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Treating chronic hepatitis C virus (HCV) infection using pegylated alpha interferon and ribavirin leads to
sustained clearance of virus and clinical improvement in approximately 50% of patients. Response rates are
lower among patients with genotype 1 than with genotypes 2 and 3 and among African-American (AA) patients
compared to Caucasian (CA) patients. Using DNA microarrays, gene expression was assessed for a group of
33 African-American and 36 Caucasian American patients with chronic HCV genotype 1 infection during the
first 28 days of treatment. Results were examined with respect to treatment responses and to race. Patients
showed a response to treatment at the gene expression level in RNA isolated from peripheral blood mononu-
clear cells irrespective of degree of decrease in HCV RNA levels. However, gene expression responses were
relatively blunted in patients with poor viral response (<1.5 log10-IU/ml decrease at 28 days) compared to
those in patients with a marked (>3.5 log10-IU/ml decrease) or intermediate (1.5 to 3.5 log10-IU/ml decrease)
response. The number of genes that were up- or down-regulated by pegylated interferon and ribavirin treat-
ment was fewer in patients with a poor response than in those with an intermediate or marked viral response.
However AA patients had a stronger interferon response than CA patients in general. The induced levels of
known interferon-stimulated genes such as the 2�5�-oligoadenylate synthetase, MX1, IRF-7, and toll-like
receptor TLR-7 genes was lower in poor-response patients than in marked- or intermediate-response patients.
Thus, the relative lack of viral response to interferon therapy of hepatitis C virus infection is associated with
blunted interferon cell signaling. No specific regulatory gene could be identified as responsible for this global
blunting or the racial differences.

Chronic hepatitis C virus (HCV) infection is a major cause
of chronic liver disease and liver cancer (1, 2). An estimated
170 million persons worldwide, including 3 million in the
United States, are actively infected with HCV. The prevalence
of HCV infection varies by race and ethnicity, HCV infection
being two times more common in African-Americans (AA)
than Caucasian Americans (CA). The incidence of hepatocel-
lular carcinoma is also greater in AA (9). The current recom-
mended treatment for chronic HCV infection is the combina-
tion of pegylated alpha interferon (peginterferon) and the oral
antiviral drug ribavirin given for 24 or 48 weeks (11, 15, 23, 31).
This regimen is effective in eradicating virus in 70 to 80% of
patients with genotype 2 or 3 HCV infection, but in only 40 to
50% of individuals infected with genotype 1, the most common
genotype in the United States. For unknown reasons AA are
less likely to respond to interferon-based therapy of HCV
infection than CA (18, 20, 25, 27).

Alpha interferon mediates its antiviral and pharmacological
effects by binding to type I interferon receptors on the cell
surface membrane, which leads to transcription of up to 1,000
interferon-stimulated genes, presumably via the Janus-acti-
vated kinase 1 (JAK1)-STAT (signaling transducers of activa-
tion and transcription) signaling pathway (28, 30). A potential
explanation for a lack of response to interferon therapy of
HCV infection is an underlying deficient cellular response to
interferon with a blunted response to interferon signaling, this
being more common among AA patients than CA patients. To
test this hypothesis, global gene expression in peripheral blood
mononuclear cells (PBMC) before and during the first 28 days
of therapy with peginterferon and ribavirin was analyzed in a
cohort of AA and CA patients with genotype 1 HCV infection.
These patients were undergoing therapy in the Study of Viral
Resistance to Antiviral Therapy for Hepatitis C (Virahep-C), a
large, prospective, multicenter study designed to define the
differences in response rates among AA and CA patients and
to determine clinical, immunological, host genetic, viral ge-
netic, and interferon cell signaling factors that were associated
with lack of response to treatment (5). The current analysis
summarizes results of global gene expression in PBMC during
the first 28 days of therapy, comparing patients with a marked
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(decrease of more than 3.5 log10 at 28 days following treatment
initiation), intermediate (1.4 log10 to 3.5 log10 decrease), or
poor (�1.4 log10 decrease) viral response.

MATERIALS AND METHODS

Patient treatment and samples. The Virahep-C study enrolled a cohort of 196
AA and 205 CA participants from eight U.S. clinical centers, who were recruited
between July 2002 and December 2003. The institutional review boards of par-
ticipating centers approved the protocol, and all patients gave informed, written
consent for both the therapy and investigations of viral, immunological, and host
cell-signaling responses. Eligible patients were naive to interferon and ribavirin
treatment and had detectable HCV RNA in serum, and nearly all had a liver
biopsy performed within the previous 18 months showing chronic hepatitis. Only
patients who were born in the United States and designated themselves as
“African-American/black” or “Caucasian/white” were eligible. The clinical pro-
tocol called for participants to be treated for up to 48 weeks with peginter-
feron-2a (Pegasys; Roche Pharmaceuticals, Nutley, NJ) in a dose of 180 �g
weekly by self-administered subcutaneous injection and ribavirin (Copegus;
Roche) orally in a dose of 1,000 or 1,200 mg daily based on body weight of less
than 75 kg or equal to or greater than 75 kg. Serum samples were tested for HCV
RNA levels using a quantitative PCR-based assay (Cobas Amplicor HCV mon-
itor test, version 2.0; Roche) on days 0 (pretreatment), 1, 2, 7, 14, and 28 and at
weeks 12, 24, 48, and 72. PBMC were collected from patients before treatment
(day 0) and on days 1 (after the initial supervised injection of peginterferon), 2,
7, 14, and 28. Treatment was discontinued at week 24 in participants whose
serum was still HCV RNA positive by a sensitive qualitative PCR-based assay
(Roche Cobas Amplicor HCV test, v2.0) that had a lower limit of sensitivity of
50 IU/ml. The primary end point of the study was a sustained virologic response,
defined as lack of detectable serum HCV RNA in serum drawn 24 weeks after
completing treatment. The overall results of this study have been published and
demonstrated that the sustained virological response rate was higher among CA
patients (52%) than AA patients (28%) and that the racial difference was not
explained by clinical features such as age, gender, weight, severity of the under-
lying hepatitis, pretreatment viral levels, or amount of drug taken (6).

