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Combination treatment with pegylated-interferon-alpha (PEG IFN-�) and ribavirin, the current
recommended therapy for chronic hepatitis C virus (HCV) infection, results in a sustained
virological response (SVR) in only about half of patients. Because genes involved in the interfer-
on-alpha pathway may affect antiviral responses, we analyzed the relationship between variants
in these genes and SVR among participants in the Hepatitis C Antiviral Long-Term treatment
Against Cirrhosis (HALT-C) trial. Patients had advanced chronic hepatitis C that had previously
failed to respond to interferon-based treatment. Participants were treated with peginterferon-
�2a and ribavirin during the trial. Subjects with undetectable HCV RNA at week 72 were
considered to have had an SVR. Subjects with detectable HCV RNA at week 20 were considered
nonresponders. We used TaqMan assays to genotype 56 polymorphisms found in 13 genes in the
interferon-alpha pathway. This analysis compares genotypes for participants with an SVR to
nonresponders. The primary analysis was restricted to European American participants because
a priori statistical power was low among the small number (n � 131) of African American
patients. We used logistic regression to control the effect of other variables that are associated
with treatment response. Among 581 European American patients, SVR was associated with
IFNAR1 IVS1-22G (adjusted odds ratio, 0.57; P � 0.02); IFNAR2 Ex2-33C (adjusted odds ratio,
2.09; P � 0.02); JAK1 IVS22�112T (adjusted odds ratio, 1.66; P � 0.04); and ADAR Ex9�14A
(adjusted odds ratio, 1.67; P � 0.03). For the TYK2-2256A promoter region variant, a borderline
association was present among European American participants (OR, 1.51; P � 0.05) and a
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strong relationship among African American patients; all 10 with SVR who were genotyped for
TYK2 -2256 carried the A variant compared with 68 of 120 (57%) nonresponders (P � 0.006).
Conclusion: Genetic polymorphisms in the interferon-� pathway may affect responses to antivi-
ral therapy of chronic hepatitis C. (HEPATOLOGY 2009;49:1847-1858.)

Hepatitis C virus (HCV) is an important cause of
cirrhosis and hepatocellular carcinoma in the
United States and worldwide.1 Combination

therapy with ribavirin and pegylated-interferon-alpha
(PEG IFN-�) is the current best therapy for patients with
chronic HCV infection. This regimen produces sustained
virological response (SVR) in 80% of patients infected
with HCV genotypes 2 or 3, but in fewer than 50% of
patients who are infected with the much more common
HCV genotype 1.2 Other factors associated with a poor
response to therapy include high baseline HCV RNA
level, hepatic fibrosis, older age, male sex, and African
ancestry.2-4 Relatively little is known about the role of
host genetic factors in HCV treatment response.5

Because of the crucial role of the interferon-alpha
(IFN-�) pathway in achieving viral clearance, it is plausible
that genes involved in this pathway may alter a patient’s
response to IFN-�-based therapy. In response to viral infec-
tions, type I IFN-� is produced endogenously in epithelial
cells, plasmacytoid dendritic cells, and lymphocytes. By
binding to its receptor, IFN-� activates the Janus kinase–
signal transducer and activator of transcription protein path-

way, which in turn induces the expression of host genes with
direct antiviral properties.6 In addition, IFN-� exerts indi-
rect immunomodulatory effects through enhancement of
antigen presentation and induction of the adaptive (cellular)
immune response.7,8 An understanding of the role of genes
involved in the IFN-� pathway in HCV treatment response
could identify patients at increased risk of treatment failure
and, potentially, lead to the development of new therapeutic
strategies.

The Hepatitis C Antiviral Long-term Treatment
against Cirrhosis (HALT-C) trial is a multicenter clinical
trial designed to evaluate the safety and efficacy of long-
term Peg IFN-�2a for treatment of advanced chronic
hepatitis C infection in patients who did not respond to
previous interferon therapy.9 All HALT-C patients had
evidence of bridging fibrosis or cirrhosis on liver biopsy.
During the “lead-in” phase of HALT-C, patients received
treatment with Peg IFN-�2a and ribavirin. We are con-
ducting studies of potential associations between variants
in candidate genes and response to this course of treat-
ment in HALT-C patients.10,11 The current analysis in-
vestigates the possible impact of polymorphisms in genes
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for IFN-�, IFN-� receptors, the IFN-� pathway, and
IFN-�–induced elements on treatment response.

Patients and Methods
Subjects

The HALT-C Trial. The design of the HALT-C trial,
along with the major clinical, biochemical, and virological
responses to the “lead-in” phase of therapy have been pub-
lished.9,12 In brief, patients with advanced chronic hepatitis
C (Ishak fibrosis score � 3) who had not previously re-
sponded to interferon treatment (either with or without riba-
virin) and who had a Child-Turcotte-Pugh score less than 7
were invited to enroll. Patients with other forms of liver
disease, human immunodeficiency virus infection, active il-
licit drug use, or current alcohol abuse were excluded. All
subjects had quantifiable levels of serum HCV RNA, accord-
ing to the Roche Amplicor Monitor assay version 2.0 (lower
limit of detection, 100 IU/mL).

Treatment during the “lead-in phase” of the trial (in
other words, first 24 weeks) consisted of Peg IFN-�2a
(Pegasys) 180 �g/week parenterally, plus ribavirin (Cope-
gus) 1.0 to 1.2 g orally per day. Subjects with detectable
HCV RNA at week 20 were considered to be “nonre-
sponders.” Subjects with undetectable HCV RNA at
week 20 remained on treatment with PEG IFN and riba-
virin through week 48 and were followed until week 72
(24 weeks after PEG IFN and ribavirin treatment was
stopped). Subjects were considered to have an SVR if they
had undetectable HCV RNA at week 72. Patients with
undetectable HCV RNA at week 20, but detectable HCV
RNA by week 72, were termed “relapsers.” Overall, 18%
of patients achieved an SVR on this regimen, including
20% of European Americans and 6% of African Ameri-
cans.9,12

Information on demographic variables and other po-
tential covariates was assessed through patient interviews.
Patients’ race was self-identified as white, black, Asian/
Pacific Islander, American Indian/Alaskan Native, other,
or unknown, and ethnicity as Latino/Hispanic or not. For
purposes of the current analysis of genetic variants, sub-
jects who reported that they were white and not of Latino/
Hispanic ethnicity are considered “European Americans.”
Those who categorized themselves as black are considered
“African Americans.”

