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Background: Chronic HCV (CHC) infection is associated with autoimmunity. IgG
autoantibodies to apolipoprotein A-I (AAA-I) predict all-cause mortality. We
evaluated AAA-I in CHC patients and in those who were not viraemic, either
because of spontaneous resolution (SR) of infection or HCV clearance following
sustained virological response (SVR) after interferon therapy. We limited the study
to HCV genotypes 1 and 3, the dominant HCV genotypes circulating in the UK.

Methods: Serum samples from 126 CHC patients and 114 nonviraemic individuals
(25 SR and 89 SVR) were assayed for AAA-I and lipoproteins. AUC was calculated
for AAA-1 and HDL-related parameters and used to predict cirrhosis. Fibronectin
(FN) and FN-mRNA were measured in human hepatic stellate cells (LX-2) in the
presence or absence of AAA-I.

Results: AAA-I was found in 47% of patients with CHC, 37% of SVR patients, and
16% of SR individuals (CHC vs. SR, p = 0.004). AAA-I levels in CHC patients were
higher in those with cirrhosis (p = 0.0003). The AUC for AAA-I, apoA-1, and HDL-C
in predicting cirrhosis was 0.72 (p < 0.001), 0.65 (p = 0.01), and 0.64 (p = 0.02). After
48 h in the presence of AAA-I, LX-2 cells showed an 80% increase in FN-mRNA
compared to the LX-2/1gG control (p = 0.028) and higher levels of FN (p = 0.0016).

Conclusions: CHC is often associated with AAA-I, and these can persist after SVR.
AAA-Iis a robust predictor of cirrhosis in CHC infection. LX-2 cells exposed to AAA-|
showed increased FN. Further studies are warranted to define the role of AAA-I in
promoting not only viral persistence but also fibrosis.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
highlighted the importance of improving our understanding of the
association between viral infections and autoimmunity (1). It has
long been recognized that the hepatitis C virus (HCV) is associated
with the development of new-onset autoimmune disorders, such as
thyroiditis (2). Chronic hepatitis C (CHC) infection remains a global
challenge, with an estimated 400,000 HCV-related deaths annually
(3) and 71 million persons remaining untreated, despite the
significant medical advance of highly effective direct-acting antiviral
agents (DAAs) (4). In addition, HCV rarely induces sterilizing
immunity, and those cured with DAAs remain at risk of
reinfection (3). Even among people successfully treated with DAAs,
mortality rates remain higher than those in the general population
(5). We have previously reported a high prevalence of autoantibodies
to apolipoprotein A-I (AAA-I), which predict all-cause mortality in
the community (6), in patients with advanced CHC receiving DAAs
(7). COVID-19 also induces a marked, though transient, AAA-I
response and has been reported to predict persistent respiratory
symptoms (8). In this study, we aimed to address whether AAA-I
were present in a larger cohort of individuals with HCV infection
including those who were previously infected but no longer viraemic,
either due to spontaneous resolution (SR) of acute infection or HCV
clearance following successful interferon-based antiviral therapy
(sustained virological response [SVR]).

Materials and methods
Study participants

Sera were obtained from HCV Research UK (HCVRUK) biobank
following informed consent and approval from the HCVRUK
biobank access committee, as approved by the NRES Committee
East Midlands (REC 11/EM/0314) ethical review board. Sera were
also obtained from subjects attending clinics at the University
Hospitals Plymouth NHS Trust following informed consent and
approval by the NRES Committee South West and Plymouth (REC
1703) ethical review board. Serum was used, as it is the matrix of

Abbreviations: ANOVA, analysis of variance; apo, apolipoprotein; apo A-I,
apolipoprotein A-I; apoB, apolipoprotein B; AUC, area under the curve; AAA-,
autoantibody to apolipoprotein A-I; BMI, body mass index; CV, cardiovascular
risk; CHC, chronic hepatitis C; COVID-19, coronavirus infectious disease 19;
DAA, direct-acting antiviral; FN, fibronectin; GT, genotype; HCV, hepatitis C
virus; HDL, high-density lipoprotein; HDL-C, high-density lipoprotein
cholesterol; TFN, interferon; IL-10, interleukin 10; LVP, lipoviral particle; LDL,
low-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; non-HDL-
C, non-high-density lipoprotein cholesterol; PCR, polymerase chain reaction;
ROGC, receiver operator characteristic; Th, T helper; Treg, T regulatory; TC, total
cholesterol; TG, triglyceride; TRL, triglyceride-rich lipoprotein; SR-BI, scavenger
receptor class B type I; SR, spontaneous resolution; SVR, sustained virological

