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Abstract: Chronic hepatitis C (CHC) is a liver disease characterized by infection with the 

hepatitis C virus (HCV) persisting for more than six months. Patients with CHC often stop pursu-

ing the pegylated interferon (peg-IFN) and ribavirin (RBV) treatment because of the high cost 

and associated adverse effects. Therefore, it is highly desirable, both clinically and economically, 

to establish the determinants of response to distinguish responders from nonresponders, and to 

predict the possible outcomes of the peg-IFN and RBV treatments. The aim of this study was 

to review recent data on the pharmacogenomics of the drug efficacy of IFN in CHC patients. 

Single nucleotide polymorphisms (SNPs) can be used to understand the relationship between 

genetic inheritance and IFN therapeutic response. In the recent advent of scientific research, 

the genome-wide association study (GWAS), which is an alternative to the candidate-gene 

approach, is widely utilized to examine hundreds of thousands of SNPs by high-throughput 

genotyping technologies. In addition to the candidate-gene approach, the GWAS approach has 

recently been employed to study the determinants of HCV’s response to therapy. Several recent 

findings have demonstrated that some SNPs in the interleukin 28B gene are closely associated 

with IFN responsiveness. These results promise to lead to mechanistic findings related to IFN 

responsiveness in this disease, and will probably have major contributions for individualized 

medicine and therapeutic decision making.

Keywords: chronic hepatitis C, genome-wide association study, interferon, pharmacogenomics, 

ribavirin, single nucleotide polymorphisms

Introduction
Chronic hepatitis C (CHC) affects more than 170 million individuals worldwide and 

is a chronic liver disease characterized by infection with the hepatitis C virus (HCV) 

persisting for more than six months.1,2 Although combination therapy with pegylated 

interferon-alpha (peg-IFN-alpha) and ribavirin (RBV) has been the recommended 

treatment for CHC patients, many patients will not be cured by treatment.1,2 In addi-

tion to limited efficacy, it is well known that some patients often stop completing 

therapy because of the high cost and significant adverse reactions.1,2 Consequently, it 

would be highly desirable to identify the determinants of response to treatment that 

distinguish responders from nonresponders and predict the possible outcome of the 

peg-IFN-alpha and RBV treatment.3,4

The completion of the Human Genome Project has led to a new era of scientific 

research, including the revolutionary genome-wide association study (GWAS).5 As an 

alternative to the candidate-gene approach, GWAS studies examine common genetic 

variations across the entire human genome in an attempt to identify genetic associations 
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with observable traits by utilizing high-throughput 

genotyping technologies to assay hundreds of thousands 

of single nucleotide polymorphisms (SNPs).6,7 Unlike the 

candidate-gene approach, there is no a priori hypothesis about 

involved genes in the GWAS. A GWAS typically includes 

four parts: (1) selection of a large number of participants with 

the disease or trait of interest, and a suitable control group for 

comparison; (2) DNA isolation, array platforms, and data 

review to ensure high genotyping quality; (3) statistical 

tests for associations between SNPs and the disease and/

or trait; and (4) replication of identified associations in an 

independent population or experiment of functional studies.8 

In a typical GWAS, frequencies of 500,000 to 2 million 

SNPs are compared in cases and controls. This GWAS 

approach presents several challenges, such as the issue of 

multiple comparisons and how to account for ethnic and 

geographic differences in the prevalence of SNPs.9,10 The 

situation of multiple comparisons refers to the probability that 

SNP frequencies in cases and controls would differ simply 

because chance naturally increases when there are hundreds 

of thousands of comparisons. The issue is usually resolved 

by requiring a very large sample size or by detecting a SNP 

with a very strong association.11,12

In this paper, we review the pharmacogenomics of the 

drug efficacy of interferon (IFN) in CHC patients. In addition 

to the candidate-gene approach, the GWAS approach has 

recently been employed to study the determinants of HCV’s 

response to therapy. Several recent studies have demonstrated 

that some SNPs in the interleukin 28B (IL28B) gene are 

closely associated with IFN-responsiveness.13–18 The IL28B 

gene codes for IFN-lambda-3, which is one of the recently dis-

covered type III interferons, and is ubiquitous in vertebrates.19 

Unlike the single-exon type I interferons, IFN-lambda-3 is 

typically encoded by five or six exons.19

Genome-wide association studies
GWAS by Ge and colleagues
In a GWAS, Ge and colleagues studied genetic variation as 