Subjects entering the HALT-C trial were offered par-
ticipation in an ancillary study to evaluate genetic poly-
morphisms associated with hepatitis C disease severity
and response to treatment. Of the 1145 subjects enrolled
in the lead-in phase of the HALT-C trial, 1051 (91.7%)
provided written informed consent to participate in the
genetics ancillary study. The demographic and clinical
characteristics of the genetic study participants did not

differ from the overall group of HALT-C lead-in phase
subjects in any meaningful way.11

Current Study. This analysis compares genotype re-
sults in HALT-C patients with SVR to nonresponders.
Patients with virological response (absence of detectable
HCV RNA) at week 20, but virological breakthrough
during treatment or relapse after therapy discontinuation
were not genotyped for the sake of cost efficiency. The
current study was restricted to European American and
African American patients because there were too few
members of other racial/ethnic groups who met the crite-
ria for SVR or nonresponder (n � 84 among all groups
combined) to permit a meaningful statistical analysis.

Laboratory

DNA Extraction. DNA was extracted at SeraCare
(Gaithersburg, MD) from frozen whole blood using the
Gentra Systems Puregene kit (n � 117) or from either
Epstein-Barr transformed B-lymphocytes (n � 636) or
frozen peripheral blood mononuclear cells (n � 21), us-
ing Qiagen DNA purification columns (Qiagen Inc, Va-
lencia, CA). Most (62.4%) patients who achieved SVR
had DNA extracted by the Gentra Systems method,
whereas 96.8% of patients who did not achieve SVR had
DNA extracted by the Qiagen method.

Genotyping. Table 1 lists the single nucleotide poly-
morphisms (SNPs) investigated in this study. In choosing
variants for investigation, we gave priority to polymor-
phisms deemed more likely to have functional signifi-
cance because they cause nonsynonymous changes in
coding or are located in possible gene promoter or regu-
latory regions; nonetheless, “synonymous SNPs,” SNPs
in introns, and SNPs in untranslated regions were also
examined. This analysis was limited to variants for which
minor allele frequency was 5% or more among European
American patients in this study.

Genotyping was performed at the National Cancer Insti-
tute’s Core Genotyping Facility with one exception (see be-
low). To validate the publicly available data on genetic
variation found in the National Center for Biotechnology
Information SNP database and to determine population-
specific genotype frequencies, the National Cancer Insti-
tute’s Core Genotyping Facility sequences samples from 102
individuals (Coriell Biorepository), which include represen-
tatives from various racial/ethnic groups.13 Decisions regard-
ing the development of specific genotyping assays for this
study were based on these verified sequences and the ob-
served genotype frequencies. Genotyping was performed us-
ing optimized TaqMan assays and analyzed on the ABI
7900HT platform (ABI, Foster City, CA). These assays
are publicly available (including primers, probes, and
conditions) on the SNP500Cancer website (http://
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Table 1. Genetic Variants Examined with Gene Name, Gene Symbol, dbSNP Identifier, Common Variant Alias, Protein
Changes, Observed Minor Allele Frequency (MAF), and Results for Test of Hardy-Weinberg (HW) Proportions

Genetic Information
Gene Name Symbol

dbSNP
Identifier* Variant† Protein

European
Americans African Americans

MAF‡ PHW§ MAF‡ PHW§

Interferon-�
Interferon, alpha-1 IFNA1

rs28383793 -90G�A 5.3 0.64 1.2 0.89
rs1758566 Ex1�51T�C 9.3 0.67 19.5 0.78

Interferon-� Receptor
Interferon (alpha, beta, and IFNAR1
omega) receptor 1 rs2243592 IVS1-22T�G 38.2 0.72 34.7 0.76

rs2257167 Ex4-30G�C V168L 13.7 0.68 16.5 0.72
Interferon (alpha, beta, and

omega) receptor 2 IFNAR2
rs3153 IVS1-4640G�A 29.3 0.80 12.6 0.46

rs4986956 Ex2-33T�C F8S 7.3 0.97 5.7 0.36
rs7279064 Ex2-28T�G F10V 31.4 0.63 17.7 0.23
rs2834158 IVS3-43T�C 31.7 0.69 18.7 0.36
rs2236757 IVS6-50A�G 29.4 0.96 20.2 0.93

Signal Transduction in Response to Interferon-��JAK-STAT Pathway
Janus kinase 1 JAK1

rs310204 IVS2�867T�G 11.2 0.11 47.3 0.90
rs2274947 IVS4-186G�C 12.3 0.79 19.5 0.59
rs2256298 IVS6-27C�T 25.3 0.25 40.8 0.96

rs310214 IVS10-720A�G 31.1 0.06 36.3 0.77
rs2230587 Ex14�62C�T S671S 12.2 0.81 18.1 0.46
rs3737139 Ex14-19C�G A687A 5.3 0.61 3.1 0.72
rs2230588 Ex15-53A�G P721P 25.7 0.06 38.7 0.59
rs2254002 IVS22�112G�T 37.0 0.13 19.2 0.91