From the Virahep-C cohort, 72 patients who did not have dose reductions of
either peginterferon or ribavirin in the first 28 days of treatment were selected
such that 12 patients of each race (CA and AA) were included by virological-
response category. The three categories of response were marked, defined as a
decrease in HCV RNA levels of more than 3.5 log10 IU/ml or to an undetectable
level on day 28; intermediate, defined as a decrease of 1.4 to 3.5 log10 IU/ml on

day 28; and poor, defined as less than a 1.4 log10 IU/ml decline on day 28 relative
to baseline. These definitions were made a priori in an attempt to analyze the
biological basis for virological responses. Of these, RNA adequate to provide
gene expression information was not obtained from three patients.

PBMC preparation. PBMC were collected in sodium-heparin cell preparation
tubes at day 0 (before treatment) and days 1, 2, 7, 14, and 28 after initiation of
treatment. Whole blood was diluted with an equal volume (8 ml) of phosphate-
buffered saline (PBS), carefully layered over a 10-ml Ficoll-Hypaque gradient
(Amersham/Pharmacia, Piscataway, NJ), and centrifuged at 800 rpm for 20 min
at room temperature. The buffy coat layer was transferred to a 15-ml RNase-free
tube, diluted with PBS, and centrifuged at 100 � g for 15 min at room temper-
ature. The supernatants were discarded, and the PBMC were retained.

RNA extraction. Samples were shipped overnight by express courier at 4°C to
a central repository, where RNA was isolated on arrival. The PBMC were lysed
in 1 ml of TRI reagent (Molecular Research Center Inc., Cincinnati, OH). The
PBMC lysate was mixed with 1-bromo-3-chloropropane phase separation agent
for 1 min and incubated at room temperature for 15 min. After centrifugation for
15 min at 12,000 rpm and 4°C, RNA was precipitated from the supernatant
overnight at �20°C with an equal volume of isopropanol and 1/10 volume of 7.5
M ammonium acetate. The precipitate was washed twice with 75% ethanol and
then with 95% ethanol. RNA was briefly air dried and then further purified using
RNeasy columns (QIAGEN, Valencia, CA). The amount and quality of RNA
were determined by spectrophotometry and by electrophoresis through 1% aga-
rose with ethidium bromide, and RNA quality was analyzed by the Agilent
Bioanalyzer according to the manufacturer’s instructions. Samples that did not
show two clear bands of rRNA were discarded.

RNA labeling and hybridization. Preparation of cDNA and cRNA and label-
ing were carried out according to the protocols recommended by Affymetrix
(Santa Clara, CA) in the GeneChip expression analysis technical manual, as
previously described (34).

Array analysis and data processing. The microarrays were scanned using a
dedicated model 3000 scanner controlled by GCOS software. The average in-
tensity on each array was normalized by global scaling to a target intensity of
1,000. Data were extracted using the Affymetrix Microarray Suite 5 (MAS5)
algorithm and exported into a custom-designed database (MicroArray Data
Portal) in the Center for Medical Genomics (Indiana University-Purdue Uni-
versity Indianapolis, Indianapolis). All DNA microarray chips were analyzed for
unequal distribution or artifacts as described previously (4). Any chip shown to
be defective was corrected or dropped from the analysis.

The MicroArray Data Portal, in addition to its role as a database and analyt-
ical tool, is an informatics platform with active links from each sequence to

TABLE 1. Baseline participant characteristics by response group

Feature
Value for patients with:

P
Marked response Intermediate response Poor response

No.
Total 27 17 25
AA 13 (48%) 9 (53%) 11 (44%) 0.85a

Male 17 (63%) 14 (82%) 19 (76%) 0.33a

Body wt (kg)
Mean (SD) 84.7 (22.5) 92.1 (23.4) 93.1 (14.6) 0.28b

Median (25th, 75th) 79.8 (70.8, 97.1) 94.3 (81.2, 99.8) 93.9 (79.8, 104.3)
HCV RNA level (log10 IU/ml)

Mean (SD) 6.0 (0.8) 6.5 (0.6) 6.4 (0.5)
Median (25th, 75th) 5.7 (5.3, 6.8) 6.7 (6.2, 6.9) 6.4 (6.2, 6.6) 0.11c

ALT (mg/dl)
Mean (SD) 101.7 (94.1) 69.5 (28.7) 129.8 (106.3)
Median (25th, 75th) 68.0 (42.0, 123.0) 65 (52.0, 81.0) 83.0 (58.0, 164.0) 0.13c

Liver histology
Ishak necroinflammatory score (0–18)

Mean (SD) 8.2 (2.6) 7.2 (2.4) 7.8 (3.3)
Median (25th, 75th) 8 (6, 9) 8 (6, 9) 7 (5, 9) 0.48c

Ishak fibrosis score (0–6)
Mean (SD) 2.1 (1.0) 1.7 (1.3) 2.4 (1.4)
Median (25th, 75th) 2 (1, 3) 1 (1, 2) 2 (2, 3) 0.08c

a Chi-square test.
b Analysis of variance.
c Kruskal-Wallis test.
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several public databases. Sequence information for each gene on the HG-U133A
GeneChip was obtained by parsing the HG-U133 target file obtained from the
Affymetrix informatics website, http://www.affymetrix.com/analysis/download_center
.affx). A GenBank accession number and a Unigene cluster were used to match
sequences to their corresponding LocusLink number, gene symbol, and map
position and to link with Gene Ontology (GO) terms and Enzyme Nomenclature
(19) EC numbers. EC numbers were then used in conjunction with the Ligand
database to link genes to KEGG pathways (www.genome.ad.jp/kegg/).

