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Abstract: Genetic profiles of hepatitis C virus (HCV)-associated mixed cryoglobulinemia (MC) in
Asians remain elusive. A 10-year prospective cohort study was conducted with 1043 consecutive
HCV Ab-positive Taiwanese surveyed with 13 single nucleotide polymorphisms (SNPs). Of 1043,
589 (56.5%) had baseline MC, 934 (89.5%) had positive HCV RNA, 796 completed anti-HCV therapy,
and 715 had sustained virological responses (SVRs). SNP associations were surveyed withgenotypic,
allelic, trend, permutation and multivariate analyses. At baseline, higher male sex and MC rates
were noted in HCV RNA-positive than RNA-negative patients; higher female sex and positive HCV
RNA rates but lower HCV RNA levels were noted in patients with than those without MC. Baseline
associations were: HLA II-rs9461776 A allele, IFNL3-rs12979860 T allele, SERPINE1-rs6976053 C allele
and MC with HCV RNA positivity; IFNL3-rs12979860 C allele, ARNTL-rs6486122 T allele and HCV
RNA positivity with baseline MC. In SVR patients, RETN-rs1423096 C allele and SERPINE1-rs6976053
T allele were associated with 24-week and 10-year post-therapy MC, respectively. Conclusions: HCV
RNA, IFNL3-rs12979860 and ARNTL-rs6486122 were associated with baseline MC; RETN-rs1423096
and SERPINE1-rs6976053 were associated with short- and long-term post-therapy MC in SVR patients,
respectively. Links with HCV RNA and immune-associated SNPs suggest MC an immune reaction
to expel HCV.

Keywords: HCV; mixed cryoglobulinemia; IFNL3; ARNTL; PAI-1

1. Introduction

Hepatitis C virus (HCV), classified into eight genotypes [1], is a human pathogen
responsible for acute and chronic liver disease that chronically infects an estimated 71.1 mil-
lion individuals worldwide [2]. In addition to hepatic complications including cirrhosis
and hepatocellular carcinoma, HCV causes many extrahepatic complications such as mixed
cryoglobulinemia [3], hypolipidemia, diabetes and cardiovascular events [4]. Mixed cryo-
globulinemia is the most common HCV-associated extrahepatic complications since up to
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60% of patients with chronic HCV infection (CHC) have mixed cryoglobulinemia [3]. Sev-
eral studies had shown the beneficial effects of anti-HCV therapy in curing HCV-associated
mixed cryoglobulinemia [3,5]. However, failure to cure mixed cryoglobulinemia or relapse
of mixed cryoglobulinemia despite achieving a sustained virological response (SVR) follow-
ing anti-HCV therapy was not uncommon [3]. Mixed cryoglobulinemia is the prototype of
HCV-driven autoimmune disorders [6], affected by the complex interplay among triggering
factors and genetic susceptibility [7]. The genetic susceptibility might lead to the persis-
tence of mixed cryoglobulinemia after SVR. Previous studies conducted in Europe and USA
had shown the associations of human leukocyte antigen (HLA) class II, neurogenic locus
notch homolog protein 4 (NOTCH4) [8] and ATP binding cassette subfamily B member
1 (ABCB1) genes [9] with HCV-associated mixed cryoglobulinemia or cryoglobulinemic
vasculitis, while the role of interferon-λ3 (IFNL3) genotype in HCV-associated mixed
cryoglobulinemia remained conflicting [10,11]. In addition, the presence of cryoglobulin
up-regulates plasminogen activator inhibitor-1 (PAI-1) levels [12], and PAI-1 inhibits HCV
replication, which in turn down-regulates PAI-1 expression [13]. The loci at chromosome
7q22.1 close to Serpin Family E Member 1 (SERPINE1) (rs6976053), at chromosome 3p25.2
within peroxisome proliferator-activated receptor gamma (PPARG) (rs11128603) and at
chromosome 11p15.2 within aryl hydrocarbon receptor nuclear translocator like (ARNTL)
(rs6486122) are all highly associated with PAI-1 levels [14]. Specifically, ARNTL, also
known as brain and muscle Arnt-like protein-1 (BMAL1), is a component of the circardian
clock [15]. The core clock machinery regulates biosynthesis of nicotinamide phosphori-
bosyltransferase (NAMPT), a rate-limiting enzyme in mammalian nicotinamide adenine
dinucleotide (NAD+) [16]. The genotypes of NAMPT-associated single nucleotide polymor-
phisms (SNPs), including rs61330082 [17], rs2302559 [18], rs10953502 and rs2058539 [19]
were associated with NAMPT profile and might affect cryoglobulin formation through
the connection with ARNTL [15] and PAI-1 [14]. In addition, resistin regulates PAI-1 ex-
pression via protein kinase B (AKT) phosphorylation [20]. Resistin (RETN)-rs1423096 [21]
and RETN-rs1477341 [22] were associated with resistin levels in CHC and in Framingham
Offspring studies, respectively. Whether the aforementioned genotypes are associated with
HCV-related mixed cryoglobulinemia, particularly in Asia, remained elusive.