Tyrosine kinase 2 TYK2
rs12720217 -2256A�T 14.6 0.43 38.1 0.42
rs12720222 IVS2-69G�A 8.0 0.04 14.5 0.59
rs12720356 Ex15�4T�G I684S 9.0 0.46 2.3 0.79

Signal transducer STAT1
and activator of transcription 1 rs2066802 Ex3�64T�C L21L 6.7 0.72 6.9 0.60

rs2066795 IVS12-103C�T 16.3 �0.001 28.1 0.003
rs2066804 IVS21-8C�T 24.4 0.13 15.6 0.14

Signal transducer STAT2
and activator of transcription 2 rs2066807 Ex20�58 M594I 6.7 0.10 0.8 1.00
Interferon-��Induced Genes with Antiviral Properties
Adenosine deaminase, RNA-

specific ADAR
rs2229857 Ex3-451A�G K384R 28.7 0.80 43.0 0.50
rs1127309 Ex10�14G�A V849V 27.2 0.77 33.6 0.38
rs1127313 Ex16�1095C�T 49.6 0.17 21.9 0.37

Eukaryotic translation initiation EIF2AK2
factor 2A-alpha kinase 2 rs2307466 Ex2�87C�G 6.1 0.41 0.8 0.93

rs2254958 Ex2�110C�T 39.2 0.95 15.4 0.96
rs2373114 IVS4�746A�G 7.6 0.44 35.5 0.04
rs4648174 IVS4-206A�G 38.2 0.65 14.0 0.72
rs2307483 IVS6-70T�C 7.4 0.50 18.3 0.13

Nuclear factor of kappa light NFKB1
polypeptide gene rs3774936 IVS1�11190AT 32.4 0.87 11.2 0.58
enhancer in B-cells rs230532 IVS2-826A�T 33.0 0.63 16.1 0.39

rs230521 IVS5�4216G�C 38.9 0.06 40.4 0.31
rs4648058 IVS12-458G�C 31.3 0.53 22.5 0.24
rs230547 IVS23-1330T�C 10.3 0.002 18.2 0.01
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snp500cancer.nci.nih.gov).13 Nomenclature for the
description of these sequence variations is described in
http://snp500cancer.nci.nih.gov/terms_snp_region-
.cfm. Genotyping for STAT2 Ex20�58 (rs2066807)
was performed at SAIC-Frederick using similar meth-
ods.

DNA Sequencing. Because results for TYK2-
2256A�T differed markedly between African American
patients with SVR and nonresponders, we performed
DNA sequencing to validate the performance of the Taq-
Man assay. Selected specimens were prepared by using the
M13 tagged polymerase chain reaction primers from the
SNP500 Cancer website.13 After checking the polymerase
chain reaction product via an agarose gel, the polymerase
chain reaction products were sequenced using an ABI
3730XL machine. Sequence tracings were analyzed with
the Sequencher 4.1.4 program (Genecodes, Ann Arbor,
MI).

Data Analysis. Data were analyzed at the New En-
gland Research Institute’s Data Coordinating Center,
Computer Sciences Corporation, and at the National
Cancer Institute using SAS software (SAS Institute Inc.,
SAS/STAT 9.1 User’s Guide, 2004, Cary, NC). Because
the frequency of genetic polymorphisms and response to

therapy may both vary by ancestry, we analyzed European
Americans and African Americans separately. The a priori
statistical power was low for the small number of African
American participants; therefore, we focused on the re-
sults among European American patients and viewed re-
sults among African American patients as potential
confirmatory evidence. For European Americans and Af-
rican Americans separately, we examined whether geno-
type distribution (nonresponders plus SVR) deviated
from the proportions expected under Hardy-Weinberg
equilibrium on the basis of the Pearson’s chi-squared test.

For European American participants, we compared geno-
type frequency in patients with SVR to nonresponders by
calculating unadjusted odds ratios (OR) and 95% confi-
dence intervals (CI) using logistic regression.14 Patients who
were homozygous for the major variant served as the referent
group for comparisons with patients who were heterozygous,
patients who were homozygous for the minor variant, and
patients who were either heterozygous or homozygous for
the minor variant (dominant genetic model). To perform
adjusted analyses for the dominant genetic model, we created
logistic regression models that included the following covari-
ates: HCV RNA level at baseline, HCV genotype, fibrosis
stage, dose of pegylated-interferon and ribavirin received in

Table 1. Continued

Genetic Information
Gene Name Symbol

dbSNP
Identifier* Variant† Protein

European
Americans African Americans

MAF‡ PHW§ MAF‡ PHW§

Myxovirus resistance 1, MX1
interferon-inducible protein rs2071430 -5932G�T 11.1 0.09 22.0 0.54

rs2838035 IVS3�673T�G 12.3 0.10 13.8 0.27
rs464397 IVS3�725T�C 48.8 0.46 19.7 0.54
rs458582 IVS5�404G�T 49.3 0.28 18.7 0.16
rs455599 IVS5�577G�A 49.2 0.32 18.7 0.16
rs469270 IVS11-198G�A 41.7 0.88 39.7 0.05

rs35870315 IVS11-21T�C 10.8 �0.001 12.0 0.91
rs469390 Ex13�4G�A V379I 40.1 0.88 45.0 0.12

rs2280807 IVS14�43A�G 12.0 0.15 21.4 0.61
rs1050008 Ex16�114A�G A541A 13.5 �0.001 23.8 0.67

rs469304 Ex16-64G�A Q565Q 44.8 0.40 21.4 0.60
2�,5�-oligoadenylate OAS1
synthetase 1 rs3741981 Ex3�15G�A G162S 44.2 0.19 29.0 0.14

rs2285934 IVS3�2480T�G 35.8 0.73 43.1 0.90
rs3177979 Ex6�16G�A A352T 36.0 0.28 8.5 0.94