a predictor of hepatitis C treatment-induced viral clearance.13 

They genotyped 1,671 patients from the Individualized Dos-

ing Efficacy versus Flat Dosing to Assess Optimal Pegylated 

Interferon Therapy (IDEAL) trial using the Human 610-quad 

BeadChip® (Illumina Inc., San Diego, CA, USA).13 Treatment-

naive US patients with HCV genotype 1 underwent 48 weeks 

of therapy with peg-IFN-alpha-2b or peg-IFN-alpha-2a 

combined with RBV, and were assessed for a sustained 

virologic response (SVR), defined as undetectable levels of 

HCV RNA at 24 weeks after treatment ended.13

In this GWAS, Ge and colleagues reported an SNP, 

rs12979860, in the IL28B gene, that was strongly associated 

with SVR in all patient groups within the study populations, 

including European Americans (P = 1.06 × 10−25), African 

Americans (P = 2.06 × 10−3), and Hispanics (P = 4.39  × 10−3).13 

The SNP rs12979860 resides 3 kb upstream of the IL28B 

gene on chromosome 19. The CC genotype of the IL28B 

rs12979860 SNP was found to be associated with higher 

SVR rates than the TT or TC genotypes across all population 

groups.13 The magnitude of this association between the CC 

genotype and SVR was greater than that of other clinical 

factors currently utilized to predict treatment response in 

patients infected with genotype 1 HCV, including baseline 

viral load, baseline fibrosis, and ethnicity (odds ratio [OR] 

range: 5.6–7.3 for CC genotype, 2.4–5.1 for viral load, 

1.1–4.1 for fibrosis, and 3.1 for ethnicity, respectively).13 

The SVR rates across different population groups were found 

to have a substantial concordance with C allele frequency at 

IL28B rs12979860. Thus, the difference in frequency of the 

C allele can be estimated to explain approximately half of 

the difference in treatment response rates between African 

American and European American patients.13

Furthermore, Ge and colleagues suggested that the 

C allele frequency of the IL28B rs12979860 variant was 

significantly decreased in chronically infected patients 

compared with ethnically matched controls (0.63 versus 

0.73; P  ,  2.5  ×  10−6), indicating an association between 

the C allele and a higher rate of natural clearance of HCV.13 

However, they did not perform comparison between matched 

patients known to have, or not to have, naturally cleared the 

HCV infection.

Finally, Ge and colleagues sequenced the IL28B gene in 

96 of the individuals they genotyped, and found two vari-

ants in linkage disequilibrium with rs12979860, including a 

G . C transition 27 bp upstream of the translation initiation 

codon (rs28416813), and a nonsynonymous coding SNP 

(213A . G, K70R, rs8103142; r2 . 0.85).13 However, the 

investigators did not pursue functional analysis in their 

study. Owing to the high degree of correlation among the 

three SNPs, tests for independence were not possible.13 Thus, 

it could not be determined which, if any, of the SNPs is 

uniquely responsible for the association with SVR.

GWAS by Suppiah and colleagues
In a similar GWAS for HCV’s response to therapy, Suppiah 

and colleagues studied an Australian population of 

northern European ancestry infected with HCV genotype 

1, including 162 nonresponders to peg-IFN-alpha and RBV, 
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and 131 responders.14 In the first stage, they utilized the 

Infinium™ HumanHap300 (Illumina Inc.) or the CNV370-

Quad genotyping BeadChip (Illumina Inc.) with data for 

311,159 SNPs. The Cochrane–Armitage trend test was 

employed to test the association between genotypes and 

response status. The threshold for genome-wide significant 

association was set at P , 1.6 × 10−7 (0.05/311,159).14 One 

SNP, rs8099917, in the intergenic region between IL28A and 

IL28B, was shown to be associated with response status at 

genome-wide significance (P = 7.06 × 10−8; OR = 3.36; 95% 

CI: 2.15–5.35).14 They then replicated their results in a larger 

independent cohort of Europeans from the UK, Germany, 

Italy, and Australia. The association between SVR and the 

G allele of the SNP rs8099917 was found to reach genome-

wide significance in the overall analysis of the first-stage 

and replication cohorts (P = 9.25 × 10−9; OR = 1.98; 95% 

CI: 1.57–2.52).14 Compared with noncarriers, heterozygous 

and homozygous carriers of the G allele of rs8099917 had 

ORs of 1.64 and 2.39 for SVR, respectively.14 Several other 

SNPs were also reported to have suggestive associations with 

a p value of less than 10−4.