Accordingly, we sought to elucidate the genetic profiles associated with HCV-related
mixed cryoglobulinemiaby conducting a prospective study to analyze the genetic factors for
mixed cryoglobulinemiaof CHC patients in Taiwan, an Asian country where HCV infection
is rampant [3,23]. To elucidate the genetic profile for long-term mixed cryoglobulinemia
after HCV clearance, the mixed cryoglobulinemia status was followed up in the SVR
patientsfor up to 10 years after completion of anti-HCV therapy.

2. Materials and Methods
2.1. Patients

The study comprised subjects ≥18 years with positive HCV Ab who had been sur-
veyed for serum mixed cryoglobulins. Subjects with human immunodeficiency virus
infection, hepatitis B virus infection, hemochromatosis, primary biliary cholangitis, pri-
mary sclerosing cholangitis, autoimmune hepatitis or malignancy and recipients of solid
organ transplants were excluded. Among the HCV Ab-positive subjects, CHC was de-
fined as detectable HCV RNA by PCR for >24 weeks [3], spontaneous HCV clearance
was defined as positive HCV Ab but undetectable HCV RNA without any anti-HCV
therapy [24]. Mixed cryoglobulinemia was defined as positive serum mixed cryoglobu-
lins. The diagnosis of mixed cryoglobulinemic syndrome was based on the presence of
serum cryoglobulins and positivity for ≥2 of 3 items, including questionnaire, clinical, and
laboratory items. In brief, mixed cryoglobulinemic syndrome was defined as circulating
cryoglobulin associated with symptoms resulting from purpura, cutaneous ulcers, Ray-
naud’s phenomenon, arthralgias, sicca syndrome, gastrointestinal vasculitis, neurologic
involvement, or renal involvement [3]. HCV-related mixed cryoglobulinemia was defined
as the mixed cryoglobulinemia in patients with positive HCV Ab.
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2.2. Study Design

A total of 1043HCV Ab-positive patients were consecutively recruited at a tertiary
referral center between January 2010 and May 2019. A schematic flow chart of the enrolled
patients was shown in Figure 1. Of 1043, 796 CHC patients had finished the anti-HCV
therapy through interferon-based (n = 438) [3] or direct-acting antiviral agent (DAA)
therapies (n = 358) with various combinations (Supplementary Table S1) according to
reimburse policy of Bureau of National Health Insurance of the country. Baseline vari-
ables including sex, age, mixed cryoglobulinemia, HCV genotypes, levels of HCV RNA
and alanine aminotransferase (ALT) were recorded. The SNPs of IFNL3-rs12979860 [3],
ABCB1-rs1045642 [9], HLA class II-rs9461776 [8,25], NOTCH4-rs2071286 [25], SERPINE1-
rs6976053, ARNTL-rs6486122, PPARG-rs11128603 [14], NAMPT-rs61330082 [17], NAMPT-
rs2302559 [18], NAMPT-rs10953502, NAMPT-rs2058539 [19], RETN-rs1423096 and RETN-
rs1477341 [21] were assessed using TaqMan SNP Genotyping assays (Applied Biosystems,
Waltham, MA, USA) (Supplementary Table S2)or were assessed as described previously [26]
(Supplementary Table S3). Biochemical tests were performed at the clinical pathology lab-
oratories of the hospital using routine automated techniques, serum cryoglobulins were
measured using the double immunodiffusion method [27]. For the CHC patients who
had completed the anti-HCV therapy, an SVR was defined as undetectable levels of HCV
RNA at 12 weeks (for DAA therapy) or 24 weeks (for interferon-based therapy) after the
completion of therapy. The mixed cryoglobulinemia status was followed in SVR patients
every 3–6 months after the completion of therapy.
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2.3. Statistics