Statistical analysis. The MAS5 data were filtered to eliminate any gene that
was not called present in at least 50% of the samples in any one group (fraction
present � 0.5) (24). Changes (n-fold) for each gene were calculated using the
ratio of the MAS5 signals of the baseline and the posttreatment time. If the
signal for the posttreatment time point was greater than the baseline the change
was calculated as �averageposttreatment/averagebaseline; otherwise, the change was
calculated as �averagebaseline/averageposttreatment. The asymptotic standard er-
rors (ASE) were estimated using the delta method, and 95% confidence intervals
were calculated by multiplying the ASE by 1.96, with the product added to and
subtracted from the change.

Welch’s t test using the MAS5 signals was used to test for differences in gene
expression between CA and AA, and one-way analysis of variance was used to
test for differences among the three response groups.

For each gene, the expression levels of posttreatment time points were com-
pared to the baseline (pretreatment) expression levels using a paired t test of the
MAS5 signals. Genes whose P value �0.001 and for which the absolute value of
the change was at least 1.5-fold were selected as significant. Because of the
filtering and differences in power, the numbers of genes considered to be signif-
icant in mutually exclusive and exhaustive subgroups will not necessarily add up
to the number of genes considered to be significant in the entire sample. Genes
that are significant in both racial groups contribute twice to the sum of genes but
only once to the number of significant genes in the entire sample. On the other
hand, gene expression differences that meet the change criterion may not meet
the criterion of a P value �0.001 in either racial group but, due to the increased
number of observations for the entire sample compared to each racial group, do
have a P of �0.001 for the entire sample; such genes do not contribute to the sum
of significant genes across racial groups but do contribute to the number of
significant genes in the entire sample.

All analyses were performed using the R statistical language and environment.
Microarray data accession number. Microarray data presented in this paper

have been deposited with NCBI/GEO under accession no. GSE7123.

RESULTS

The baseline features of the three response groups are
shown in Table 1. The participants who were included in this
analysis of gene expression were not representative of the total
Virahep-C cohort since they were selected for nearly equal
representation in the various race and response groups early in
the study and the total cohort did not divide equally into these
categories at the end of the study. Baseline features were
similar across response groups, though marked responders had
somewhat lower HCV RNA levels than the other response
groups. However, this difference was not statistically significant
(P � 0.11). Ultimately, sustained virological responses oc-
curred in 81% of the marked responders, 35% of the interme-
diate responders, and 8% of the poor responders. Character-
istics of AA and CA were also similar (Table 2), although AA
tended to have lower alanine aminotransferase (ALT) values
than did CA (P � 0.01), a difference that was also found in the
total Virahep-C cohort (6). Racial differences in sustained
virologic response were not apparent (39% for versus 47% for
CA; P � 0.51), though they were in the total cohort, due to the
selection criteria within each race whereby the three early-
response groups were nearly equally represented in each race.

Oligonucleotide microarray analysis of gene expression in
PBMC demonstrated less difference among poor, intermedi-
ate, and marked viral responders before therapy than would be
expected by chance. For example, of the 10,910 genes whose

expression was detected at baseline in at least one patient in
each response category (and whose fraction present was at
least 0.5 in any one group) only 73 differed across response
groups at a P of �0.01 and 2 at a P of �0.001, whereas 109 and
11, respectively, would be expected by chance at these signifi-
cance levels.

Global gene expression response is greater in marked re-
sponders than in poor responders. Gene expression in PBMC
changed substantially during peginterferon and ribavirin ther-
apy, with major changes being evident by days 1 and 2 after the
initial injection of peginterferon and administration of ribavi-
rin. The numbers of genes that were significantly modified
(absolute value of change greater than 1.5-fold and P � 0.001)
at each time point for each response group and for each racial
group within the response group are shown in Table 3. Many
genes were altered in expression at the early time points in
patients in all three response groups. The number of differen-
tially expressed genes dropped between day 2 and day 7 and
increased again slightly between days 7 and 28. Postbaseline
PBMC samples were generally taken before administration of
interferon. For only one subject at two time points, samples
were taken 4 h after administration of interferon; this did not
appear to affect the results for this patient.

In another study, similar experiments were run with RNA
samples taken directly from patient PBMC and cultured in
vitro for 6 or 24 h with interferon/ribavirin, and similar patterns
of gene induction or down regulation were obtained (34). Like-
wise, samples processed immediately (without shipping) in an
ongoing study show very little difference from the data in these
experiments.

Within marked responders, there were more genes changed
in AA than in CA at every time point (Table 3). Among poor
responders, the same relationship held except at day 28. The
relationship was more mixed in intermediate responders,

TABLE 2. Baseline patient characteristics by race

Feature
Value for:

P
AA CA

No.
Total 33 36
Male 24 (73%) 26 (72%) 0.96a

Body wt (kg)
Mean (SD) 91.7 (23.3) 87.6 (17.2) 0.41b

Median (25th, 75th) 84.4 (78.9, 104.3) 91.2 (75.8, 100.2)

HCV RNA level (log10 IU/ml)
Mean (SD) 6.2 (0.7) 6.3 (0.7)
Median (25th, 75th) 6.4 (5.5, 6.8) 6.5 (5.7, 6.7) 0.54c

ALT (mg/dl)
Mean (SD) 79.2 (63.2) 126.6 (104.9)
Median (25th, 75th) 63.0 (47.0, 83.0) 91.5 (56.0, 169.0) 0.01c

Liver histology
Ishak necroinflammatory

score (0–18)
Mean (SD) 7.8 (2.3) 7.8 (3.2)
Median (25th, 75th) 7.0 (6.0, 9.0) 7.5 (5.5, 9.0) 0.60c

Ishak fibrosis score (0–6)
Mean (SD) 1.9 (1.3) 2.3 (1.1)
Median (25th, 75th) 2.0 (1.0, 2.0) 2.0 (1.5, 3.0) 0.16c

a Chi-square test.
b Analysis of variance.
c Wilcoxon rank sum test.
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where more genes changed expression in AA than CA in the
first 2 days after treatment but more genes changed expression
in CA than in AA after that.