Moreover, Suppiah and colleagues genotyped a total 

of 20 tag SNPs in the IL28B, IL28A, and IL29 gene 

cluster (on chromosome 19: 44389814–44480955), and 

identified a six-allele haplotype (GCCTAG) comprised of 

rs12980275, rs8105790, rs8103142, rs1085327, rs8109886, 

and rs8099917.14 The rs8099917 SNP tags this haplotype, 

which splits responders and nonresponders (P = 3.03 × 10−9; 

OR = 2.0; 95% CI: 1.58–2.50).14 This haplotype was shown 

to be present in 31.5% of nonresponders compared with 

18.8% of responders.14 To verify whether this haplotype might 

affect the expression of both IL28A and IL28B genes, they 

tested the constitutive expression of these genes in whole 

blood in 49 healthy participants, and observed that the non-

responder haplotype had lower expression of IL28A and 

IL28B (P = 0.044).14 In addition, Suppiah and colleagues 

found that the G allele of rs8099917 was able to predict 

non-response with 57% sensitivity and 63% specificity, based 

on a model of dominant inheritance.14 Therefore, this SNP, 

in combination with other parameters and genetic variants, 

should be useful for clinical management.

GWAS by Tanaka and colleagues
Similarly, in the third GWAS for the drug efficacy of peg-IFN-

alpha and RBV, Tanaka and colleagues conducted a multi-

center study in Japanese patients with HCV genotype 1.15 They 

utilized the Affymetrix® (Affymetrix, Santa Clara, CA, USA) 

SNP 6.0 genome-wide SNP typing array for 900,000 SNPs. 

In the first phase of the study, there were a total of 78 patients 

with null virologic response (NVR) (less than a 2 log unit 

decline in serum HCV RNA at 12 weeks, and detectable vire-

mia at 24 weeks of treatment), and 64 patients with a virologic 

response (VR), achievement of SVR, or transient VR.15 The 

patient cohort was treated with either standard-dose peg-IFN-

alpha-2b or peg-IFN-alpha-2a, in combination with ribavirin, 

and maintained adherence of more than 80% dose for both 

drugs during the first 12 weeks of treatment.15

Using a minor allele dominant model, Tanaka and 

colleagues revealed that two SNPs, including rs8099917 

(P = 3.11 × 10−15) and rs12980275 (P = 1.93 × 10−13), which 

locate close to IL28B on chromosome 19, were in strong asso-

ciation with NVR to peg-IFN-alpha with RBV treatment.15 

They also observed that the frequencies of minor allele-

positive patients were much higher in the NVR group than 

in the VR group for both SNPs (74.3% in NVR and 12.5% 

in VR for rs12980275; 75.6% in NVR and 9.4% in VR for 

rs8099917), and individuals homozygous for the minor 

allele were in only the NVR group.15 It is interesting to point 

out that Tanaka and colleagues identified the same SNP, 

rs8099917, as in the study by Suppiah and colleagues,14 to 

be in association with treatment response. Another result 

similar to the study of Suppiah and colleagues14 was that 

they demonstrated lower IL28B mRNA expression in 

peripheral blood mononuclear cells in individuals carrying 

the minor alleles in their study.15

In the replication phase of the study, Tanaka and col-

leagues further identified 16 SNPs by analyzing the 40 kb 

region that contained the rs8099917 and rs12980275 SNPs.15 

They genotyped an independent set of 172 Japanese patients 

(50 NVR and 122 VR), together with the patient samples of 

the first phase, using the DigiTag2 assay.15 In the replica-

tion analysis, they confirmed the initial association with 

combined p values and ORs for NVR versus transient VR 

(rs8099917: P = 1.11 × 10−27; OR = 27.2; and rs12980275: 

P = 3.99 × 10−24; OR = 18.5).15 Furthermore, they identi-

fied six SNPs with significant association within a 15.7 kb 

region that included IL28B, and then further sequenced 

the region to identify three more. In all, they observed that 

the strongest associations with NVR were in seven SNPs 

(including rs8105790, rs11881222, rs8103142, rs28416813, 

rs4803219, rs8099917, and rs7248668) that are located in 

the downstream flanking region, the third intron, the third 

exon, the first intron, and the upstream flanking region of 

the IL28B gene.15 Using logistic regression analysis, they 

identified the SNP rs8099917 as the most significant factor 

for predicting NVR (OR = 37.68).15
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GWAS by Rauch and colleagues
Very recently, Rauch and colleagues performed the fourth 