Interferon Regulatory Factor
Interferon regulatory factor 3 IRF3

rs2304204 Ex1�95A�G 24.8 0.27 32.4 0.09
rs3204440 Ex1-53TC 5.2 0.04 5.1 0.54
rs2304205 Ex1-40T�G 24.9 0.18 39.8 0.73
rs2304206 IVS1�17C�T 24.5 0.53 38.6 0.97

rs7251 Ex8-81G�C S427T 32.8 0.57 34.4 0.55

Based on Human Genome Build 35.1 and dbSNP build 126.
*dbSNP database, http://www.ncbi.nlm.nih.gov/SNP.
†Common genetic variant nomenclature adapted from Antonarakis SE and the Nomenclature Working Group.
‡Minor allele frequency (%).
§P values for Hardy-Weinberg proportions, Pearson �2 (1 degree of freedom).
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HALT-C, previous treatment with ribavirin, and the pres-
ence of the HFE H63D variant (which was associated
with treatment response in a previous analysis of
HALT-C data).10 We considered confounding to be
present in the analysis of a variant when the adjusted OR
differed from the unadjusted OR by at least 15%.15 To
investigate which variables accounted for observed con-
founding, we performed stepwise logistic regression anal-
yses that included the six covariates listed above plus sex
and age as candidate variables.

For variants in which the adjusted OR differed mean-
ingfully from the unadjusted OR, we also examined po-
tential statistical interaction in a series of stratified logistic
regression analyses that considered HCV RNA level at
baseline, HCV genotype, fibrosis stage, dose of PEG IFN,
and ribavirin received in HALT-C, previous treatment
with ribavirin, and the presence of the HFE H63D vari-
ant. These models tested for the presence of multiplicative
interaction on a log scale.

Results
Descriptive Data

Selected demographic and clinical information are
summarized in Table 2. Among the 581 European Amer-
ican participants in this analysis, 138 had an SVR and 443
were nonresponders. Those with SVR were younger
(mean age, 48.1 versus 50.1 years), had lower fibrosis
scores, were less likely to be infected with HCV genotype
1, had lower mean HCV RNA, and were less likely to have
received ribavirin previously. The number of African
American participants was much smaller (11 with SVR
and 120 nonresponders). Among these patients, those
with SVR were less likely to have been infected with HCV
genotype 1.

Genotype Results
Our analysis examined results performed on 56 alleles

(from 13 genes) for which the observed minor allele fre-

quency was at least 5% among European American pa-
tients (Table 1). For two assays (STAT1 IVS12-103C�T;
NFKB1 IVS23-1330T�C), the genotype distribution
(nonresponders plus SVR or nonresponders only) devi-
ated from the proportions expected under Hardy-Wein-
berg equilibrium (P � 0.01) in both European American
and African American subjects. For two other assays
(MX1 IVS11-21T�C; MX1 Ex16�114A�G), the geno-
type distribution deviated from the Hardy-Weinberg
equilibrium proportions among European Americans
alone.

Associations between genotype and treatment results
among European American patients are presented in Ta-
ble 3 and Fig. 1. For IFNA1, the gene that codes for
IFN-�, we genotyped an SNP in the promoter region and
another located in exon 1 and found no association for
either. The IFN-� receptor consists of two major sub-
units, which are encoded by IFNAR1 and IFNAR2. We
examined seven SNPs in these two genes, including three
that cause nonsynonymous changes. Patients who carried
the minor variant for the intronic IFNAR1 IVS1-22T�G
SNP were less likely to achieve SVR when other variables
were considered in the model. Results for a model with
HCV genotype, fibrosis stage, and previous treatment
that included ribavirin produced the same results as the
full model (adjusted OR, 0.57; 95% CI, 0.36-0.90; P �
0.02).

Patients who carried the C variant for the IFNAR2
SNP found 33 bp before the end of exon 2 (IFNAR2
Ex2-33T�C) were more likely to have had an SVR (ad-
justed OR, 2.07; 95% CI, 1.12-3.85; P � 0.02). This
IFNAR2 variant changes phenylalanine to serine at amino
acid position 8. To investigate which variables accounted
for the confounding observed for IFNAR2 Ex2-33 (26%
difference between adjusted OR and unadjusted OR), we
performed stepwise logistic regression analyses. No single
variable accounted for the observed confounding, but a
model that included HCV genotype, fibrosis stage, base-

Table 2. Demographic and Clinical Characteristics of the Study Population, HALT-C Study

Characteristic

European Americans (n � 581) African Americans (n � 131)

Sustained Virological
Responders (n � 138)

Nonresponders
(n � 443) P

Sustained Virological
Responders (n � 11)

Nonresponders
(n � 120) P

Age (mean, SD) 48.1 (6.33) 50.1 (7.60) 0.002 52.7 (5.04) 51.8 (6.92) 0.68
Male (n, %) 106 (77%) 330 (75%) 0.58 4 (59%) 71 (36%) 0.14
Ishak Fibrosis Score

2–4 (n, %) 108 (78%) 253 (57%) �0.0001 9 (82%) 75 (63%) 0.2
5–6 (n, %) 30 (22%) 190 (43%) 2 (18%) 45 (38%)

HCV Genotype 1 (n, %) 100 (72%) 422 (95%) �0.0001 9 (82%) 116 (97%) 0.01
HCV RNA level (log 10) (mean, SD) 6.28 (0.68) 6.49 (0.46) 0.001 5.96 (0.86) 6.38 (0.51) 0.13
Prior treatment:

Interferon alone (n, %) 65 (47%) 96 (22%) �0.0001 2 (18%) 26 (22%) 0.79
Interferon and ribavirin (n, %) 73 (53%) 347 (78%) 9 (82%) 94 (78%)
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line HCV RNA level, and whether previous treatment
included ribavirin yielded results that were similar to the
full model (adjusted OR, 2.09; P � 0.02).