All statistical analyses were performed using the Statistical Package for Social Sci-
ence (SPSS package version 21, SPSS Inc., Chicago, IL, USA),Statistical Analysis System
(SAS version9.4, SAS Institute Inc., Cary, NC, USA), PLINK (version 1.07), HAPLOVIEW
(version 4.2), or MassARRAYTyper 4.0 (Sequenom) software. For the genetic analyses,
according to our previous studies, population stratification was not indicated because Tai-
wan’s Han Chinese differ drastically in genotypic information compared with Caucasians
but are relatively homogeneous among the three major ethnic subgroups including Minnan,
Hakka and Mainlanders [28,29]. SNPs with poor quality were removed using a sequen-
tially exclusive procedure [30]. Genotype association tests were performed using logistic
regression analyses with the assumption of an additive or recessive genetic model. Odds
ratios and their 95% confidence intervals were calculated. Single-locus association tests
were performed in genotype-based, allele-based, and trend-based analyses. Permutation
tests based on 100,000 replications were performed to correct for multiple comparisons.
Multivariate logistic or Cox regression models were used to assess relationships between
various dependent and independent variables by adjusting for all the independent vari-
ables with p values < 0.1 in univariate analyses. Hosmer-Lemeshow tests were performed
to survey the goodness of fit for the multivariate logistic regression models. Statistical
significance was defined at the 5% level based on two-tailed tests of the null hypothesis.

2.4. Informed Consent

Written informed consent was obtained from each patient. The study protocol con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by
the local institutional review board.

3. Results
3.1. Baseline Characteristics

As shown in Figure 1 and Table 1, of 1043 HCV Ab-positive patients, with a mean age
of 57.0 years, 520 (49.9%) were females, 934 (90.4%) had CHC, 109 (10.5%) had spontaneous
clearance of HCV, and 589 (56.5%) had baseline mixed cryoglobulinemia. Compared with
patients with spontaneous HCV clearance, CHC patients were more frequently male, older,
had higher rates of baseline mixed cryoglobulinemia, and genotypes of rs9461776 AA and
rs6976053 CC and levels of ALT, and lower rates of rs12979860 CC genotype.

Table 1. Baseline characteristics of 1043 patients with positive HCV Ab.

GENE Gentype Total (n = 1043) CHC (n = 934) Spontaneous HCV
Clearance (n = 109)

p Values
(CHC vs. SHC)

Female, n (%) 520 (49.9) 449 (48.1) 71 (65.1) 0.001
Age (years old) 57.0 ± 12.95 57.1 ± 12.8 54.3 ± 13.9 0.031

Mixed
cryoglobulinemia, n

(%)
589 (56.5) 550 (58.9) 39 (35.8) <0.001

Log HCV RNA
(logIU/mL) 6.04 ± 1.01 6.04 ± 1.00 NA

HCV genotype
Genotype 1, n (%) 550 (52.7) 500 (53.5) NA
Genotype 2, n (%) 300 (28.8) 300 (32.1) NA

Others, n (%) 134 (12.8) 134 (14.3) NA
ALT(U/L) 88.3 ± 99.42 93.6 ± 102.0 42.2 ± 54.3 <0.001

rs12979860, n (%) IFNL3 CC 891 (85.4) 791 (84.7) 100 (91.7) 0.01
rs6486122, n (%) ARNTL TT 224 (21.4) 207 (22.2) 17 (15.6) 0.09
rs1045642, n (%) ABCB1 GG 422 (40.5) 377 (40.4) 45 (41.3) 0.399
rs9461776, n (%) HLA-II AA 871 (83.3) 791 (84.7) 80 (73.4) 0.003
rs2071286, n (%) NOTCH4 CC 774 (74.2) 701 (75.1) 73 (67) 0.083
rs6976053, n (%) SERPINE1 CC 292 (27.9) 289 (30.9) 3 (2.8) <0.001
rs11128603, n (%) PPARG TT 943 (90.2) 850 (91.0) 93 (85.3) 0.44
rs61330082, n (%) NAMPT TT 178 (17) 166 (17.8) 12 (11) 0.46
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Table 1. Cont.