GWAS of a relatively genetically homogenous population 

to screen for host genetic determinants of HCV persistence 

and response to therapy.16 In their study, there were 1,362 

Caucasian Swiss patients, including 1,015 subjects with 

persistent HCV infection, and 347 subjects with spontaneous 

HCV resolution (where 448 subjects were co-infected with 

human immunodeficiency virus).16 With multivariate logistic 

regression, they assessed responses to peg-IFN-alpha and 

RBV in 465 individuals, using more than 500,000 SNPs.16

Rauch and colleagues found that CHC was associated with 

7 SNPs in the IL28B locus.16 The strongest association with 

spontaneous recovery was detected for rs8099917, a T/G SNP 

whose distribution was exceedingly unlikely to have occurred 

by chance (OR = 2.31; 95% CI: 1.74–3.06; P = 6.07 × 10−9).16 

Furthermore, the frequency of the minor G allele at rs8099917 

was over-represented in the subset of those with chronic 

infection who failed to respond to peg-IFN-alpha and RBV, 

compared with those who achieved SVR (OR = 5.19; 95% 

CI: 2.90–9.30; P = 3.11 × 10−8), with the strongest effects in 

patients with HCV genotype 1 or 4.16

Racial differences
As mentioned previously, four groups have found pieces of 

the HCV outcome puzzle near the IL28B gene.13–16 Three 

of them found that the T allele in rs8099917 was associated 

with SVR to treatment.14–16 On the other hand, one group 

observed that persons who were homozygous for the major C 

(versus T) allele at the SNP rs12979860 near the IL28B gene 

were 2-fold more likely to respond to treatment than those 

homozygous for the alternative nucleoside, T.13 It is inter-

esting to mention that the SNPs rs8099917 and rs12979860 

are just 4,378 bases apart.16 In addition, their linkage was 

high (D’ = 0.98; r2 = 0.5) among the Swiss population in 

the GWAS by Rauch and colleagues.16 Similarly, Ge and 

colleagues reported high linkage between these two SNPs 

in Caucasians (r2 = 0.52) but very low linkage in African 

Americans (r2 = 0.07).13 We can utilize the HapMap data-

base20 to provide a comparison among the five populations 

(African ancestry in Southwest USA [ASW], Utah residents 

with Northern and Western European ancestry from the 

CEPH collection [CEU]; Han Chinese in Beijing, China 

[CHB]; Japanese in Tokyo, Japan [JPT]; Yoruba in Ibadan, 

Nigeria [YRI]) in terms of allele frequencies. Interestingly, 

data from the HapMap database show that the risk allele (G) 

in rs8099917 is infrequent in the CHB and African popula-

tions (3% in CHB and 2% in YRI, respectively), which is 

lower than the 18% in the CEU.20 Because patients with 

African ancestry are more likely to have viral persistence 

and less likely to respond to treatment, this allele would not 

explain the racial differences in HCV outcomes.21 In con-

trast, the risk allele (T) in rs12979860 is more common in 

blacks than in Caucasians (6.6% in CHB and 69.2% in YRI 

in HapMap, respectively).20 Thus, further research is needed 

to determine whether this IL28B gene explains racial differ-

ences in the outcome of this global infectious disease.21

Type III interferons
As presented earlier, at least four independent GWAS studies 

provide significant evidence for the role of the IL28B gene 

in the pathogenesis of HCV infection.13–16 However, still 

more pieces of data are needed to complete the mechanistic 

picture.21 The IL28B gene encodes IFN-lambda-3, which is 

one of the recently discovered type III interferons (or lambda 

interferons), and belongs to the IL10 superfamily.22 Other 

type III interferons are the cytokine IL28A and IL29. 

Type  III interferons are induced through mechanisms 

similar to, and probably synergistic with, type I interferons 

(such as IFN-alpha), although they utilize distinct receptor 

complexes to ultimately trigger similar intracellular signaling 

programs (including phosphorylation of the kinases JAK1 

and TYK2, activation of the transcription factor complex 

containing STAT1, STAT2, and interferon regulatory factor 

9, and upregulation of a similar set of genes that share the 

IFN-stimulated response element promoter sequence).23,24

Some murine studies have revealed the preferential 

expression of IFN-lambda receptors on epithelial surfaces, 

and have suggested that type III interferons may allow the 

host to rapidly eliminate viruses at the major portals of 

entry into the body before infection is established, without 

activating other arms of the immune system.25–27 Nonetheless, 

one important difference established between the murine and 

human systems is that the interleukin 28 receptor alpha chain 

(receptor complex induced by IFN-lambda) is expressed in 

human hepatocytes, whereas the murine liver seems unlikely 

to respond to IFN-lambda.25–27 This finding suggests that 

IFN-lambda contributes to host defense against hepatotrophic 

viruses, such as HCV, in humans.28 Like type I interferons, 

lambda interferons have activity against HCV and other viral 

infections in vitro and in vivo.29 However, in vitro exogenous 

IFN-lambda induces a slower, more sustained abundance 

of IFN-stimulated genes than IFN-alpha.29 Although these 

findings answer why IFN-lambda might play a key role in 

HCV recovery, they do not explain why treatment-associated 

resolution of HCV infection is associated with certain base 
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sequences located upstream of the start codon for the cytokine 