Binding of IFN-� to its receptor activates Janus kinase
1 and protein tyrosine kinase 2, which are encoded by
JAK1 and TYK2, respectively. Among eight SNPS in
JAK1 examined, there was an association with
IVS22�112G�T and SVR (adjusted OR, 1.66; 95%
CI, 1.03-2.66; P � 0.04) that, per the stepwise model,
depended on all six covariates that constituted the full
model. For TYK2, we examined three SNPs. For pro-
moter region variant TYK2 -2256, SVR was more com-
mon among European American patients who carried the
A allele (unadjusted OR, 1.51; 95% CI, 1.00-2.28). This
relationship was stronger among the African American
patients (Supporting Table 1): among the 10 patients
with an SVR who were successfully genotyped for this
locus, none were homozygous for major variant (T) com-
pared with 52 of 120 (43%) nonresponders (0.006, Fish-
er’s exact test). To exclude the possibility that genotyping
error explained these results among African American pa-
tients, we sequenced the region that includes TYK2 -2256
from these 10 African American patients with an SVR and
a sample of African American nonresponders. The se-
quence-based results were fully concordant with those
obtained by TaqMan genotyping. The frequency of the
TYK2 -2256T allele among the 74 Human Diversity
Panel subjects of African origin (63.5%; http://
snp500cancer.nci.nih.gov/snp.cfm?ethnic�true&hdp�
true&snp_id�TYK2-01) was much more similar to the
frequency among HALT-C African American non-
responders (64.2%) than to those with an SVR (35.0%).
In contrast, there was no association for either a TYK2
variant located in intron 2 or a nonsynonymous variant in
exon 15 and response to therapy.

TYK2, together with JAK1, phosphorylates signal
transducer and activator of transcription 1 (STAT1), and
STAT2. Phosphorylated STAT1 and STAT2 form het-
erodimers that translocate into the nucleus after inter-
feron receptor activation. We examined three STAT1
SNPs and one SNP found on STAT2. None of these four
SNPs was associated with SVR.

We also examined variants in genes that code for pro-
teins with antiviral properties that are induced by IFN-�.
RNA-specific adenosine deaminase (ADAR) exhibits its
antiviral properties by RNA editing conducted through
deamination of adenosine to produce inosine. We exam-
ined three exonic variants of ADAR and found that the
synonymous Ex9�14G�A SNP was associated with
SVR (adjusted OR, 1.67; 95% CI, 1.06-2.64; P � 0.03).
In the stepwise model, fibrosis stage, dose of PEG IFN
and ribavirin received in HALT-C, and previous treat-

ment with ribavirin accounted for higher OR compared
with the unadjusted model. Eukaryotic translation ini-
tiation factor 2 alpha kinase 2 EIF2AK2 is a serine/threonine
kinase that can inhibit translation by phosphorylation of eu-
karyotic protein synthesis initiation factor-2�. We examined
two exonic and three intronic variants of gene that encodes
EIF2AK2. Patients who carried EIF2AK2 IVS4-206G were
more likely to have an SVR in the unadjusted analysis, but
this association was lessened in the adjusted analysis (ad-
justed OR, 1.26; 95% CI, 0.78-2.04; P � 0.34) because of
consideration of viral genotype. EIF2AK2 activates the tran-
scription factor nuclear factor kappaB, which is essential for
IFN-�1 expression.16,17 We examined five intronic variants
of NFKB1, but none had a statistically significant association
with SVR.

Human cytoplasmic myxovirus resistance protein A, a
highly conserved guanosine triphosphatase, can inhibit
viral RNA synthesis. We examined 11 variants of its gene,
MX1, some of which were in genetic linkage. In our anal-
ysis of MX1-5932G�T (also known as MX1-88), which
was associated with treatment response in previous stud-
ies, we found no association (unadjusted OR, 0.85; 95%
CI, 0.52-1.39). No association was observed for any of
the 10 other variants of MX1 that we examined. The 2�-5�
oligoadenylate synthetase system (2�-5�-OAS) mediates
the degradation of viral and cellular RNA, mainly by ac-
tivation of RNAse L, which cleaves single-strand RNA
and inhibits protein synthesis. We genotyped three vari-
ants of OAS1, including two SNPs that cause nonsynony-
mous amino acid changes. Patients who carried the G
variant for OAS1 Ex3�15G�A (G162S) were somewhat
less likely to achieve SVR (unadjusted OR, 0.68; 95% CI,
0.46-1.02), although these results did not reach statistical
significance.

Interferon-regulatory factor 3 (IRF-3) is a transcrip-
tion factor activated in HCV-infected cells. IRF-3 exerts
antiviral effects by binding to interferon-stimulated re-
sponse elements and inducing expression of type I inter-
feron and numerous other antiviral genes. HCV NS3/4A
can block IRF-3 phosphorylation and activation. Varia-
tion in the IRF3 gene therefore could have an impact on
viral persistence and reduce response to interferon.18,19

We examined five IRF3 variants but found no evidence
that any affected response to HCV treatment.