GENE Gentype Total (n = 1043) CHC (n = 934) Spontaneous HCV
Clearance (n = 109)

p Values
(CHC vs. SHC)

rs10953502, n (%) NAMPT TT 599 (57.3) 554 (59.3) 45 (41.3) 0.132
rs2302559, n (%) NAMPT CC 624 (59.7) 576 (61.7) 48 (44) 0.14
rs2058539, n (%) NAMPT AA 608 (58.2) 562 (60.2) 46 (42) 0.297
rs1423096, n (%) RETN CC 670 (64.2) 595 (63.7) 75 (69.2) 0.92
rs1477341, n (%) RETN AA 343 (32.9) 308 (33.0) 35 (32.1) 0.332

HCV: hepatitis C virus; CHC: chronic hepatitis C virus infection; SHC: Spontaneous HCV clearance; ALT: alanine transaminase; IFNL3:
interferon-λ 3; ARNTL: aryl hydrocarbon receptor nuclear translocator-like protein 1; ABCB1: ATP binding cassette subfamily B member 1;
HLA II: human leukocyte antigen class II; NOTCH4: neurogenic locus notch homolog protein 4; SERPINE1: serpin family E member 1;
PPARG: peroxisome proliferator-activated receptor gamma; NAMPT: Nicotinamide phosphoribosyltransferase; RETN: resistin; NA: not
assessable.

Patients with baseline mixed cryoglobulinemia were more frequently female, older,
had higher levels of ALT, rates of HCV positivity, and rs12979860 CC and rs6486122 TT
genotypes but lower levels of HCV RNA, than those without mixed cryoglobulinemia
(Table 2).

Table 2. Comparison between patients with and without baseline mixed cryoglobulinemia.

Genotype Mixed Cryoglobulinemia (+)
(n = 589)

MixecdCryoglobulinemia (−)
(n = 454) p Values

Female, n (%) 326 (55.3) 194 (42.7) <0.01
Age (years old) 58.04 ± 12.62 55.21 ± 13.21 <0.01

HCV RNA positivity 550 (93.4) 384 (84.6) <0.001
Log HCV RNA (logIU/mL) 5.91 ± 1.04 6.23 ± 0.92 <0.001

ALT(U/L) 93.87 ± 98.71 81.08 ± 99.98 0.04
rs12979860, n (%) CC 515 (87.4) 378 (82.8) 0.026
rs6486122, n (%) TT 138 (23.4) 86 (18.9) 0.033
rs1045642, n (%) GG 239 (40.6) 183 (40.3) 0.745
rs9461776, n (%) AA 488 (82.9) 383 (84.4) 0.449
rs2071286, n (%) CC 440 (74.7) 334 (73.6) 0.552
rs6976053, n (%) CC 175 (29.7) 117 (25.7) 0.384
rs11128603, n (%) TT 532 (90.3) 411 (90.5) 0.692
rs61330082, n (%) TT 96 (16.3) 82 (18.1) 0.867
rs10953502, n (%) TT 334 (56.7) 265 (58.4) 0.108
rs2302559, n (%) CC 358 (60.8) 266 (58.6) 0.745
rs2058539, n (%) AA 342 (58.1) 266 (58.6) 0.205
rs1423096, n (%) CC 386 (65.5) 283 (62.3) 0.381
rs1477341, n (%) AA 185 (31.4) 163 (35.9) 0.465

ALT: alanine transaminase; IFNL3: interferon-λ 3; ARNTL: aryl hydrocarbon receptor nuclear translocator-like protein 1;ABCB1: ATP
binding cassette subfamily B member 1; HLA II: human leukocyte antigen class II; NOTCH4: neurogenic locus notch homolog protein 4;
SERPINE1: serpin family E member 1; PPARG: peroxisome proliferator-activated receptor gamma; NAMPT: Nicotinamide phosphoribosyl-
transferase; RETN: resistin.