response; TGF-, transforming growth factor beta.
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choice for the detection of AAA-I (9). The study cohort comprised
three groups: (1) 126 untreated individuals with CHC (61 infected
with genotype 1 (GT1) and 65 with genotype 3 (GT3); (2) HCV
antibody-positive, HCV RNA-negative individuals with spontaneous
resolution (n = 25, the SR group); and (3) 89 patients who were HCV
RNA negative following a SVR to interferon-based antiviral therapy.

Lipid profiles

Total cholesterol (TC), triglyceride (TG), and HDL-C were
measured by automated enzymatic methods using an Olympus
AU 640 Analyzer (Olympus, Watford, UK). Non-HDL-C
concentrations were calculated by subtracting the HDL-C from
TC, which may be more accurate in estimating lipid-related
cardiovascular (CV) risk (10). ApoA-I and apoB were measured
by automated immunoturbidometric methods on a Roche Cobas
Modular ¢702 Analyzer (Roche Diagnostics, Lewes, UK).

AAA-| ELISA

Serum samples were blinded, and AAA-I was determined using
a well-validated ELISA, as previously described (7, 11). Briefly,
Maxi-Sorp plates (NuncTM, Roskilde, Denmark) were coated with
purified, human-derived delipidated apoA-I (20 ug/mL; 50 puL/well)
for 1 h at 37°C. After three washes with phosphate-buffered saline
(PBS)/2% bovine serum albumin (BSA; 100 pL/well), all wells were
blocked for 1 h with 2% BSA at 37°C. Samples were diluted 1:50 in
PBS/2% BSA and incubated for 1 h. Additional patient samples at
the same dilution were also added to an uncoated well to assess
individual nonspecific binding. After six further washes, 50 uL/well
of signal antibody (alkaline phosphatase-conjugated antihuman
IgG; Sigma-Aldrich, Gillingham, Dorset, UK) diluted 1:1,000 in
PBS/2% BSA solution, was incubated for 1 h at 37°C. After six more
washes (150 uL/well) with PBS/2% BSA solution, the phosphatase
substrate p-nitrophenyl phosphate disodium (50 uL/well; Sigma-
Aldrich), dissolved in diethanolamine buffer (pH 9.8), was added.
Samples were tested in duplicate, and the absorbance was
determined at an optical density (OD) of 405nm (Filtermax 3,
Molecular DevicesTM, San Jose, CA, USA) after 20 min incubation at
37°C. The corresponding nonspecific binding value was subtracted
from the mean absorbance value for each sample. To be defined as
AAA-I seropositive, samples had to show absorbance values > 0.6
and index values > 37% (11, 12).

Cell culture

Human hepatic stellate (hHSC) LX-2 cells, purchased from
Merck Millipore (Sigma-Aldrich, Burlington, MA, USA; cat.
SCC064), were seeded at 7,000 cells/well in Iscove’s modified
Dulbecco’s medium (IMDM, supplemented with 20% fetal bovine
serum, 1% penicillin-streptomycin, 1% Lr-glutamine, 1%
nonessential amino acids, and 1% sodium pyruvate [Gibco BRL-
Life Technologies, Rockville, MD, USA]) in 48-well plates (Corning
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Inc., Corning, New York, USA). The following day, cells were either
incubated with 40 pug/mL of goat polyclonal antihuman apoA-I IgG
(11AG2; Academy Bio-Medical Company, Houston, TX, USA) or
40 pg/mL goat control IgG (A66200H; Meridian Life Science,
Memphis, TN, USA) in serum-free IMDM for 48-72 h. At the
indicated time points, cell supernatants were collected, and RNA
was extracted after 48 h using the Total RNA Purification Micro-
RNAeasy Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol.