IL28B.21

IL28B expression
The recent GWAS articles linking the IL28B genotype to 

IFN-alpha therapeutic response have triggered intensive 

research to establish underlying mechanisms for the associa-

tion.28 At this point, there are very few possible explanations 

and, few strong, mechanistic clues.21

It is speculated that these variants correlate with the 

regulation of the cytokine IL28B transcription, because these 

SNPs are located upstream of the IL28B gene.21 The obser-

vations cited earlier by Suppiah and colleagues, and Tanaka 

and colleagues strongly suggest that the identified SNPs do 

indeed alter the expression of the IL28B and, perhaps, IL28A 

genes.14,15 These two studies found that those who carried the 

G risk allele at the SNP rs8099917 had lower mRNA expres-

sion of the cytokine IL28B in peripheral blood mononuclear 

cells.14,15 On the other hand, Ge and colleagues reported no 

difference in cytokine IL28B expression in peripheral blood 

mononuclear cells from 80 HCV-uninfected persons homozy-

gous for a proxy allele for the SNP rs12979860, using the 

SNPExpress database.13

However, it remains unknown how such altered expression 

of IFN-lambda would lead to reduced responsiveness to 

exogenously administered IFN-alpha.28 It is likely that 

IFN-lambda may play a role in enhancing the effect of 

IFN-alpha signaling pathways.14,15 Moreover, it is plausible 

to explain the association between IL28B and response 

by the following consistent observation made by several 

investigators: the increased expression of IFN-stimulated 

genes at baseline in patients who were destined to fail to 

respond to IFN-alpha.30–32 It has been shown that upregulation 

in a specific set of eight IFN-stimulated genes predicts 

nonresponse to exogenous peg-IFN therapy.30 Furthermore, 

it has been reported recently that regulation differs in the 

infected tissue, and even between cell types within the 

liver, for some IFN-stimulated genes.31 It has also been 

demonstrated that a strong upregulation of IFN-stimulated 

genes was induced in the livers of patients without rapid VR 

to peg-IFN, compared with low baseline expression and high 

post-treatment expression in those with rapid VR.32

Similar to the protective effect of the least inhibitory 

interactions between killer cell immunoglobulin-like recep-

tor (KIR) and HLA-C, it is likely that the cytokine IL28B 

produced in persons with the protective allele diminishes 

cytokine IL13 to a lesser extent than the molecule with the 

risk allele.33,34 It is also possible that these SNPs are markers 

of another DNA sequence that modifies the cytokine IL28B.21 

In addition, both rs12979860 and rs8099917 variants are 

strongly associated with a nonsynonymous IL28B mutation, 

due to the fact that the favorable SNP haplotype usually 

occurs in association with an arginine instead of a lysine at 

position 70 (rs8103142).13,17,21 This change is distant from 

the putative receptor binding location, and its mechanistic 

significance remains unclear.35

Practical implications
In addition to the mechanistic questions of profound impor-

tance, the recent GWAS findings on genetic variation as a 

predictor of outcome in patients treated for HCV infection 

will have major practical implications.13–16 Several recent 

GWAS studies have demonstrated remarkable associations 

between SNPs near or within the region of the IL28B gene, 

which codes for IFN-lambda-3.13–16 These results promise 

to lead to important mechanistic findings related to IFN 

responsiveness in this disease, and will probably have major 

contributions for individualized medicine and therapeutic 

decision making.13–16

Ge and colleagues suggest that, in the near future, advance 

knowledge of the genotype of patients infected with HCV 

could become an important component of the clinical deci-

sion to initiate treatment.13 These findings may also lead 

to more individualized treatment regimens with regard to 

both the chosen medicines and the duration of therapy.13–16 

Moreover, the critical importance of the IL28B gene region 

in mediating response has emphasized interest in the devel-

opment of IFN-lambda as a therapeutic agent for patients 

with CHC.36–38 For instance, the early studies of a pegylated 

form of IL29 (IFN-lambda-1) have demonstrated promising 

antiviral activity with the potential benefit of reduced hema-

tologic toxicity, owing to the hepatocyte-specific receptor 

profile for IFN-lambda (versus IFN-alpha).36–38

Relevant candidate-gene studies
HCV natural clearance
As mentioned previously, Ge and colleagues also demon-

strated that the C allele frequency of the IL28B rs12979860 

SNP was significantly reduced in the chronically infected 

cohort, compared with ethnically matched controls (0.63 

versus 0.73; P , 2.5  ×  10−6), suggesting an association 

between the C allele and a higher rate of natural clearance 

of HCV.13 In a subsequent candidate-gene study, Thomas 

and colleagues confirmed this association by genotyping this 

IL28B rs12979860 variant in HCV cohorts comprised of indi-

viduals who spontaneously cleared the virus (n = 388) or had 
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persistent infection (n = 620).17 They showed that the C allele 

