and LMWK, which was almost undetectable in
multiple hepatocytes and mouse liver samples and
therefore likely has minimal biological function. The
1s76438938-T allele promotes HBV replication by
increasing KNG1 mRNA stability. Given its location in
the 3-UTR of HMWK, 1576438938 could affect mRNA
stability by regulating microRNAs (miRNAs) and/or
RNA-binding proteins.**' However, such a suspicion
remains to be investigated in future.

KNG1 is an important part of the coagulation system
and the kinin—kallikrein system (KKS).”? KKS activation

mediates the production of the inflammatory mediator
bradykinin (BK), thereby playing an important role in
inflammatory diseases such as rheumatoid arthritis
(RA).” KNG1 was reported to promote the progression
of inflammation, and KNGI knockout mice show a
lower inflammatory response.** In this study, we
found that KNG1 significantly increased HBV replica-
tion and further demonstrated that KNG1 decreased the
expression of types I and III IFNs in vitro and in vivo. A
recent study has also revealed a similar phenomenon, in
which the increase of KNG1 protein in patients infected
with COVID-19 was accompanied by a decrease in im-
mune system proteins.*

MAVS is a critical signal transduction platform for
types I and III IFNs.* It has been reported that MAVS
can exert its antiviral effect of IFN-o and reduce the
amounts of hepatitis B virus markers in vitro and
in vivo.*® On the other hand, HBV could promote lactate
production by activating the glycolytic pathway, and
lactate binds directly to MAVS, preventing its aggrega-
tion and mitochondrial localization to escape the im-
mune response.” In this study, we found that
overexpression of KNG1 reduced MAVS protein without
affecting its mRNA level, and the inhibition of MAVS
expression blocked the effect of KNG1 in inhibiting
IFNs expression and promoting HBV replication.
Furthermore, the lysosomal inhibitor NH,Cl prevented
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Fig. 8: Working model of rs76438938 in KNG1 regulation of HBV infection. Under normal circumstances, both KNG1 and MAVS bind to the
N-terminal domain of molecular chaperone HSP9OA, which can stabilize MAVS protein. After HBV infection, MAVS receives and transmits
signals and mediates the expression of types | and Il IFNs. When carrying the risk allele T, increased mRNA stability of KNG1 leads to an increase
in that protein, which competes with MAVS for binding to HSP9OA. MAVS dissociated from HSP9OA undergoes lysosomal degradation and
cannot mediate the expression of types I and Il IFNs, resulting in enhanced HBV replication, thereby increasing the risk of HBV infection.

MAVS degradation, indicating that the regulation of
MAVS by KNG1 is through a lysosomal-dependent
pathway. Jin et al. reported that tetherin can induce se-
lective autophagy of MAVS to inhibit type I IFN
signaling.** After viral infection activates RLR, RNF34
promotes the polyubiquitination of MAVS, which is
then recognized by NDP52 and degraded by auto-
phagy.” Thus, our findings reveal another regulator of
MAVS that may influence the replication of other
viruses.

HSP90A exerts multiple biological functions by
regulating client protein maturation and stability. A
functional study revealed that the dissociation of RIG-I-
HSP90A may cause ubiquitination and proteasomal
degradation of RIG-I and seriously compromise innate
antiviral responses.” Additionally, the inhibition of
HSP90A by geldanamycin (GA) disrupts the NIK/
HSP90A interaction and results in the autophagy-
mediated degradation of NIK.' In the current study,
HSP90A was identified as the key protein that interacts
with KNG1 and MAVS, which was confirmed by
immunoprecipitation and immunofluorescence assays.
Functionally, abrogation of HSP90A by 17-AAG blocked
the inhibitory effect of KNG1 on types I and III IFNs.
According to the CHX chase assay, 17-AAG treatment
accelerated the lysosomal-dependent degradation of
MAVS. These results testify to the important role of
HSP90A in the maturation of MAVS protein.

It is worth noting that the truncation experiment
showed that both KNG1 and MAVS tended to bind to
the N-terminal domain of HSP90A. These results
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indicate that KNG1 can inhibit the binding of MAVS to
HSP90A by competitively interacting with the N-termi-
nal domain of HSP90A. Interestingly, the activation of
IRF3 requires binding to the N-terminal domain of
HSP90A.** There were some reports that the inhibition
of the interaction of HSP90A with TBK1, IRF3, and
Cdc37 impairs the innate immune response to viral
infection.”** These results suggest another possibility
that KNG1 might regulate IFN expression by affecting
the activity of IRF3, an idea that requires further
research.

As an alternative therapy for hepatitis B infection,
IFN-a can induce the expression of hundreds of ISGs to
inhibit HBV infection.” However, only a small propor-
tion of patients benefit from [FN-a treatment because of
concomitant immune dysfunction and toxicity.”® IFN-A
has been used in clinical trials for CHB treatment due to
its acceptable efficacy and limited side effects.””* A
newly reported study showed that in PHHs and Hep-
aRG cells infected with HBV, IFN-B, IFN-A1, and IFN-A2
induce cccDNA deamination and degradation as effi-
ciently as IFN-a.”” Considering the inhibitory effect of
KNG1 on intracellular interferon expression, we inves-
tigated the impact of KNG1 on the response to both
IFN-a and -A1 treatment. We found that overexpressed
KNG1 inhibits the expression of endogenous IFNs and
ISGs induced by the interferons o or Al treatments. It
has been reported that most of the products encoded by
ISGs are used to detect viral molecules and regulate
signaling pathways, thereby increasing IFN production
to control viral status.® This is likely due to the fact that
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interferons a and A1 treatment activate ISGs which then
lead to increased interferon production. Recently, it was
found that IFN-)A treatment leads to the activation of the
RIG-I-MAVS pathway in HepG2.2.15 cells, and signifi-
cantly up-regulates the expression of IFNs.”' Besides, we
found that LMWK also has the potential to affect the
efficacy of IFN-a and IFN-A1 treatment, and the func-
tional differences between wild-type and mutant LMWK
proteins are thus worthy of further study. These results
indicate that individuals carrying the risk allele
1$76438938-T may require a high dose of interferons to
cure HBV infection because of their reduced response
to IFN-a or -Al treatments.

In sum, our results systematically elucidate that
1876438938 is a functional SNP and KNGI1 plays an
important role in HBV infection and treatment. Further
studies are needed to determine how rs76438938 affects
KNG to provide a feasible precision treatment strategy
for rs76438938-T carriers.
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