Quantitative PCR

For mRNA quantification, cDNA was synthesized using the
Improm-II Reverse Transcription System (Promega, Madison, W1,
USA). Quantitative real-time PCR was performed in duplicate with
TagMan Universal Master Mix II (no UNG) on the StepOne
Plus System (Thermo Fisher Scientific, Waltham, MA, USA).
The mRNA levels were normalized to the housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
hs99999905_m1). The following primer was used for the
detection of fibronectin (HS01549976-m1) (Applied Biosystems,
Foster City, CA, USA). Data were analyzed with the 7900HT SDS
Software v2.3 (Applied Biosystems). Relative expression of mRNA
was calculated using the comparative threshold cycle (CT) method
(2-AACY) (13).

Fibronectin concentration

Fibronectin was measured in LX-2 supernatants diluted 1:50 (v/v)
using a Magnetic Luminex Assay (R&D systems, Minneapolis, MN,
USA) according to the manufacturer’s protocol, with a Bio-Plex 200
array reader (Bio-Rad Laboratories, Hercules, CA, USA) and Luminex
MAP™ Technology (Luminex Corporation, Austin, TX, USA).

Statistical analyses

Univariate statistical analysis was performed using Minitab v.18
(Minitab Ltd, Coventry, UK) and Prism 9 (GraphPad, San Diego,
CA, USA). The distribution of continuous variables was assessed by
Anderson-Darling normality tests. Continuous parametric
variables were presented as the mean + SD, while nonparametric
variables were presented as the median and interquartile ranges
(IQR). The significance of differences between two parametric
groups was performed by using either an unpaired two-sample t-
test or a Welch’s t-test. For two nonparametric group comparisons,
a Kruskal-Wallis test or Mann-Whitney U test was used. For
multiple group comparisons, p-values were calculated using either
a one-way ANOVA with Sidak’s multiple comparison test for
parametric variables or a Kruskal-Wallis test with Dunn’s
multiple comparisons test for nonparametric variables.
Correlation analysis was performed using either Pearson’s
correlation test for parametric data or Spearman rank correlation
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test. Two-sided Fisher’s exact test or Chi-square test was used to
compare categorical variables. The discriminatory power of AAA-I,
AAA-1/ApoA-I ratio, and HDL-C-related parameters for predicting
cirrhosis were assessed using receiver operating characteristic
(ROC) analysis. ROC curves were plotted, and diagnostic
parameters such as sensitivity, specificity, area under the curve
(AUC), and 95% CI were calculated using the Wilson/
Brown method.

Results
Study participants

The demographic, clinical, and biochemical characteristics of
the 240 study participants are summarized in Table 1,
Supplementary Figure S1. Most patients with CHC were men
(67%) and older (> 47 years), with 30 individuals having cirrhosis
(24%). They also had lower serum concentrations of TC, TG, and
apoB, as well as lower ratios used in CV risk assessment (14),
including a lower apoB/apoA-I ratio, TG/HDL-C ratio, and TC/
HDL-C ratio compared to those without viraemia (SR and SVR).
The clinical characteristics of chronic HCV patients infected with
either GT1 or GT3 were compared to those of the SVR group of
previously GT1- or GT3-infected patients following virological
cure, as shown in Table 2. These differences were more
pronounced in patients infected with GT3. In total, 41
participants had cirrhosis (diagnosed by liver histology and/or
liver imaging; 30 CHC and 11 SVR).

AAA-I is highest in chronic HCV infection

In the SR group, four of 25 (16%) were AAA-I positive, which is
similar to the 19.9% previously reported in the general population
(15). In the CHC group, 59/126 (47%) were AAA-I positive (28/59
for GT1 [46%] and 31/59 for GT3 [48%]), while in the SVR group,
33/89 (37%) were AAA-I positive (Figure 1A). There was a
significantly higher proportion of AAA-I-positive subjects in the
CHC group than in the SR group (p = 0.004). There were similar
proportions of AAA-I-positive individuals in the CHC and SVR
groups (p = 0.164), but the difference in the proportion of AAA-I-
positive individuals between the SR and SVR groups was not
significant (p = 0.055). The magnitude of AAA-I responses was
compared between groups (Figure 1B); AAA-T levels were
significantly higher in the CHC compared to the SR (35.8% vs.
28%; p = 0.01).