The number of genes that changed in expression was greater
in the marked responders than in the intermediate or poor
responders at all time points. There was a smaller difference in
the numbers of genes that changed in expression between the
intermediate and poor responders at most points. Figures 1
and 2 show the numbers of genes whose expressions increased
or decreased, respectively, using the change filter of 1.5-fold
and a P value of �0.001. The numbers of genes that were
increased in gene expression were far higher in the marked
responders than in either the intermediate or poor responders,
and the intermediate responders had numbers intermediate
between the other two groups. Slightly more genes were up-
than down-regulated. Although the differences among the
three response categories of patients held for both up- and
down-regulation of genes, the decline over time in numbers of
down-regulated genes was much sharper than the decline in
up-regulated genes.

Compared to the baseline expression, there was an inter-
feron response in all three categories of patients at each time
point. The increases in four well-defined interferon-stimulated
genes (2�5�-oligoadenylate synthetase 1 [OAS1] and OAS2,
MX1, and MX2 genes) are shown in Fig. 3. At all time points,
there was a significant difference in increases of these four
genes between the marked and poor virological responders
(P � 0.04 at each time point). There was less of a difference

between marked and intermediate responders, and this differ-
ence did not reach statistical significance at every time point.

Table 4 presents a selected group of genes that were up-
regulated in marked and poor responders by function. These
genes were chosen from the total list (See Table S1 in the
supplemental material) because of previous association with
interferon activity or because they form a functional group.
The change for genes in poor responders was consistently
lower than that found in marked responders. Supplemental
Table S1 presents a list of individual induced genes, for pa-
tients of all three response groups at different time points after
treatment initiation. Supplemental Table 2 presents a list of
those genes that were down-regulated on different days. The
majority of genes that were down-regulated encode products
which are involved in translational regulation, such as eukary-
otic elongation or translation factors and ribosomal proteins.
In general, these were down-regulated substantially in marked-
response patients but marginally in poor- and intermediate-
response patients. As in the case of up-regulated genes in
patients, the magnitude of the decrease in gene expression in
poor responders was considerably less than in marked or inter-
mediate responders. Table 5 compares the response between AA
patients and CA patients on day 1. The responses in terms of
change (n-fold) were very similar between the two groups.

Most of the genes that were up-regulated during therapy and
that are presented in Table 4 are well-known interferon-in-
duced genes that have been described as being increased in
expression in human PBMC in vitro with interferon stimula-
tion (75% concordance) (34). Many of the genes that were
induced at days 1 and 2 were no longer increased in expression
in PBMC collected at days 7, 14, and 28 (see Tables S1 and S2
in the supplemental material). Among the major genes with
early transient expression were those encoding chemokines
CXCL10 (IP10), CXCL11, CCL8, and TNFSF10 (TRAIL).
Several of these genes are known to be strongly induced by
gamma interferon (5, 14). Other gamma interferon-induced
genes such as the WARS, INDO, and caspase genes were also
induced transiently at a low level during the first 24 h after the
initial injection of peginterferon (see Table S1 in the supple-
mental material). However, gamma interferon mRNA was not
detectable, nor was gamma interferon detectable by enzyme-
linked immunosorbent assay (data not shown). Other genes

FIG. 1. Number of genes up-regulated (P � 0.001; �1.5-fold
change) at each time point compared to baseline in each response
category of patient.

FIG. 2. Number of genes down-regulated (P � 0.001; �1.5-fold
change) at each time point compared to baseline in each category of
patients.

TABLE 3. Number of genes (proportion present � 0.5) modified
(at least 1.5-fold change; P � 0.001) during peginterferon

and ribavirin treatment

Day (n)

No. of genes modified for:

Marked responders Intermediate
responders Poor responders

AA CA All AA CA All AA CA All

1 (69) 1,373 553 1,250 233 198 760 228 195 418
2 (68) 586 336 669 177 110 384 206 87 272
7 (68) 190 94 293 40 59 180 9 4 58
14 (63) 181 151 240 50 74 183 50 9 72
28 (61) 229 117 307 21 45 133 40 56 149
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transiently induced include the interleukin-1Ra (IL-1Ra) gene,
previously shown to be induced only during the first 48 h of
treatment (7). A subgroup of genes showed no change with
time in any of the patient categories. These included those
encoding IFI44, IFI44L, IFIH1, MX1, OAS2, SP100, SP110,
IFIT1, IFITM1, and HERC6, genes known to be important in
the antiviral response. Other genes such as the IFI27 gene
increased with time in all three classes of patients. The func-
tion of this gene is unknown, but it was induced to very high
levels (approximately 100-fold) by day 28. Other genes such as
the carbonic anhydrase 1 gene were induced late (days 14 and
28) after treatment initiation.

DISCUSSION

The major finding of this study was that patients who exhib-
ited a vigorous early virological response to treatment with
peginterferon and ribavirin had concurrent vigorous alter-
ations in PBMC gene mRNA levels, including genes whose
levels were induced and repressed. Recognizing that several of
the genes examined have expressions that may not meet the
assumptions of the t tests, the analyses were repeated using a
nonparametric rank sum test. Though this affected the results
for some genes, the main conclusion that the number of genes
whose levels were induced or repressed was greater among
marked responders than poor responders remained true. In-
cluded in these genes whose expression was strongly altered