We looked for evidence of a multiplicative statistical
interaction by creating a series of stratified logistic regres-
sion models for these variants: IFNAR1 IVS1-22T�G;
IFNAR2 Ex2-33T�C; JAK1 IVS2�867T�G; JAK1
IVS22�112G�T; ADAR Ex3-451A�G; and EIF2AK2
IVS4-206A�G. For IFNAR2 Ex2-33T�C, a strong as-
sociation with SVR was present among participants who
had a baseline HCV RNA level greater than 6.5 log10
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Table 3. Genotype Frequency for Genetic Variants in European American Patients with a Sustained Virological Response
(SVR) or Nonresponse (NR), Odds Ratio (OR) for SVR, and 95% Confidence Interval (95% CI)—HALT-C Study

Gene Variant*/Protein Genotype SVR % NR % OR 95% CI OR† 95% CI P Value

Interferon-�
IFNA1 -90G�A AA 122 90 379 89 1.00

GA�GG 13 10 45 11 0.90 0.47 1.72 0.87 0.41 1.84 0.72
Ex1�51T�C TT 116 85 341 81 1.00

CT�CC 20 15 80 19 0.74 0.43 1.25 0.70 0.38 1.29 0.25
Interferon-� Receptor
IFNAR1 IVS1-22T�G TT 61 45 160 37 1.00

GT�GG 76 55 277 63 0.72 0.49 1.06 0.57 0.36 0.90 0.02
Ex4-30G�C GG 103 75 327 74 1.00
V168L GC�CC 34 25 112 26 0.96 0.62 1.50 0.85 0.50 1.44 0.55

IFNAR2 IVS1-4640G�A GG 63 46 216 51 1.00
GA�AA 73 54 209 49 1.20 0.81 1.76 1.35 0.85 2.13 0.20

Ex2-33T�C TT 111 81 385 88 1.00
F8S TC�CC 26 19 55 13 1.64 0.98 2.74 2.07 1.12 3.85 0.02
Ex2-28T�G TT 56 43 206 49 1.00
F10V TG�GG 75 57 215 51 1.28 0.86 1.91 1.33 0.84 2.12 0.22
IVS3-43T�C CC 58 43 212 48 1.00

TC�TT 78 57 227 52 1.26 0.85 1.85 1.32 0.84 2.08 0.23
IVS6-50A�G GG 63 47 213 51 1.00

AG�AA 72 53 205 49 1.19 0.81 1.75 1.36 0.86 2.16 0.19
Signal Transduction Response (JAK-STAT Pathway)
JAK1 IVS2�867T�G TT 108 79 347 80 1.00

GT�GG 29 21 88 20 1.06 0.66 1.70 1.38 0.79 2.42 0.26
IVS4-186G�C GG 108 79 332 76 1.00

GC�CC 29 21 104 24 0.86 0.54 1.37 1.04 0.61 1.78 0.88
IVS6-27C�T CC 74 54 252 58 1.00

TC�TT 64 46 185 42 1.18 0.80 1.73 1.37 0.87 2.16 0.17
IVS10-720A�G AA 62 46 220 50 1.00

AG�GG 73 54 218 50 1.19 0.81 1.75 1.50 0.94 2.37 0.09
Ex14�62C�T CC 107 78 336 77 1.00
S671S CT�TT 30 22 103 23 0.92 0.58 1.45 1.04 0.61 1.76 0.90
Ex14-19C�G CC 123 90 392 89 1.00
A687A CG�GG 14 10 46 11 0.97 0.52 1.82 1.28 0.62 2.66 0.50
Ex15-53A�G AA 74 55 231 57 1.00
P721P GA�GG 60 45 173 43 1.08 0.73 1.61 1.27 0.79 2.03 0.32
IVS22�112G�T GG 53 38 184 42 1.00

GT�TT 85 62 253 58 1.17 0.79 1.73 1.66 1.03 2.66 0.04
TYK2 -2256A�T TT 91 66 327 74 1.00

AT�AA 47 34 112 26 1.51 1.00 2.28 1.47 0.90 2.40 0.12
IVS2-69G�A GG 114 83 369 84 1.00

AA�AG 24 17 68 16 1.14 0.69 1.90 1.21 0.65 2.26 0.54
Ex15�4T�G TT 114 84 359 83 1.00
I684S TG�GG 22 16 74 17 0.94 0.56 1.58 0.76 0.40 1.42 0.38

STAT1 Ex3�64T�C TT 116 85 381 88 1.00
L21L CT�CC 21 15 53 12 1.30 0.75 2.25 1.23 0.64 2.40 0.54
IVS12-103C�T CC 99 72 323 75 1.00

TC�TT 39 28 109 25 1.17 0.76 1.79 1.21 0.72 2.03 0.47
IVS21-8C�T CC 83 61 252 57 1.00

TC�TT 53 39 187 43 0.86 0.58 1.28 0.81 0.51 1.28 0.36
STAT2 Ex20�58 CC 120 88 378 87 1.00

M594I CG�GG 16 12 55 13 0.92 0.48 1.72
Interferon-��Induced Genes with Antiviral Properties
ADAR Ex2-451A�G GG 61 45 229 52 1.00

K384R AG�AA 75 55 208 48 1.35 0.92 1.99 1.57 1.00 2.49 0.05
Ex9�14G�A GG 63 46 240 55 1.00
V849V AG�AA 74 54 197 45 1.43 0.97 2.10 1.67 1.06 2.64 0.03
Ex15�1095C�T TT 33 24 121 28 1.00

CT�CC 103 76 316 72 1.20 0.77 1.86 1.35 0.80 2.28 0.26
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Table 3. Continued