The impact of AAA-I on virological and
lipid parameters
There were no significant differences in HCV viral loads

between AAA-I seropositive and seronegative groups (Welch’s t-
test, 5.97 vs. 6.04 log;o (IU/mL); p = 0.627). Viral genotype did not
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TABLE 1 Clinical characteristics of the study cohort.

Characteristic SR (n = 25) CHC (n = 126) SVR (n = 89)
Sex, F n (%) 6 (24%) 41 (33%) 19 (21%) 0.195
Age (yr), median (IQR) 34 (8.5) 47 (13.5) 40 (13.5) <0.001
BMI (kg/mz), mean + SD 2554 + 4.23 24.13 +3.13 26.22 + 4.28 <0.001
Ethnicity n (%)
Asian - Chinese 0 (0%) 1 (0.79%) 0 (0%)
Asian - Indian 0 (0%) 2 (1.59%) 2 (2.25%)
Asian - Pakistani 1 (4%) 7 (5.55%) 9 (10.11%)
White - Other 1 (4%) 9 (7.14%) 13 (14.61%) ND
White - British 14 (56%) 106 (84.13%) 63 (70.79%)
White - Irish 0 (0%) 1 (0.79%) 1 (1.12%)
Other ethnic group 0 (0%) 0 (0%) 1(1.12%)
Not known 9 (36%) 0 (0%) 0 (0%)
Smoking status; n (%)
Current 13 (52%) 88 (70%) 59 (66%)
Past/Former 1 (4%) 25 (20%)13 (10%) 16 (18%)12 (13%) ND
Never 2 (8%) 0 (0%) 2 (2%)
Not available 9 (36%)
HCV GT 1/3,n N/A 61/65 46/43 (formerly infected) ND
HCV RNA (jog10 1U/mL) N/A 6.00 £ 0.75 N/A ND
HIV-1 co-infection; n (%) 1 (4%) 2 (1.6%) 2 (2.25%) 0.519
Cirrhosis; n (%) 0 (0%) 30 (23.81%) 11 (12.36%) 0.002
Liver transplant; n (%) 0 (0%) 1 (0.8%) 2 (2.25%) 0.691
Diabetes; n (%) 0 (0%) 10 (7.94%) 4 (4.5%) 0.311
Cryoglobulinaemia; n (%) 0 (0%) 2 (1.6%) 1 (1.1%) 0.999
Total cholesterol (mmol/L) 4.40 (1.55) 3.9 (1.10) 4.4 (1.20) 0.0002
Non-HDL-C (mmol/L) 335 (1.53) 2.75 (1.20) 3.30 (1.30) <0.0001
Triglyceride (mmol/L) 1.75 (1.08) 1.00 (0.50) 1.5 (0.85) <0.0001
HDL-C (mmol/L) 1.00 (0.30) 1.10 (0.50) 1.00 (0.30) 0.032
Apolipoprotein B (g/L) 0.81 (0.39) 0.76 (0.29) 0.89 (0.32) <0.0001
Apolipoprotein A-T (g/L) 1.32 (0.24) 1.47 (0.50) 1.37 (0.40) 0.148
ApoB/A-I ratio 0.60 (0.41) 0.51 (0.26) 0.66 (0.32) <0.0001
TG/HDL-C ratio 1.62 (1.92) 0.91 (0.96) 1.32 (1.10) <0.0001
TC/HDL-C ratio 4.78 (2.40) 3.46 (1.67) 427 (2.04) <0.0001

BMI, body mass index; CHC, chronic hepatitis C; IQR, interquartile range; ND, not determined; SR, spontaneous resolver; SVR, sustained virological response.

Parametric variables are presented as mean + standard deviation. Nonparametric variables are presented as median (interquartile range). One-way analysis of variance (ANOVA) with Sidak’s
multiple comparisons test was used to compare three mean values per group for parametric variables. Kruskal-Wallis ANOVA test with Dunn’s multiple comparisons test was used to compare
three median values for nonparametric variables; 3 x 2 contingency table Fisher’s exact test was used to compare categorical groups. For the multiple comparison tests of continuous variables, see
Supplementary Figure S1. p < 0.05 were considered statistically significant and shown in bold font.

affect this overall result (Figure 2A). There was also no correlation  and total cholesterol (r = — 0.182; p = 0.043), but not with HDL-
between HCV viral loads and the magnitude of AAA-I response  related parameters.
(Figure 2B; ¥ = — 0.001; p = 0.99).