were the classic interferon-induced genes. Thus, among
marked responders (whose HCV RNA levels decreased by 3.5
logs or more 1 month after starting therapy) 655 genes were
increased and 595 genes decreased in expression within 24 h of
the first injection of peginterferon. For comparison, among
poor responders (whose HCV RNA levels decreased by less
than 1.4 logs after 1 month of therapy) the number of up-
regulated genes was only 336 and only 82 were down-regulated
within 24 h of starting therapy (Fig. 1 and 2). This difference
was not due to lack of compliance because the initial doses of
peginterferon and ribavirin were administered under observa-
tion. These findings suggest that poor or nonresponse to inter-
feron-based therapy in chronic HCV infection may be due to a
blunted induction of interferon-responsive genes. The finding
that large number of genes are “down-regulated” in marked
responders and not in poor responders may be indicative of a
lack of sufficient oligo(A) synthetase, resulting in lowered ac-
tivation of RNase L (26, 28, 29). However, a core of genes did
appear to be actively down-regulated, since genes involved in
translation regulation such as translation elongation factor and
ribosomal protein genes appeared to be down-regulated in
both marked and poor responders. Such genes have previously
been reported to be down-regulated by alpha interferon in
PBMC in culture (34).

In the Virahep-C study, AA had lower rates of sustained
response and higher levels of serum HCV RNA than CA at

FIG. 3. Increase in mRNA as detected by microarrays for oligo(A) synthetase 1 and 2 and MX1 and MX2 in all three response categories of
patients at days 1, 2, 7, 14, and 28 after initiation of treatment.
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TABLE 4. Change in gene expressiona

Function/description Response Symbol
Fold change in gene expression on day:

1 2 7 14 28

Antiviral response
Interferon-stimulated gene 20 kDa Marked ISG20 3.21 2.49 2.21 2.07 2.16
Interferon-stimulated gene 20 kDa Poor ISG20 2.75 2.11 1.65 1.50 1.57
2�5�-Oligoadenylate synthetase 1 (40/46 kDa) Marked OAS1 7.03 6.78 4.18 3.80 4.29
2�5�-Oligoadenylate synthetase 1 (40/46 kDa) Poor OAS1 4.94 4.86 2.82 2.98 3.01
2�5�-Oligoadenylate synthetase 2 (69/71 kDa) Marked OAS2 5.10 4.91 3.88 4.04 4.44
2�5�-Oligoadenylate synthetase 2 (69/71 kDa) Poor OAS2 3.67 3.55 2.57 2.63 2.77
2�5�-Oligoadenylate synthetase-like Marked OASL 7.83 6.72 3.57 4.09 4.16
2�5�-Oligoadenylate synthetase-like Poor OASL 5.56 4.94 2.64 2.63 2.99
Viperin, cig5 Marked RSAD2 18.64 17.94 10.3 14.28 15.58
Viperin, cig 5 Poor RSAD2 12.11 12.1 6.70 7.13 7.66

Apoptosis
XIAP associated factor 1 Marked HSXIAPAF1 3.48 4.00 3.42 3.74 3.52
XIAP associated factor 1 Poor HSXIAPAF1 2.87 2.99 2.36 2.41 2.56
TRAIL Marked TNFSF10 5.4 4.33 2.31 2.16 2.42
TRAIL Poor TNFSF10 3.28 2.99 1.56 1.59 1.67

Cell proliferation
Lysosomal-associated membrane protein 3 Marked LAMP3 11.52 6.61 5.5 5.13 6.19
Lysosomal-associated membrane protein 3 Poor LAMP3 7.18 4.57 2.78 2.69 3.45

Chemokines
Chemokine (C-C motif) ligand 2 Marked CCL2 58 41.07 16.24 23.59 15.65
Chemokine (C-C motif) ligand 2 Poor CCL2 52.43 27.33 7.07 75.62 10.38
Chemokine (C-C motif) receptor 1 Marked CCR1 4.22 3.88 2.21 2.86 2.82
Chemokine (C-C motif) receptor 1 Poor CCR1 2.84 2.86 1.78 2.08 1.84
Chemokine (C-C motif) ligand 8 Marked CCL8 11.18 5.28 2.01 2.47 2.85
Chemokine (C-C motif) ligand 8 Poor CCL8 7.04 2.70 1.40 1.57 1.56
Chemokine (C-X-C motif) ligand 11 Marked CXCL11 5.09 2.22 �1.01 1.00 �1.07
Chemokine (C-X-C motif) ligand 11 Poor CXCL11 4.83 2.66 3.66 1.33 1.22
Chemokine (C-X-C motif) ligand 10 Marked CXCL10 24.42 11.88 1.79 1.93 2.00
Chemokine (C-X-C motif) ligand 10 Poor CXCL10 19.95 8.94 1.51 1.47 1.56

Complement pathway
Complement component 3a receptor 1 Marked C3AR1 3.62 3.28 1.76 2.22 1.92
Complement component 3a receptor 1 Poor C3AR1 2.38 2.32 1.35 1.49 1.33
Serine (or cysteine) proteinase inhibitor Marked SERPING1 11.93 7.09 2.19 2.57 2.43
Serine (or cysteine) proteinase inhibitor Poor SERPING1 8.88 5.65 1.94 2.29 2.24

Endonuclease
Liver RNase (neurotoxin) Marked RNAse2 2.85 2.70 2.10 2.71 2.24
Liver RNase (neurotoxin) Poor RNAse2 2.19 2.13 1.74 1.64 1.82

Helicases
Hypothetical protein FLJ20035 Marked FLJ20035 4.56 4.38 4.10 4.06 4.27
Hypothetical protein FLJ20035 Poor FLJ20035 3.36 2.85 2.42 2.16 2.66
Interferon induced with helicase C domain 1 Marked IFIH1 5.59 4.99 3.52 3.70 4.21
Interferon induced with helicase C domain 1 Poor IFIH1 3.59 3.25 2.24 2.20 2.48