3.2. Post-Therapy Mixed Cryoglobulinemia in SVR Patients

At 24 weeks post-therapy, of the 438 patients who had completed a course of interferon-
based therapy, mixed cryoglobulinemia was noted in 131 (36.2%) of 362 SVR patients and
in 40 (52.6%) of 76 non-SVR patients. Of the 358 patients who had completed a course of
DAA therapy, mixed cryoglobulinemia was noted in 85 (24.0%) of 353 SVR patients and
3 (60%) in 5 non-SVR patients. In total, 30.2% (216/715) of the SVR patients had 24-week
post-therapy mixed cryoglobulinemia.

Ultimately, for the SVR patients with interferon-based therapy, with a follow-up
to 10 years (mean ± standard deviation (SD): 3.92 ± 1.64 years; median: 4.96 years),
the long-term post-therapy mixed cryoglobulinemia was noted in 17.0% (38/224) of the
interferon-treated SVR patients; for the SVR patients with DAA therapy, with a follow-up
to 2.87 years (mean ± SD: 1.19 ± 0.39 years; median: 1.01 years), the long-term post-
therapy mixed cryoglobulinemia was noted in 20.9% (17/81) of the DAA-treated SVR
patients. In total, regardless of therapeutic regimens, the long-term post-therapy mixed
cryoglobulinemia rate was 18.0% (55/305).
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3.3. Genetic Associations with Baseline HCV RNA

At baseline, all the genotypic, allelic, trend and permutation tests showed, rs12979860,
rs6976053, rs2071286, and rs9461776 were associated with baseline HCV RNA positivity
(Supplementary Table S4). The univariate and multivariate analysis confirmed, pre-therapy
mixed cryoglobulinemia, rs12979860 T allele, rs6976053 C allele, and rs9461776 A allele
were positively associated with baseline HCV RNA positivity (Table 3).

Table 3. Genetic associations with baseline HCV RNA positivity.

Reference
Allele/Risk Allele

Univariate Analyses Multivariate Analysis

OR 95% CI OR p Values OR 95% CI OR p Values

Baseline MC (0,1) 2.618 1.726–3.969 <0.001 2.617 1.679–4.079 <0.001
rs12979860- C/T 3.72 1.397–9.905 0.009 3.755 1.378–10.235 0.01
rs1045642- G/A 1.164 0.856–1.582 0.332
rs9461776 G/A 1.751 1.125–2.276 0.013 1.783 1.106–2.876 0.018
rs2071286 C/T 0.656 0.441–0.974 0.037 0.711 0.468–1.08 0.11
rs6976053 T/C 2.871 2.045–4.131 <0.001 2.737 1.93–3.881 <0.001
rs6486122 C/T 0.942 0.725–1.224 0.657

rs11128603- G/A 0.744 0.29–1.911 0.539
rs61330082- C/T 0.9 0.603–1.343 0.605
rs2302559- C/T 1.867 0.859–4.056 0.115

rs10953502- C/T 1.243 0.591–2.616 0.567
rs2058539- C/T 0.519 0.232–1.162 0.111
rs1423096- C/T 1.182 0.48–2.906 0.716
rs1477341- A/T 0.728 0.191–2.772 0.642

MC: mixed cryoglobulinemia; IFNL3: interferon λ3; ABCB1: ATP binding cassette subfamily B member 1; HLA II: Human leucocyte antigen
class II; NOTCH4: neurogenic locus notch homolog protein 4; SERPINE1: Serpin Family E Member 1; ARNTL: aryl hydrocarbon receptor
nuclear translocator like; PPARG: peroxisome proliferator-activated receptor gamma; NAMP: Nicotinamide phosphoribosyltransferase;
RETN: resistin; OR: odds ratio. p value for Hosmer-Lemeshow test: 0.963.

3.4. Genetic Associations with Baseline Mixed Cryoglobulinemia

At baseline, all the genotypic, allelic, trend and permutation tests showed, rs12979860,
and rs6486122 were associated with baseline mixed cryoglobulinemia (Supplementary
Table S4). The univariate and multivariate analyses confirmed, HCV RNA positivity,
12979860 C allele, and rs6486122 T allele were positively associated with pre-therapy mixed
cryoglobulinemia (Table 4).