We evaluated the association between AAA-I levels and total
cholesterol, non-HDL-C, and HDL-related parameters (see ~AAA-I and cirrhosis
Supplementary Figure S2). Overall, there was a significant inverse
relationship between the magnitude of AAA-I levels and total In the total cohort, we found AAA-I levels were significantly
cholesterol (r = — 0.142; p = 0.030), but not with HDL-C (r = — higher in patients with cirrhosis (Figure 3; 46.0% vs. 30.3%; p < 0.001).
0.033; p = 0.616) or apoA-I (r = — 0.112; p = 0.086). A similar  There was no association between AAA-I levels and the individual’s

association was also found in the CHC group between AAA-Ilevels ~ age at sampling (r = 0.081; p = 0.213). To further investigate the
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TABLE 2 Clinical characteristics of the cohort with chronic HCV genotype 1 or genotype 3 infection compared to sustained virological responders.

Characteristic

HCV genotype 1

HCV genotype 3

10.3389/fimmu.2025.1461041

CHC (n=61) SVR (n = 46) CHC (n=65) SVR (n=43)
Sex: F (n (%)) 20 (33) 8 (17) 0.081 21 (32) 11 (26) 0.522
Age (year) 47 (15.0) 42 (14.3) 0.011 47 (13.0) 38 (12.0) < 0.001
BMI (kg/mz) 24.1 +3.0 254 + 4.7 0.103 242 +33 27.0 £ 3.65 < 0.001
Total cholesterol (mmol/L) 4.20 (1.20) 4.60 (1.20) 0.085 3.70 (1.00) 4.35 (1.23) < 0.001
Non-HDL-C (mmol/L) 3.00 (1.15) 3.60 (1.40) 0.023 2.60 (1.10) 3.10 (1.28) < 0.001
Triglyceride (mmol/L) 1.10 (0.80) 1.40 (0.90) 0.147 1.00 (0.50) 1.50 (0.80) < 0.001
HDL-C (mmol/L) 1.20 (0.65) 1.00 (0.40) 0.068 1.10 (0.40) 1.00 (0.30) 0.293
ApoA-I (g/L) 1.55 (0.46) 1.39 (0.43) 0.089 1.40 (0.38) 1.37 (0.40) 0.995
ApoB (g/L) 0.80 + 0.24 092 +0.24 0.013 0.74 £ 0.23 0.92 +0.24 < 0.001
ApoB/apoA-T 0.49 (0.24) 0.64 (0.27) 0.004 0.52 (0.29) 0.66 (0.32) 0.004
TC/HDL-C 3.46 (1.73) 4.29 (2.08) 0.005 3.46 (1.64) 4.18 (1.97) 0.002
TG/HDL-C 1.00 (1.07) 1.16 (1.27) 0.078 0.91 (0.81) 1.36 (1.09) 0.001
AAA-T+ (n (%)) 28 (45.90) 18 (39.13) 0.556 31 (47.7) 18 (39.13) 0.562
AAA-I (%), median (IQR) 32.0 (29.6) 35.6 (22.3) 0.580 36.26 (20.8) 30.8 (23.5) 0.066

BMI, body mass index; CHC, chronic hepatitis C; IQR, interquartile range; SR, spontaneous resolver; SVR, sustained virological response.
Parametric variables are presented as mean + standard deviation. Nonparametric variables are presented as median (interquartile range). Unpaired t-tests were used to calculate p-values for
comparisons between parametric variables. Kruskal-Wallis tests were used to calculate p-values for comparisons between nonparametric variables. Fisher’s exact test was used to compare

categorical groups. p < 0.05 were considered statistically significant and shown in bold font.

impact of age, we compared the ages of AAA-I-positive (n = 96) to
AAA-I-negative (n = 144) individuals and found no significant
difference (43.6 £ 10.2 year vs. 41.9 + 9.7 year; p = 0.224).