Immune response
Alpha interferon-inducible protein (clone IFI-15K) Marked G1P2 10.51 9.76 6.53 7.72 8.35
Alpha interferon-inducible protein (clone IFI-15K) Poor G1P2 7.43 6.93 3.89 4.24 4.75
Alpha interferon-inducible protein (clone IFI-6-16) Marked G1P3 4.11 4.09 3.02 3.22 3.07
Alpha interferon-inducible protein (clone IFI-6-16) Poor G1P3 3.39 2.67 1.73 1.99 2.29
Alpha interferon-inducible protein 27 Marked IFI27 27.98 41.54 61.26 100.47 121.84
Alpha interferon-inducible protein 27 Poor IFI27 21.45 35.28 52.67 69.51 89.4
Interferon-induced protein 35 Marked IFI35 4.75 4.18 2.77 2.58 2.71
Interferon-induced protein 35 Poor IFI35 3.56 3.00 1.82 1.87 1.95
Interferon-induced protein 44 Marked IFI44 6.62 6.31 6.03 6.59 6.77
Interferon-induced protein 44 Poor IFI44 4.29 4.12 3.41 3.36 4.09
Interferon-induced protein 44 Marked IFI44L 9.09 9.36 9.13 10.68 10.67
Interferon-induced protein 44 Poor IFI44L 5.91 5.93 5.02 4.95 6.06
Interferon-induced protein with tetratricopeptide repeats 1 Marked IFIT1 17.57 17.1 10.72 12.27 13.55
Interferon-induced protein with tetratricopeptide repeats 1 Poor IFIT1 9.23 9.23 5.79 5.27 6.31
Interferon-induced protein with tetratricopeptide repeats 3 Marked IFIT3 11.95 10.3 6.38 7.53 8.47

Continued on facing page
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TABLE 4—Continued

Function/description Response Symbol
Fold change in gene expression on day:

1 2 7 14 28

Interferon-induced protein with tetratricopeptide repeats 3 Poor IFIT3 7.42 6.73 3.56 3.74 4.23
Interferon-induced protein with tetratricopeptide repeats 5 Marked IFIT5 3.32 3.19 2.63 2.72 2.94
Interferon-induced protein with tetratricopeptide repeats 5 Poor IFIT5 2.49 2.30 2.05 2.02 2.00
Interferon-induced transmembrane protein 1 (9-27) Marked IFITM1 1.86 1.76 1.67 1.71 1.95
Interferon induced transmembrane protein 1 (9-27) Poor IFITM1 1.71 1.63 1.42 1.41 1.62
Interferon-induced transmembrane protein 3 (1-8U) Marked IFITM3 2.71 2.45 1.89 2.00 1.91
Interferon-induced transmembrane protein 3 (1-8U) Poor IFITM3 2.28 2.20 1.60 1.65 1.82
IL-1 receptor antagonist Marked IL1RN 5.83 4.12 1.43 1.99 1.98
IL-1 receptor antagonist Poor IL1RN 4.21 2.93 1.44 2.05 1.75
Myxovirus (influenza virus) resistance 1 Marked MX1 6.51 5.80 4.95 5.57 5.39
Myxovirus (influenza virus) resistance 1 Poor MX1 4.29 3.90 2.83 2.87 3.26
Myxovirus (influenza virus) resistance 2 Marked MX2 4.39 3.89 3.07 3.28 3.30
Myxovirus (influenza virus) resistance 2 Poor MX2 3.46 2.94 2.04 2.12 2.49

Inflammatory response
Heparanase Marked HPSE 4.16 2.45 1.73 2.05 1.80
Heparanase Poor HPSE 2.97 1.92 1.39 1.50 1.59
Sialoadhesin Marked SN 44.54 39.65 23.14 33.58 26.4
Sialoadhesin Poor SN 18.17 16.45 9.37 11.92 12.41

JAK-STAT cascade
N-myc (and STAT) interactor Marked NMI 3.07 2.68 1.91 1.93 2.08
N-myc (and STAT) interactor Poor NMI 2.19 2.01 1.50 1.46 1.59
Signal transducer and activator of transcription 1 (91 kDa) Marked STAT1 2.38 2.05 1.88 1.85 2.09
Signal transducer and activator of transcription 1 (91 kDa) Poor STAT1 1.98 1.77 1.46 1.37 1.61

Phospholipid scrambling
Phospholipid scramblase 1 Marked PLSCR1 4.61 4.22 2.92 3.32 3.50
Phospholipid scramblase 1 Poor PLSCR1 3.24 2.97 2.17 2.01 2.50

RNA editing
Apolipoprotein B mRNA editing enzyme Marked APOBEC3A 6.03 4.66 2.63 2.93 2.94
Apolipoprotein B mRNA editing enzyme Poor APOBEC3A 4.29 3.53 2.08 2.15 2.22

Signal transduction
Membrane-spanning 4 domains, subfamily A, member 4 Marked MS4A4A 7.00 7.36 2.35 2.89 2.48
Membrane-spanning 4 domains, subfamily A, member 4 Poor MS4A4A 3.68 4.39 1.61 1.71 1.89

Toll pathway
Toll-like receptor 7 Marked TLR7 7.17 5.12 2.90 3.19 2.79
Toll-like receptor 7 Poor TLR7 3.93 3.07 1.70 1.66 1.80