occurred more frequently among patients who spontaneously 

cleared HCV than those who did not, among both European 

and African ancestry (80.3% versus 66.7%; P = 7 × 10−8, and 

56.2% versus 37%; P = 1 × 10−5, respectively).17 Furthermore, 

they observed that patients with the CC genotype at IL28B 

rs12979860 were three times more likely to have natural 

clearance of HCV compared with patients with the combined 

CT and TT genotypes (OR = 0.33; P , 1×10−12).17 Finally, it 

is likely that the 213A . G change (in the SNP rs8103142) 

alters the function of the IFN-lambda-3, explains the differ-

ence in spontaneous HCV clearance after acute infection, 

and mediates treatment response to IFN.17

Replicated association
As discussed previously, a GWAS study by Ge and col-

leagues has linked response to peg-IFN and RBV with a 

common rs12979860 SNP in the IL28B gene on chromo-

some 19.13 McCarthy and colleagues conducted a replication 

candidate-gene study to investigate the association between 

the SNP rs12979860 and treatment response in a diverse 

cohort of chronic HCV patients.18 A cross-sectional study 

was performed using data from 1,021 consecutive patients 

enrolled in the Duke Hepatology Clinic Research Database 

and Biorepository.18 They analyzed DNA, clinical, and demo-

graphic data, along with validated data of the response of 231 

subjects to peg-IFN and RBV. The study included Caucasians 

(n = 178), African Americans (n = 53), and HCV genotypes 1 

(n = 186), and 2/3 (n = 45). The IL28B rs12979860 genotype 

was tested for an association with SVR.

McCarthy and colleagues reported that the rs12979860 

CC genotype (found in approximately 40% of Caucasians) 

predicted a SVR to therapy among Caucasians (OR = 5.79; 

95% CI: 2.67–12.57; P = 9.0 × 10−6) independent of HCV 

genotype and other covariates.18 In addition, the rs12979860 

CC genotype predicted a SVR with 78% specificity and 65% 

sensitivity in patients infected with HCV genotype 1, which 

was better than the HCV genotype currently used to predict 

treatment response.18 Thus, McCarthy and colleagues con-

cluded that the IL28B rs12979860 genotype is a significant 

predictor that might be used to determine the best course of 

peg-IFN and RBV treatment for patients with chronic HCV 

infection.18

IFN alpha pathway
In a recent candidate-gene study, Welzel and colleagues 

investigated the association between genetics and HCV 

treatment response with a focus on the IFN-alpha pathway.39 

They genotyped 56 SNPs along the IFN-alpha pathway 

in 1,051 patients in the Hepatitis C Long-term Treatment 

Against Cirrhosis (HALT-C) trial, utilized TaqMan® assays 

(Applied Biosystems, Carlsbad, CA, USA) with analysis on 

the ABI 7900HT platform (Applied Biosystems), and focused 

on European Americans (n = 581) for purposes of statistical 

power.39 Participants had advanced chronic hepatitis C (Ishak 

fibrosis score $3), had not previously responded to IFN 

treatment with or without RBV, had a Child–Turcotte–Pugh 

score of less than seven, and were treated with peg-IFN and 

RBV for 24 weeks, and then up to 48 weeks if undetectable 

at week 20.39

In the study by Welzel and colleagues, they examined 

the SNPs in genes encoding IFN-alpha, the IFN-alpha 

receptor, JAK/tyrosine kinase/STAT 1 and 2, all part of the 

signal transduction via the JAK-STAT pathway, IFN-alpha 

induced genes with antiviral properties, including adenosine 

deaminase/eukaryotic translation initiation factor 2A-alpha 

kinase 2/NFKB1/myxovirus resistance 1/2´5´-oligoadenylate 

synthetase 1, as well as interferon regulatory factor.39

After using logistic regression to control for the effect of 

other variables associated with treatment response, associations 

were reported among 581 European American patients as 

follows: the minor variant for the intronic IFN-alpha receptor 

1 (IFNAR1) IVS1–22T . G (rs2243592) SNP occurred at 

lower frequency in patients with SVR (adjusted OR = 0.57; 

P = 0.02); the C variant for the IFN-alpha receptor 2 (IFNAR2) 