In the CHC group (Figure 4), we found significant differences in
the magnitude of the AAA-I response between patients with or
without cirrhosis (48.15% vs. 31.5%; p = 0.0003). We also found
significant differences in the AAA-I/ApoA-I ratio (35.2 vs. 20.2; p =
0.0001). As expected, concentrations of apoA-I (1.36 g/L vs. 1.53 g/
L; p = 0.0115) and HDL-C (1.06 mmol/L vs. 1.24 mmol/L; p =
0.0205) were lower in those with cirrhosis. In the SVR group
(Supplementary Figure S3), the only significant difference between
patients with or without cirrhosis was the AAA-I/ApoA-I ratio
(30.4 vs. 22.6; p = 0.0322).

ROC analyses were performed to determine the diagnostic
power of AAA-I, AAA-I/ApoA-I, and HDL-related parameters in
predicting cirrhosis in CHC patients (Figure 5). The most robust
predictors of cirrhosis in CHC patients were AAA-I (AUC: 0.716, p
< 0.001) and the AAA-I/ApoA-I ratio (AUC: 0.730, p < 0.001).
HDL-related parameters were also significant predictors of cirrhosis
in CHC: apoA-I (AUC: 0.652, p = 0.01) and HDL-C (AUC: 0.640, p
=0.02). We also performed ROC analyses with the same parameters
in the SVR group (Supplementary Figure S4) and found that the
only parameter predictive of cirrhosis was the AAA-I/ApoA-I ratio
(AUC: 0.699; p = 0.03).

In a subgroup of 30 patients (28 CHC and two SVR) in whom
FibroScan'

(Supplementary Figure S5), we evaluated whether AAA-T was

scores (Echosens, Paris, France) (16) were available

Frontiers in Immunology

associated with increased liver stiffness measurements using the cut-
off value of 12.9 kPa to indicate cirrhosis (17). This cut-oft was used as
it has been shown to have high diagnostic accuracy for cirrhosis in a
large multicenter study of 1,839 patients. AAA-I-positive patients had
significantly higher measurements of liver stiffness than those who
were AAA-I negative (8.7 kPa vs. 4.9 kPa, p = 0.0437).

AAA-| and HCV clearance with
antiviral therapy

Overall, 33/89 (37%) individuals who were no longer viraemic
after SVR had a positive AAA-T (Figure 6). The majority of sera
were taken < 1 year posttreatment, and in those individuals, 24/60
(40%) were AAA-T positive. AAA-T was detected in four of 13 (31%)
samples taken after 1 year but before 2 years posttreatment and five
of 16 (31%) samples obtained in > 2 years after cessation of antiviral
therapy. No significant differences were found in either AAA-I
prevalence (p = 0.714) or levels between these four time points
postinterferon-based treatment.

Hepatic stellate cells in the presence of
AAA-I

We sought to determine the effect of AAA-I on human
hepatic stellate cells (HSC; LX-2) by measuring the

frontiersin.org
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FIGURE 1

Comparison of AAA-I responses in the study cohort. (A) Percentage of AAA-I+ subjects in each group: 4/25 (16%) in the SR group, 33/89 (37%) in the
SVR group, and 59/126 (47%) in the CHC group. For proportional comparisons, p values were calculated using Fisher's exact tests. (B) Violin plots
showing AAA-I levels in SR, CHC, and SVR groups. For statistical differences, p values were calculated using a Kruskal—Wallis ANOVA test with Dunn’s
correction for multiple comparisons.

concentration of fibronectin (FN), which is a crucial extracellular  levels of FN compared to LX2 cells alone (p = 0.02) and the LX-2/
matrix protein that accumulates during liver fibrosis. We  IgG control (p = 0.0016).

determined FN secreted into the cell culture supernatants and

quantitated FN-mRNA in LX-2 cells cultured in the presence of

AAA-I (Figure 7). LX-2 cells in the presence of AAA-I showed an Discussion

80% increase in FN-mRNA compared to LX-2 cells alone (p =

0.035) and the LX-2/IgG control (p = 0.028). After 48 h, LX-2 In this study, we have shown for the first time that individuals
cells in the presence of AAA-I showed significantly increased  with spontaneous resolution of HCV infection, which occurs in a
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The relationship between AAA-I and HCV RNA viral loads. (A) Boxplots showing the impact of AAA-I on HCV viral loads in HCV GT1 and GT3
infections, with significance determined by the Kruskal—Wallis ANOVA test with Dunn's correction for multiple comparisons. (B) Scatterplot showing
the strength and significance of the association between HCV viral load and AAA-I levels; r and p-values were calculated using a Spearman rank

correlation test. The dashed line at 37% indicates AAA-I positivity.