Transcription factor/repressor
CD38 antigen (p45) Marked CD38 2.61 2.15 1.89 1.86 1.90
CD38 antigen (p45) Poor CD38 2.43 2.03 1.64 1.46 1.56
Homeobox (expressed in ES cells) 1 Marked HESX1 23.01 17.4 9.44 10.46 9.53
Homeobox (expressed in ES cells) 1 Poor HESX1 17.56 12.78 9.01 5.74 6.23
Gamma interferon-inducible protein 16 Marked IFI16 2.28 2.05 1.94 1.80 1.80
Gamma interferon-inducible protein 16 Poor IFI16 1.84 1.87 1.55 1.45 1.51
Interferon regulatory factor 7 Marked IRF7 4.56 4.25 3.12 3.20 3.37
Interferon regulatory factor 7 Poor IRF7 3.34 3.11 2.04 2.19 2.33
Lectin, galactoside-binding, soluble, 9 (galectin 9) Marked LGALS9 3.04 2.86 1.86 1.81 2.07
Lectin, galactoside-binding, soluble, 9 (galectin 9) Poor LGALS9 2.30 2.07 1.32 1.61 1.65
Lymphocyte antigen 6 complex, locus E Marked LY6E 4.59 4.93 3.68 3.31 3.85
Lymphocyte antigen 6 complex, locus E Poor LY6E 3.71 3.71 2.25 2.95 2.86
Nuclear antigen Sp100 Marked SP100 2.04 1.90 1.89 1.82 1.75
Nuclear antigen Sp100 Poor SP100 1.78 1.78 1.51 1.37 1.43
SP110 nuclear body protein Marked SP110 1.98 2.03 1.76 1.80 1.85
SP110 nuclear body protein Poor SP110 1.64 1.64 1.46 1.46 1.53
T-box 3 (ulnar mammary syndrome) Marked TBX3 7.36 6.13 4.26 4.42 4.42
T-box 3 (ulnar mammary syndrome) Poor TBX3 4.91 4.02 2.47 2.35 2.6

Ubiquitin pathway
Hect domain and RLD 5 Marked HERC5 8.64 7.50 4.64 5.06 5.46
Hect domain and RLD 5 Poor HERC5 5.92 5.09 2.88 2.85 3.18
Hect domain and RLD 6 Marked HERC6 5.61 5.46 5.84 5.54 5.61

Continued on following page
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almost all time points (6). The current analyses show that
differences in the number of genes whose expression changed
at least 1.5-fold between marked and poor responders in both
AA and CA patients occurred within 24 h of starting treatment
(Tables 4 and 5; Fig. 1 and 2). The level of gene expression and
number of genes induced or down-regulated were considerably
higher among marked virological responders than among poor
responders (see Tables S1 and S2 in the supplemental mate-
rial). However, it is puzzling that AA had higher numbers of
genes induced and slightly higher levels of gene expression at
day 1 than others.

Alpha interferon is known to act through induction of a
large number of genes, the exact number and pattern of which
have only been partially identified (33, 34). In this study, 801
genes were found to be increased during peginterferon and
ribavirin therapy; many, but not all, of these were known in-
terferon-induced genes (see Tables S1 and S2 in the supple-
mental material). While global interferon-induced gene ex-
pression was less among poor responders than marked
responders, no specific gene could be linked to the differences
in responses or to racial differences. Thus, poor or nonre-
sponse appeared to be a global blunting of interferon cell
signaling, rather than the lack of induction or function of a
specific antiviral gene product. These data are in agreement
with recent findings in which the gene expression of nonre-
sponders was lower than that of responders when PBMC were
cultured from such patients (16). Despite differences in the
microarray systems used and assessment of in vitro versus in
vivo responses, the levels of induction (n-fold) for many genes
were remarkably similar. However, He et al. (16) found that
the levels of gene induction in white patients was higher than
in black patients. However, we could not find any difference
between the racial groups in this study in levels of gene ex-
pression. The present study demonstrates that, controlling for
virological response, gene expression changes were actually
more common, within 2 weeks of treatment initiation, in AA
than CA patients who had a marked or poor response. The
reason for this difference is not known.

Previous studies using cell culture systems have suggested
that HCV replication or presence of HCV antigens may inter-
fere with specific interferon-induced gene products, such as the
well characterized antiviral enzymes OAS, protein kinase R,

and adenosine deaminase (8, 10, 12). The present analysis, in
contrast, suggests that lack of response to administered inter-
feron was due to an ongoing physiological defect that causes
blunted regulation of interferon responsiveness. The blunted
response might be due to a prior inflammatory response, in-
terferon receptor deficiency or dysfunction, or lack of afferent
cell signaling through the JAK-STAT pathway. In this regard,
several recent studies in vitro and in vivo have suggested that
a deficiency in STAT1 activation or DNA binding occurs in
patients with chronic HCV infection (22). Such findings are
compatible with the findings in this study. In fact genes such as
the IRF-7 gene (Tables 4 and 5), a key gene in induction of
interferon, was induced compared to baseline at lower levels in
poor responders than in marked-response patients, as was the
cig 5 (viperin) gene, previously identified as being important in
the interferon response to hepatitis C virus (17). Toll-like re-
ceptor 7 (TLR7) has been shown to be important in the rec-
ognition of single-stranded viral RNA and subsequent signal-
ing of the interferon, I	B kinase 
/�/�, and mitogen-activated
protein kinase cascades leading to NF-	B and AP-1 activation
and to IRF-7 and interferon production (13). Expression of the
IRF-7 gene was increased from baseline to levels almost twice
as high in marked-response than in poor-response patients and
was thus strongly induced by peginterferon/ribavirin combina-
tion therapy.

Several limitations of the present findings deserve mention.
First and foremost, the analysis of gene expression was con-
ducted on PBMC and not on hepatocytes that harbor replicat-
ing HCV. Analysis of hepatocytes, however, requires liver bi-
opsy, an invasive procedure which cannot be done repeatedly
in humans during interferon therapy. Furthermore, analyses
on liver tissue include PBMC and other nonparenchymal cells,
and changes in expression in liver tissue may not reflect effects
on hepatocytes only. Responses in PBMC are more likely to
reflect a global response and not be under the local control of
replicating virus or disease activity, which may modulate inter-
feron responses. The chimpanzee model of HCV infection
offers a potential approach to analyzing intrahepatic gene ex-
pression during interferon therapy (3, 21, 32). However, chim-
panzees respond minimally to human alpha interferon therapy,
and interpretation of results has to take into consideration
interspecies differences.