Gene Variant*/Protein Genotype SVR % NR % OR 95% CI OR† 95% CI P Value

EIF2AK2 Ex2�87C�G CC 121 90 385 88 1.00
CG�GG 14 10 55 13 0.81 0.44 1.51 0.63 0.30 1.31 0.22

Ex2�110C�T CC 44 32 167 39 1.00
CT�TT 94 68 265 61 1.35 0.90 2.02 1.15 0.72 1.85 0.57

IVS3�746A�G GG 121 89 366 84 1.00
AG�AA 15 11 70 16 0.65 0.36 1.18 0.70 0.34 1.43 0.33

IVS4-206A�G AA 41 30 172 40 1.00
GA�GG 95 70 257 60 1.55 1.03 2.35 1.26 0.78 2.04 0.34

IVS5-70T�C TT 121 89 367 85 1.00
TC�CC 15 11 67 15 0.68 0.37 1.23 0.74 0.36 1.52 0.41

NFKB1 IVS1�11190A�T AA 54 40 205 47 1.00
AT�TT 82 60 228 53 1.37 0.92 2.02 1.58 0.99 2.53 0.06

IVS2-826A�T AA 52 38 199 46 1.00
AT�TT 85 62 229 54 1.42 0.96 2.11 1.61 1.00 2.57 0.05

IVS5�4216G�C GG 47 34 156 36 1.00
CG�CC 90 66 280 64 1.07 0.71 1.60 1.08 0.68 1.74 0.74

IVS12-458G�C GG 60 44 209 48 1.00
CG�CC 77 56 230 52 1.17 0.79 1.72 1.32 0.84 2.09 0.23

IVS23-1330T�C CC 113 82 356 81 1.00
CT�TT 24 17 81 19 0.93 0.57 1.54 0.70 0.38 1.26 0.23

MX1 -5932G�T GG 112 82 346 79 1.00
TG�TT 25 18 91 21 0.85 0.52 1.39 0.78 0.44 1.39 0.39

IVS3�673T�G TT 112 81 334 76 1.00
TG�GG 26 18 103 24 0.75 0.47 1.22 0.69 0.40 1.22 0.20

IVS3�725T�C CC 34 25 104 75 1.00
TC�TT 100 75 324 76 0.94 0.60 1.48 0.89 0.52 1.53 0.68

IVS5�404G�T TT 34 24 110 76 1.00
TG�GG 100 75 322 75 1.01 0.64 1.57 0.98 0.58 1.67 0.94

IVS5�577G�A AA 35 24 110 76 1.00
GA�GG 102 74 327 75 0.98 0.63 1.52 0.99 0.58 1.67 0.96

IVS11-198G�A AA 49 37 140 33 1.00
GA�GG 85 64 284 67 0.86 0.57 1.28 0.93 0.57 1.50 0.76

IVS11-21T�C TT 113 83 348 81 1.00
TC�CC 23 17 84 19 0.84 0.51 1.40 0.80 0.45 1.45 0.47

Ex13�4G�A AA 52 38 154 35 1.00
V379I GA�GG 85 62 286 65 0.88 0.59 1.31 0.92 0.58 1.48 0.74

IVS14�43A�G AA 103 76 344 79 1.00
AG�GG 33 24 93 21 1.19 0.75 1.87 1.22 0.72 2.07 0.47

Ex16�114A�G AA 100 74 327 77 1.00
A541A AG�GG 36 26 97 23 1.21 0.78 1.89 1.23 0.73 2.06 0.44

Ex16-64G�A AA 44 32 135 31 1.00
Q565Q AG�GG 92 68 301 69 0.94 0.62 1.42 1.09 0.67 1.79 0.72

OAS1 Ex3�15G�A AA 53 39 127 30 1.00
G162S GA�GG 83 61 291 70 0.68 0.46 1.02 0.65 0.41 1.05 0.08
IVS3�2480T�G GG 65 47 173 40 1.00

TG�TT 72 53 261 60 0.73 0.50 1.08 0.75 0.48 1.19 0.22
Ex6�16G�A AA 65 47 177 40 1.00
A352T AG�GG 73 53 262 60 0.76 0.52 1.12 0.76 0.48 1.20 0.24

Interferon Regulatory Factor
IRF3 Ex1�95A�G AA 73 53 255 59 1.00

GA�GG 64 47 179 41 1.25 0.85 1.84 1.44 0.91 2.27 0.12
Ex1-53T�C TT 123 90 385 90 1.00

CT�CC 13 10 42 10 0.97 0.50 1.86 1.02 0.48 2.16 0.96
Ex1-40T�G TT 75 55 249 58 1.00

GT�GG 61 45 179 42 1.13 0.77 1.67 1.36 0.86 2.14 0.19
IVS1�17C�T CC 73 54 254 59 1.00

CT�TT 63 46 179 41 1.23 0.83 1.80 1.42 0.90 2.23 0.13
Ex8-81G�C GG 57 41 206 47 1.00
S427T CG�CC 81 59 232 53 1.26 0.86 1.86 1.48 0.93 2.35 0.10

*Common genetic variant nomenclature adapted from Antonarakis SE and the Nomenclature Working Group.
Adjusted analyses for the dominant genetic model based on logistic regression models that include the following covariates: HCV RNA level at baseline, HCV genotype,

fibrosis stage, dose of pegylated interferon and ribavirin received in HALT-C, previous treatment with ribavirin, and the presence of the HFE H63D variant.
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copies/mL (the median value; adjusted OR, 4.80; 95%
CI, 1.87-12.35; P � 0.001), but not among those with
lower viral levels (adjusted OR, 1.07; 95% CI, 0.47-2.45;
P � 0.9; interaction P � 0.03). No other interactions
yielded a P � 0.05.

Discussion
We examined whether variants of genes related to

IFN-� were associated with response to treatment with
PEG IFN-�2a plus ribavirin in patients with advanced
chronic hepatitis C infection for whom a previous course
of IFN-based treatment had failed. Among European
American patients, variants associated with SVR were: the
intronic IFNAR1 IVS1-22G variant (lower frequency in
patients with SVR); IFNAR2 Ex2-33C (higher frequency
with SVR), which changes an amino acid in an IFN-�
receptor subunit; the intronic variant IVS22�112T

(higher frequency with SVR), TYK2 -2256A (higher fre-
quency with SVR), a promoter region SNP, and ADAR
Ex9�14A (higher frequency with SVR), which is a syn-
onymous variant. Statistical power was limited for our
analysis of the relatively small number of African Ameri-
cans enrolled in this study. Nonetheless, the observation
that the TYK2 -2256A allele predicted SVR was sup-
ported by a very strong association in African American
patients; whereas 43% of African American nonre-
sponders were homozygous for the major (T) variant, 0 of
10 African American patients with an SVR had this geno-
type. Although the number of African American patients
with an SVR in this study is small, this finding does not
appear to be attributable to chance, and it is not attribut-
able to genotyping error. The evidence that the negative
predictive value for SVR for the TYK2 TT genotype is
high among African American patients (100% in this
small study) merits confirmation in a larger study.