EX2–33T . C (rs4986956) SNP occurred at higher frequency 

in patients with SVR (adjusted OR = 2.09; P = 0.02); Janus 

kinase 1 (JAK1) IVS22+112G . T (rs2254002) was associated 

with SVR (adjusted OR = 1.66; P = 0.04); and RNA-specific 

adenosine deaminase (ADAR) EX9+14G . A (rs1127309) 

occurred at higher frequency in patients with SVR (adjusted 

OR = 1.67; P = 0.03).39 In addition, the A allele of promoter 

region 2256 (rs12720217) in the tyrosine kinase 2 (TYK2) 

gene was found at higher frequency in European Americans 

with SVR (adjusted OR  =  1.51; P  =  0.05).39 Moreover, 

a strong relationship was supported in the African American 

patients, such that all 10 patients with SVR who carried the 

TYK2–2256A variant, compared with 57% of nonresponders 

(P = 0.006).39

Therefore, Welzel and colleagues established the role 

of the gene products along the IFN-alpha pathway, and 

concluded that their most promising result was this variant, 

TYK2–2256A, associated with treatment response.39 One 

limitation of the study is that functional analysis was beyond 

the scope of their study. Second, these findings may not be 

suitably generalized to other populations. Although the type III 
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interferons are thought to signal through similar mechanisms 

to the type I interferons/IFN-alpha, the associations identi-

fied by Welzel and colleagues in JAK1 (rs2254002), TYK2 

(rs12720217), and ADAR (rs1127309) were not found in 

the aforementioned GWAS studies.28 This may be owing to 

the fact that the population in the HALT-C trial represents a 

unique population with advanced disease and previous failure 

to respond to therapy.39

Modeling HCV treatment response
The efficacy of IFN-alpha and RBV is likely influenced by 

the combined effects of a number of genetic variants.3,4,40 

Accumulating evidence reveals that SNPs could be used as 

genetic markers to predict IFN-alpha and RBV treatment 

outcome in CHC.3,4,40 Several studies41–43 in different popu-

lations support the implication that the effects of IFN-alpha 

and RBV are associated with genetic variants. In addition, 

the genetic differences have been analyzed and found to 

be associated with IFN-alpha and RBV responses, using a 

multiple logistic regression method.3

Artificial neural network (ANN) algorithms are generally 

adopted for complex classification applications because of the 

advantages of ANN algorithms, such as nonlinearity, fault 

tolerance, universality, and real-time operation.44,45 ANN 

algorithms have been employed to build a prediction model 

for the drug efficacy of IFN-alpha and RBV in CHC patients 

based on SNPs and other clinical factors.4,40 Moreover, the 

possible nonlinear relationships between genetic variants 

and antidepressant response have been explored using ANN 

algorithms in pharmacogenomic studies.46,47

Several previous f indings3,4,40 reported modeling 

IFN-alpha and RBV treatment response by using logistic 

regression or ANN methods without feature selection. 

In a recent study, Ke and colleagues extended the previous 

research and applied both ANN algorithms and logistic 

regression with feature selection to predict IFN-alpha and 

RBV treatment outcomes using genetic factors.48 The cohort 

of 523 CHC patients was original to the previous study by Lin 

and colleagues.4 Briefly, blood samples were collected from 

523 CHC patients at National Taiwan University Hospital, 

Kaohsiung Medical University Hospital, Kaohsiung Chang-

Gung Memorial Hospital, and Tri-Service General Hospital 

in Taiwan from 2002 to 2004. Patients whose serum HCV 

RNA became negative and lasted for more than 6 months after 

the end of treatment were defined as SVRs of the treatment. 

Those who still remained viremic were defined as non-

responders. There were 523 patients, including 350 SVRs 

and 173 nonresponders.4 They further converted the clinical 

diagnostic data into numerical forms (ie, 1 for “SVR” and 

0 for “nonresponder”, respectively). Furthermore, genomic 

DNA was amplified using a commercially available SNP 

detection kit (Vita Genomics, Inc., Taiwan) according to the 

manufacturer’s instructions.4,40 The SNP genetic markers of 

the subjects were generated at the high-throughput genomics 

lab of Vita Genomics, Inc. In that study, they only focused 

on 24 SNPs.49 Furthermore, they used two families of 

classification algorithms, including multilayer feedforward 

neural network (MFNN) and logistic regression, as a basis 

for comparisons. An MFNN is one type of ANN model where 

connections between the units do not form a directed cycle.50 

These classifiers were performed using the Waikato Environ-

ment for Knowledge Analysis (WEKA) software (University 

of Waikato, Hamilton, New Zealand).51 In the learning phase 

of this MFNN, the back-propagation algorithm52 is employed 

for the learning scheme.