minority of those infected, have a similar AAA-I prevalence to that
previously reported in a large population-based study (15)—i.e.,
16% vs. 19.9% (n = 6,649). It has been shown that spontaneous
clearance of HCV is associated with single nucleotide
polymorphisms in MHC Class II genes (18). Individuals who
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clear acute HCV infection may not develop new-onset AAA-I,
not only because of their immunogenetic background but also their
short-lived HCV infection. In contrast, we have confirmed that
individuals who progress to chronic HCV infection have a
significantly higher prevalence of AAA-I (47%) and have shown
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FIGURE 3

AAA-I levels in patients with cirrhosis compared to those without cirrhosis. Violin plots show the difference between AAA-I levels in individuals
without cirrhosis (n = 199) and those with cirrhosis (n = 41), with proportions of 30.3% vs. 46.0%. Statistical significance was determined using the
Mann-Whitney U test (p < 0.001)
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Comparison of AAA-I, AAA-I/ApoA-I ratio, and HDL-related parameters in chronic HCV patients with and without cirrhosis. (A) AAA-I (%), 31.46% vs.
48.15%; Mann-Whitney U test, p = 0.0003. (B) AAA-1/ApoA-I ratio, 20.2 vs. 35.2; Mann—-Whitney U test, p = 0.0001. (C) Apolipoprotein A-1, 1.53 g/L
vs. 1.36 g/L; unpaired t-test, p = 0.0115. (D) HDL-C, 1.20 mmol/L vs. 1.00 mmol/L; Mann-Whitney U test, p = 0.0205.
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0.652, p = 0.01. (D) HDL-C; AUC: 0.640, p = 0.02.

that the magnitude of the response is higher in more advanced
disease. We have also shown for the first time that AAA-I persists in
individuals who have been cured with interferon-based
antiviral therapy.

Our results support the hypothesis that CHC infection can
induce the development of AAA-I. HCV viral entry, replication,
assembly, and egress are tightly connected with host lipoproteins
and apolipoproteins [reviewed in (19)]. ApoA-I is a component not
only of highly infectious HCV lipoviral particles (LVP) (20) but also
of “empty” LVP, which contain no HCV RNA but are HCV-
modified lipoproteins within the triglyceride-rich lipoprotein
(TRL) family (21). These HCV envelope glycoprotein-containing
subviral particles are the predominant TRL in CHC. ApoA-I is the
structural apolipoprotein of HDL, but proteomic analysis has also
found apoA-I in VLDL and LDL (22), so apoA-I would be
associated with both infectious LVP and subviral particles.
Downregulation of apoA-I has also been shown to reduce both
HCV RNA and viral particle levels in vitro (23), implying that
apoA-I is required for the production of infectious LVP. ApoA-I is
the principal component of HDL, and the amphipathic a-helices of
apoA-I are critical for interaction with scavenger receptor class B
type I (SR-BI), the endogenous liver receptor for HDL. SR-BI is also
an entry factor for HCV (24). Amphipathic o-helix motifs in the
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exchangeable apolipoproteins have been shown to be a key
structural factor in conferring viral infectivity (25).

These heterogeneous HCV particles (Figure 8) may lead to
autoreactivity to host apoA-I through mechanisms such as epitope
spreading and molecular mimicry [reviewed in (26)]. However,
during viral infections, B cells recognizing virion epitopes
endocytose and process virions for antigen presentation to CD4"*
helper T (Th) cells specific for virion proteins (27). Consequently,
the epitope-specific Th cells provide intermolecular help to
numerous B-cell specificities (28). It is known that B-cell
homeostasis and tolerance are disrupted in CHC patients, with an
expansion of IgM memory B cells producing autoreactive
antibodies and a decrease in the naive B-cell population (29).
Furthermore, this autoimmunity may be linked to increased
numbers of regulatory T cells (T, and immunoregulatory
cytokines (e.g., IL-10 and TGF-f), which contribute to impaired
T-cell responses in CHC (30). It is of interest that HCV-specific T;eq
cells persist after virological cure (31) and, as T, cells are pivotal in
preventing autoimmunity, they may persist to control AAA-I and
other HCV-induced autoimmune phenomena (2).