Table 4. Genetic associations with pre-therapy mixed cryoglobulinemia.

Reference
Allele/Risk Allele

Univariate Analyses Multivariate Analysis

OR 95% CI OR p Values OR 95% CI OR p Values

HCV RNA positivity 2.618 1.726–3.969 <0.001 2.556 1.673–3.915 <0.001
rs12979860 T/C 1.142 1.01–1.974 0.044 1.531 1.087–2.056 0.015
rs1045642 G/A 1.016 0.835–1.236 0.877
rs9461776 G/A 0.917 0.648–1.298 0.624
rs2071286 C/T 0.894 0.672–1.188 0.44
rs6976053 T/C 0.907 0.776–1.062 0.226
rs6486122 C/T 1.19 1.002–1.414 0.048 1.191 1.000–1.419 0.049

rs11128603 G/A 0.943 0.547–1.624 0.832
rs61330082 C/T 0.937 0.751–1.168 0.56
rs2302559 C/T 0.901 0.653–1.244 0.527

rs10953502 C/T 1.293 0.89–1.877 0.177
rs2058539 C/T 0.796 0.56–1.113 0.205
rs1423096 C/T 0.854 0.656–1.112 0.241
rs1477341 A/T 0.961 0.73–1.264 0.774

IFNL3: interferon λ3; ABCB1: ATP binding cassette subfamily B member 1; HLA II: Human leucocyte antigen class II; NOTCH4: neurogenic
locus notch homolog protein 4; SERPINE1: Serpin Family E Member 1; ARNTL: aryl hydrocarbon receptor nuclear translocator like;
PPARG: peroxisome proliferator-activated receptor gamma; NAMP: Nicotinamide phosphoribosyltransferase; RETN: resistin; OR: odds
ratio. p value for Hosmer-Lemeshow test:0.896.

Among patients with spontaneous HCV clearance, the rates of rs12979860 CC or
rs6486122 TT genotypes were similar between those with and without baseline mixed
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cryoglobulinemia. By contrast, among CHC patients, a higher rate of rs12979860 CC
genotype, and a borderline higher rate of rs6486122 TT genotype were noted in those with
than those without baseline mixed cryoglobulinemia (Supplementary Table S5).

None of the investigated SNPs were associated with the presence of cryoglobulinemic
vasculitis (Supplementary Table S6).

3.5. Genetic Associations with Post-Therapy Mixed Cryoglobulinemia in SVR Patients

Among the SVR patients, the univariate and multivariate analyses confirmed, at
24 weeks post-therapy, pre-therapy mixed cryoglobulinemia and rs1423096 C allele were
associated with 24-week post-therapy mixed cryoglobulinemia (Table 5). Up to 10 years
post-therapy, 24-week post-therapy mixed cryoglobulinemia and rs6976053 T allele were
associated with long-term mixed cryoglobulinemia (Table 6).

Table 5. Genetic associations with 24-week post-therapy mixed cryoglobulinemia in SVR patients.

Reference
Allele/Risk Allele

Univariate Analyses Multivariate Analysis

OR 95% CI OR p Values OR 95% CI OR p Values

Pre-therapy mixed
cryoglobulinemia 3.143 2.16–4.575 <0.001 3.113 1.895–5.116 <0.001

rs12979860 T/C 1.283 0.763–2.159 0.348
rs1045642 G/A 1.031 0.774–1.372 0.835
rs9461776 G/A 1.068 0.649–1.757 0.797
rs2071286 C/T 1.035 0.678–1.58 0.874
rs6976053 C/T 0.933 0.746–1.166 0.541
rs6486122 C/T 1.024 0.802–1.308 0.85

rs11128603 G/A 1.414 0.585–3.42 0.442
rs61330082 C/T 0.857 0.64–1.147 0.299
rs2302559 C/T 1.142 0.734–1.776 0.557

rs10953502 C/T 1.013 0.588–1.743 0.964
rs2058539 C/T 0.989 0.601–1.627 0.965
rs1423096 C/T 0.652 0.45–0.944 0.023 0.677 0.46–0.995 0.047
rs1477341 A/T 0.794 0.589–1.072 0.132

SVR: sustained virological response; IFNL3: interferon λ3; ABCB1: ATP binding cassette subfamily B member 1; HLA II: Human
leucocyte antigen class II; NOTCH4: neurogenic locus notch homolog protein 4; SERPINE1: Serpin Family E Member 1; ARNTL:
aryl hydrocarbon receptor nuclear translocator like; PPARG: peroxisome proliferator-activated receptor gamma; NAMP: Nicotinamide
phosphoribosyltransferase; RETN: resistin; OR: odds ratio; CI; confidence interval.