There have been relatively few previous studies of IFN-
�–related genes and response to therapy for HCV infec-
tion.5 Virahep-C cohort investigators recently reported
results for nine variants located in seven of the genes we
examined.20 For IFNA IVS1-22T�G [rs2243592] and
IFNAR2 Ex2-33T�C [rs4986956], we found an associ-
ation with SVR after adjusting for variables that predict
treatment response, but these associations were not
present in the Virahep-C analysis, which did not adjust
for these factors. Most of the variants we found to be
associated with SVR had stronger OR after we controlled
for known predictors of treatment response in logistic
regression models, and only one was statistically signifi-
cant at the P � 0.05 level without adjustment (Table 3).
For example, for IFNAR2 Ex2-33T�C, the OR increased
from 1.64 (P � 0.06) without adjustment to 2.09 (P �
0.02) in the adjusted model. Therefore, the consideration
of other variables that predict treatment response in the
current study could account for the difference with Vira-
hep-C. In addition, the number of European American
subjects in the current study (n � 581) is greater than that
in Virahep-C (n � 194).

We know of no prior reports for the TYK2 -2256A
polymorphisms that we can compare with our results or of
any “functional” studies of this genetic variant. However,
consistent with our finding that an SNP in the promoter
region of TYK2 affects response to treatment with IFN-
�–based therapy, a recent report suggests that altered ex-
pression of TYK2 may cause interferon resistance in vitro.
In a study of HCV replicon cell lines, those that contin-
ued viral replication in the presence of IFN-� displayed
markedly reduced expression of the TYK-2 protein, as
well as JAK-1.21 Future studies of TYK2-2256A should
examine its effect in other populations of HCV-infected

Fig. 1. Adjusted odds ratios and 95% confidence intervals for asso-
ciations between genotype and treatment results among European Amer-
ican patients, HALT-C Trial.
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patients undergoing treatment with PEG IFN plus riba-
virin and investigate the functional consequences of this
variant in liver tissue.

Previous studies of MX1 -5932G�T (also known as
-88MXA) suggested that the T allele is associated with
better response to IFN-� therapy. In separate Japanese
populations, Hijikata et al.22 and Suzuki et al.23 reported
that homozygosity for the G allele was significantly less
frequent among patients who achieved SVR after inter-
feron treatment compared with nonresponders.22,23 In
European patients, Knapp et al.24 also observed a lower
frequency of the GG genotype in nonresponders to ther-
apy, especially among patients with viral genotype 1. In
contrast, we found no evidence that carrying MX1
-5932T improved treatment response among the Euro-
pean American patients enrolled in the HALT-C trial.
The reason for the different results reported from these
studies is not clear. The studies differ with regard to fac-
tors that are related to response to interferon-based treat-
ments, such as the degree of liver fibrosis in the
populations, exclusion of HCV non-1 genotypes, or type
of interferon used (pegylated versus regular), and it is also
possible that the differences between studies are attribut-
able to chance.

Some strengths of our study include the uniform treat-
ment of patients with the current “gold standard” regi-
men (PEG IFN plus ribavirin) and careful follow-up for
treatment outcomes within the context of a National In-
stitutes of Health– sponsored clinical trial. However, po-
tential limitations of this study should be considered as
well. HALT-C trial participants have advanced fibrosis
and failed to respond to prior anti-HCV treatment, rais-
ing the question of whether results from HALT-C can be
generalized to other patients with chronic hepatitis C. It is
reassuring that HALT-C investigators have found strong
associations for risk factors for treatment failure (such as
older age, HCV genotype 1, higher HCV RNA level, the
presence of cirrhosis), which have been reported in previ-
ously untreated patients.12 Among European American
participants, the study had statistical power of at least
80% to detect a twofold association between the presence
of an allele and SVR for variants with a minor allele fre-
quency of at least 15%. Although this includes most of the
variants that we examined, the study’s statistical power for
less common variants was suboptimal. Finally, because we
examined 56 genetic variants in this study, it is possible
that some or all of the “statistically significant” associa-
tions we observed are attributable to chance. Expert opin-
ion differs regarding the necessity of adjusting for
multiple comparisons,25 and in investigating candidate
genes we favor presenting results without such adjust-
ments, interpreting the results conservatively and seeking

to replicate the findings in multiple populations. For that
reason, we believe that the TYK2 -2256A variant, which
was associated with treatment response in separate analy-
ses of European American and African American patients,
is the most promising result from this study.

In vitro evidence of altered function would have
strengthened our findings, but the extensive studies re-
quired to evaluate these polymorphisms for function were
beyond the scope of this project. Evaluation of genetic
polymorphisms for altered function is challenging be-
cause there are multiple levels at which alterations may
produce functional changes (for example, transcriptional,
posttranscriptional, posttranslational differences)26 and
because these alterations are often tissue specific.27,28 Un-
fortunately, this project was not designed to assess poten-
tial functional mechanisms in liver tissue. Well-powered
genome-wide association studies have yielded important
advances in the understanding of a range of medical con-
ditions. Unfortunately, the HALT-C study would have
low statistical power to detect differences that are statisti-
cally significant at the genome-wide level26; a consortium
may be required to bring together sufficient subjects for a
genome-wide association study of HCV treatment re-
sponse.

In summary, several IFN-�–related host genetic poly-
morphisms were associated with response to therapy for
chronic hepatitis C in this study. If confirmed, these find-
ings could provide insight into the variability in response
to treatment for HCV and, possibly, provide prognostic
information for responsiveness to therapy.
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