To identify a subset of clinical factors that maximizes 

the performance of the prediction model, Ke and colleagues 

employed the wrapper-based feature selection approach, 

where the feature selection algorithm acts as a wrapper 

around the classification algorithm.53 The wrapper-based 

approach conducts best-first search for a good subset and 

uses the classification algorithm itself as part of the func-

tion for evaluating feature subsets.54 They adopted the area 

under the receiver operating characteristic curve (AUC) for 

evaluating predictive ability of classifiers owing to the fact 

that AUC is a better performance metric for accuracy.55 The 

AUC of a classifier can be interpreted as the probability that 

the classifier will rank a randomly chosen positive example 

higher than a randomly chosen negative one.55 The higher 

the AUC, the better the learner.56

This work by Ke and colleagues is the first study that 

proposes to use MFNN and logistic regression with the 

wrapper-based feature selection method to model the drug 

responding status in CHC patients using genetic factors.48 They 

developed a pharmacogenomic methodology to predict the 

drug efficacy of IFN-alpha and RBV in CHC patients based on 

genetic factors such as SNPs. Their results demonstrate that a 

trained MFNN model is a promising method for providing the 
inference from genetic factors, such as SNPs, to the responsive-

ness of IFN-alpha and RBV. Their findings also suggest that 

their tool may provide a medical reference prior to treatment, 

based on the information of genetic factors such as SNP geno-

types. In addition, the wrapper-based method has the advantage 

that it includes the interaction between the feature subset search 

and the classification model.53 However, the wrapper-based 

method may have a risk of over-fitting.53,57
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A similar study by Lin and colleagues4 has reported 

utilizing MFNN algorithms to evaluate the possible nonlin-

ear interactions between IFN-alpha and RBV response, and 

factors such as seven SNPs, viral genotype, viral load, age, 

and gender. The same cohort of 523 patients with CHC was 

used in both studies. Ke and colleagues demonstrated that 

an MFNN network with one hidden layer had an accuracy of 

80.4%.48 On the other hand, Lin and colleagues reported that 

an MFNN network with one hidden layer had an accuracy 

of 77.4%.4 The difference between these two studies was 

that the study by Ke and colleagues used 24 SNPs instead of 

only seven polymorphisms.4,48 Moreover, Lin and colleagues 

did not employ the wrapper-based feature selection method. 

As shown in the simulation results of Ke and colleagues, their 

MFNN prediction model performed better than the one by 

Lin and colleagues in terms of accuracy.4,48 These preliminary 

results suggested that an MFNN model may be considered 

as a good method to deal with the complex nonlinear rela-

tionship between clinical factors and the responsiveness 

of IFN-alpha and RBV. Unlike logistic regression, MFNN 

has the ability to model the multidimensional and nonlinear 

relationships between variables, as found in complex medical 

applications.58–60 Their simulation results have validated the 

implication that MFNNs, with only one hidden layer, should 

be adequate as universal approximators of any nonlinear 

functions.61–63

Conclusions
In this study, we reviewed several recent GWAS findings and 

relevant studies for the drug efficacy of IFN in CHC patients. 

Although further research is necessary to study the functional 

mechanism underlying the association between the IL28B gene 

and response, these related studies provide incontrovertible 

genetic evidence for a role of the IL28B gene in spontaneous 

and treatment-related recovery from HCV infection.13–18 In 

the meantime, it is clear that the genotype CC at the SNP 

rs12979860, 3 kb upstream of the IL28B gene, is significantly 

associated with response to peg-IFN and RBV for patients with 

chronic genotype 1 infection, as well as natural clearance, and 

that the presence of the minor allele G at rs8099917 is signifi-

cantly associated with virologic nonresponse.13–18 This work 

also underscores the power of large-scale genetic studies, such 

as GWAS, to investigate a greater diversity of populations in 

the clinical expression of global infectious diseases and their 

treatments.21 In addition, although future research is needed, 

there is a definite suggestion of association between the A 

allele of the SNP rs12720217 in the TYK2 gene and SVR in 

African American patients.39

Now we have a major new piece in the puzzle, after 

some pieces fitting the puzzle have been examined.21 To 

improve and personalize HCV treatment and prevention 

worldwide, future effort will have to link these findings 

to other pieces, until the picture of HCV resolution is suf-

ficiently clear.21 Furthermore, these findings suggest that 

modeling tools may allow patients and doctors to make more 

informed decisions based on clinical factors such as SNP 

genotyping data.4,47–49 Over the next few years, genetic tests 

for pretreatment prediction may become a reality in patient 

care, after prospective large clinical trials to validate clini-

cal factors and genetic markers.4,40 This may also provide 

potential drug targets for the development of alternative 

therapeutic agents to treat CHC patients, especially for 

those nonresponders.4,40
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