Table 6. Genetic associations with long-term post-therapy mixed cryoglobulinemia in SVR patients.

Reference
Allele/Risk Allele

Univariate Analyses Multivariate Analysis

HR 95% CI HR p Values HR 95% CI HR p Values

24-week post-therapy
mixed

cryoglobulinemia (0,1)
3.145 1.997–4.952 <0.001 2.829 1.779–4.497 <0.001

rs12979860 T/C 1.76 0.911–3.403 0.093 1.888 0.867–4.114 0.11
rs1045642 G/A 0.906 0.669–1.229 0.526
rs9461776 G/A 2.121 0.985–4.566 0.055 1.982 0.927–4.235 0.078
rs2071286 C/T 0.971 0.605–1.558 0.903
rs6976053 C/T 1.313 1.023–1.694 0.032 1.351 1.046–1.746 0.021
rs6486122 C/T 0.861 0.661–1.122 0.268
rs11128603 G/A 0.719 0.332–1.56 0.404
rs61330082 C/T 1.144 0.839–1.56 0.396
rs2302559 C/T 0.927 0.559–1.538 0.769
rs10953502 C/T 0.825 0.412–1.653 0.588
rs2058539 C/T 1.194 0.61–2.34 0.605
rs1423096 C/T 0.798 0.538–1.183 0.261
rs1477341 A/T 1.141 0.787–1.654 0.487

SVR: sustained virological response; IFNL3: interferon λ3; ABCB1: ATP binding cassette subfamily B member 1; HLA II: Human
leucocyte antigen class II; NOTCH4: neurogenic locus notch homolog protein 4; SERPINE1: Serpin Family E Member 1; ARNTL:
aryl hydrocarbon receptor nuclear translocator like; PPARG: peroxisome proliferator-activated receptor gamma; NAMP: Nicotinamide
phosphoribosyltransferase; RETN: resistin; HR: hazard ratio; CI; confidence interval.
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4. Discussion

That CHC patients had higher mixed cryoglobulinemia rates than patients with
spontaneous HCV clearance supports the causal relationship between HCV infection and
mixed cryoglobulinemia; while higher positive HCV RNA rates but lower HCV RNA
levels in patients with than those without baseline mixed cryoglobulinemia suggested that
HCV-related mixed cryoglobulinemia might be stemmed from host’s immune reaction
to expel HCV, albeit the expulsion failed in CHC patients. Moreover, that patients with
baseline mixed cryoglobulinemia and CHC patients were more frequently female and male,
respectively, is consistent with the notions that females are prone to have autoimmune
disease [31], have more robust immune response to expel HCV [32] and have a higher
spontaneous HCV clearance rate [33].

In addition to baseline mixed cryoglobulinemia, rs6976053 C allele, rs12979860 T allele,
and rs9461776 A allele were associated with HCV RNA positivity. Indeed, PAI-1 and
HCV have a reciprocal inhibition for each other [13], and rs6976053 C allele is associated
with low PAI-1 levels [14], which echoed an efficient HCV replication and thus HCV RNA
positivity. rs12979860CC genotype is associated with favorable response to interferon-
based therapy and spontaneous HCV clearance [34]. Consistently, CHC patients had a
lower rate of rs12979860 CC genotype than patients with spontaneous HCV clearance and
rs12979860 T allele is associated with HCV RNA positivity. A broad, vigorous HLA class
II-medicated CD4 T cell response favors HCV clearance [35], and both HLA-DRB1*11and
HLA-DQB1*03 have been linked to spontaneous HCV clearance [36,37]. That rs9461776
located between HLA-DRB1 and HLA-DQA1 gene segments explains it’s association with
HCV RNA positivity.