In this cohort of CHC patients, we found that AAA-I positivity and
median AAA-I levels were higher in patients with cirrhosis.
Furthermore, the presence of AAA-I was equivalent to HDL-related
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FIGURE 6

Durability of the AAA-I response following interferon-based treatment. Samples were stratified into three groups after interferon-based treatment: (1)
< 1 year after treatment (median sampling time was 0.5 years), (2) > 1 but < 2 years after treatment (median sampling time was 1.1 years after
treatment) and (3) > 2 years after treatment (median sampling time was 3.9 years after treatment). (A) Comparison of AAA-| seropositive individuals at
each sampling time point following IFN therapy cessation. Significance was determined using a Chi-square test; 40% vs. 31% vs. 31%, p = 0.714. (B)
Comparison of AAA-I levels at each sampling time point following antiviral therapy. Significance was assessed using the Kruskal—Wallis ANOVA test
with Dunn'’s correction for multiple comparisons. No significant differences were observed.

biomarkers (HDL-C and apoA-I) in predicting cirrhosis. Lower apoA-I
is known to correlate with more fibrosis (32) and reduced apoA-I has
also been shown to be a robust predictor of cirrhosis complications and
survival (33). The finding that AAA-I is a similar biomarker implies a
pathological role for this autoantibody. In a preliminary in vitro study,
we found that AAA-I upregulated the synthesis and secretion of the
extracellular matrix protein fibronectin in human HSCs, the
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predominant cell type responsible for liver fibrogenesis (34). AAA-I
may also render apoA-I/HDL dysfunctional and impair their anti-
inflammatory role (35). Conversely, AAA-I has been shown to be
proinflammatory, possibly through innate immune receptor signaling
via Toll-like receptors (TLR) 2- and 4-mediated pathways (36, 37),
leading to increased interferon-ot production by human-derived
macrophages in vitro (8). It is noteworthy that chronic innate
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Evaluating the impact of AAA-I on LX-2 cells. (A) Fibronectin mRNA quantification in cells cultured in the presence/absence of AAA-I. (B) After 48
and 72 h, LX-2 cells cultured in the presence of AAA-I showed significantly increased concentrations of fibronectin compared to LX-2 cells alone

and the LX-2/IgG control.

immune activation is the strongest negative predictor of response to
interferon-oi-based antiviral therapy [reviewed in (30)], the previous
standard of care.

As AAA-T is proinflammatory, the presence of this autoantibody
in some subjects after successful antiviral therapy may possibly
account for the ongoing histological changes in the liver that have
been reported in HCV antibody-positive, HCV RNA-negative
individuals (38). Although Hoare et al. suggested that the presence
of inflammatory infiltrate and fibrosis reflects persistent virus
infection in the liver, the accompanying editorial questioned
whether the histological changes could represent an “autoimmune-
like” response (39). Furthermore, if the maintenance of an
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autoantibody response after successful antiviral therapy contributes
to increased numbers of regulatory B and T cells (40), these may, in
turn, impair cancer immunosurveillance and predispose individuals
to the development of hepatocellular carcinoma.

We conclude that AAA-I is found in a substantial proportion
of CHC patients. These autoantibodies are more frequent in
advanced disease and can persist after virological cure.
Individuals who clear acute HCV infection have a significantly
lower frequency of AAA-I. These autoantibodies, previously
shown to be a biomarker of CV risk and a predictor of all-cause
mortality (6), also predict cirrhosis in CHC patients. Further
research is warranted to explore the natural history of their
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A schematic showing the diversity of HCV lipoviral particles and subviral particles found in the blood of patients with chronic HCV infection. HCV
particles in the blood of infected patients are heterogeneous in size, density, and infectivity. There are more than a thousand-fold more
nucleocapsid-free subviral particles containing apolipoprotein A-I than infectious apoA-I-containing lipoviral particles. Exposure to these viral and

subviral particles may lead to autoreactivity.

evolution in individuals with CHC sequentially and after
virological cure. Such studies could determine whether AAA-I
positivity is associated with nondrug-related mortality among
patients successfully treated for hepatitis C (5).
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