As mentioned above, rs12979860 T allele was associated with HCV RNA positivity,
while HCV RNA positivity and rs12979860 C allele were associated with mixed cryoglobu-
linemia. Moreover, the association between rs12979860 C allele and mixed cryoglobuline-
mia was only significant among CHC patients but not among patients with spontaneous
HCV clearance. These paradoxical associations support that the immunity is defective to
clear HCV in patients carrying the rs12979860 T allele; while among CHC patients carrying
rs12979860 C allele, mixed cryoglobulins seemed to result from failure of expelling HCV.
Of note, it is a novel finding that rs6486122T allele was associated with baseline mixed
cryoglobulinemia. Given that rs6486122 T allele is associated with high PAI-1 levels [14],
which inhibit HCV replication [13], it endorsed the concept that emergence of mixed
cryoglobulinemia aids to fight for HCV. Although a link of rs2071286 and rs9461776 with
HCV-related cryoglobulinemic vasculitis was shown in Europe [8], in our study, neither of
the 2 SNPs were associated mixed cryoglobulinemia or cryoglobulinemic vasculitis. Ethnic
variation and different study design may account for the discrepancy.

Among SVR patients, pre-therapy mixed cryoglobulinemia and rs1423096 CC geno-
type were associated with 24-week post-therapy mixed cryoglobulinemia. Our previous
study had demonstrated the negative association between rs1423096 C allele and resistin
levels in CHC patients [21], and resistin was shown to up-regulate PAI-1 levels [38]. Thus
the association of rs1423096 C allele with 24-week post-therapy mixed cryoglobulinemia
suggested a link between low PAI-1 levels and 24-week post-therapy mixed cryoglobuline-
mia. Moreover, the 24-week post-therapy mixed cryoglobulinemia and rs6976053 T allele
were associated with long-term post-therapy mixed cryoglobulinemia (up to 10 years),
while rs6976053 T allele was linked with high PAI-1 levels [14]. Based on the all the asso-
ciations: between rs6486122 and pre-therapy mixed cryoglobulinemia, among rs6486122,
rs6976053 and PAI-1 levels [14], between rs1423096 C allele and resistin [21], between
resistin and PAI-1 levels [38], between rs1423096 C allele and 24-week post-therapy mixed
cryoglobulinemia, and between rs6976053T allele and long-term mixed cryoglobulinemia,
PAI-1 pathway is crucial for HCV-associated mixed cryoglobulinemia, and the different
PAI-1-associated SNPs might have various impacts on the different stage of HCV-associated
mixed cryoglobulinemia. Given that PAI-1 is associated with cardiovascular events in SVR
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patients [39], the link between HCV-associated mixed cryoglobulinemia and cardiovascular
risks demand further investigation.

Although the association between presence of HCV-viremia and mixed cryoglobuline-
mia appears robust, the SNP associations with pre or post-therapy mixed cryoglobulinemia
are weaker and might barely reach statistical significance. In many instances, these single-
center SNP analyses fail to be reproduced in larger contexts, representing a limitation.
Future large-scale prospective studies with HCV-infected patients enrolled from multiple
centers are required to verify the links between the SNPs and mixed cryoglobulinemia
described herein.

Taken together, pre-therapy mixed cryoglobulinemia, IFNL3-rs12979860, SERPINE1-
rs6976053, and HLA class II-rs9461776 were associated with baseline HCV RNA positivity;
the presence of HCV RNA, IFNL3-rs12979860, and ARNTL-rs6486122 were associated
with pre-therapy mixed cryoglobulinemia; the pre-therapy mixed cryoglobulinemia and
RETN-rs1423096 were associated with 24-week post-therapy mixed cryoglobulinemia; and
24-weeks post-therapy mixed cryoglobulinemia and SERPINE1-rs6976053 were associated
with 10-year mixed cryoglobulinemia in SVR patients. The presence of HCV-associated
mixed cryoglobulinemia likely signify an immune reaction for expelling HCV. The as-
sociated SNPs for HCV-associated mixed cryoglobulinemia at various stages mark the
vulnearable patients to have mixed cryoglobulinemia, and PAI-1-related pathway might be
crucial in HCV-associated mixed cryoglobulinemia.
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