TABLE 4—Continued

Function/description Response Symbol
Fold change in gene expression on day:

1 2 7 14 28

Hect domain and RLD 6 Poor HERC6 4.19 4.07 3.59 3.35 3.76
Promyelocytic leukemia Marked PML 3.68 2.89 1.80 1.93 1.91
Promyelocytic leukemia Poor PML 3.07 2.26 1.49 1.60 1.60
Ubiquitin-conjugating enzyme E2L 6 Marked UBE2L6 2.97 2.52 1.76 1.81 1.82
Ubiquitin-conjugating enzyme E2L 6 Poor UBE2L6 2.54 2.19 1.42 1.45 1.53
Ubiquitin-specific protease 18 Marked USP18 12.53 10.06 7.10 8.66 9.96
Ubiquitin-specific protease 18 Poor USP18 6.89 5.80 4.00 3.95 4.89

Unknown function
28-kDa interferon-responsive protein Marked IFRG28 4.68 4.87 3.38 3.52 3.76
28-kDa interferon-responsive protein Poor IFRG28 3.43 3.09 2.16 2.10 2.11

a Changes in gene expression for marked responders and poor responders at days 1, 2, 7, 14, and 28 after initiation of treatment. Data were derived from Table S1
in the supplemental material. Numbers in boldface represent values below the cutoff of a 1.5-fold change or a P value of �0.001.
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TABLE 5. Changes on day 1 for CA and AA and the combined groupa

Function/description Symbol
Fold change for:

P
All CA AA

Antiviral response
Interferon-stimulated gene 20 kDa ISG20 2.94 2.71 3.19 0.15
2�5�-Oligoadenylate synthetase 1, 40/46 kDa OAS1 5.77 5.29 6.26 0.32
2�5�-Oligoadenylate synthetase 2, 69/71kDa OAS2 4.37 4.16 4.61 0.38
2�5�-Oligoadenylate synthetase-like OASL 6.68 6.19 7.15 0.28
Radical S-adenosyl methionine domain containing 2 RSAD2 15.66 14.77 16.56 0.60

Apoptosis
XIAP associated factor-1 HSXIAPAF1 3.40 3.17 3.61 0.50
TRAIL TNFSF10 4.45 4.05 4.88 0.25

Cell proliferation
Lysosomal-associated membrane protein 3 LAMP3 9.17 8.91 9.42 0.77

Chemokines
Chemokine (C-C motif) ligand 2 CCL2 46.88 39.68 53.27 0.36
Chemokine (C-C motif) receptor 1 CCR1 3.58 3.46 3.69 0.68
Chemokine (C-C motif) ligand 8 CCL8 9.58 7.85 10.91 0.29
Chemokine (C-X-C motif) ligand 11 CXCL11 5.62 5.17 6.19 0.48
Chemokine (C-X-C motif) ligand 10 CXCL10 21.81 19.51 24.34 0.25

Complement pathway
Complement component 3a receptor 1 C3AR1 3.02 2.80 3.31 0.21
Serine (or cysteine) proteinase inhibitor SERPING1 10.64 9.51 11.94 0.28

Endonuclease
Liver RNase (neurotoxin) RNAse2 2.54 2.49 2.60 0.73

Helicase
Hypothetical protein FLJ20035 FLJ20035 3.92 4.10 3.73 0.42
Interferon induced with helicase C domain 1 IFIH1 3.91 3.69 4.09 0.64

Immune response
Alpha interferon-inducible protein (clone IFI-15K) G1P2 8.78 7.80 9.89 0.22
Alpha interferon-inducible protein (clone IFI-6-16) G1P3 3.75 3.42 4.11 0.31
Alpha interferon-inducible protein 27 IFI27 25.98 21.91 29.71 0.39
Interferon-induced protein 35 IFI35 3.96 3.63 4.34 0.31
Interferon-induced protein 44 IFI44 5.32 5.62 5.02 0.66
Interferon-induced protein 44 IFI44L 7.38 7.25 7.52 0.49
Interferon-induced protein with tetratricopeptide repeats 1 IFIT1 12.68 13.10 12.30 0.88
Interferon-induced protein with tetratricopeptide repeats 3 IFIT3 9.40 9.62 9.19 0.78
Interferon-induced protein with tetratricopeptide repeats 5 IFIT5 2.98 2.89 3.08 0.84
Interferon induced transmembrane protein 1 (9-27) IFITM1 1.82 1.77 1.86 0.55
Interferon induced transmembrane protein 3 (1-8U) IFITM3 2.49 2.35 2.63 0.49
IL-1 receptor antagonist IL1RN 4.76 4.19 5.47 0.31
Myxovirus (influenza virus) resistance 1 MX1 5.29 5.47 5.12 0.11
Myxovirus (influenza virus) resistance 2 MX2 3.92 3.67 4.19 0.65

Inflammatory response
Heparanase HPSE 3.65 3.22 4.19 0.03
Sialoadhesin SN 28.31 28.66 28.02 0.96

JAK-STAT cascade
N-myc (and STAT) interactor NMI 2.60 2.47 2.76 0.35
Signal transducer and activator of transcription 1 (91 kDa) STAT1 2.17 2.11 2.24 0.54

Phospholipid scrambling
Phospholipid scramblase 1 PLSCR1 4.00 3.75 4.29 0.31

RNA editing
Apolipoprotein B mRNA editing enzyme APOBEC3A 4.88 4.26 5.70 0.06

Signal transduction
Membrane-spanning 4 domains, subfamily A, member 4 MS4A4A 5.51 4.68 6.40 0.07

Continued on following page
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A final limitation to this study was that it was based upon
viral kinetic analyses done during the first 28 days of therapy
and was not based on results of sustained virological responses.
This design was purposeful, in that early virological responses
are highly predictive of ultimate responses and are not affected
by nonbiologic factors, such as dose modification, compliance,
and dropout. Only patients who took the full prescribed dose
of peginterferon were selected. Furthermore, the differences
between responders and nonresponders in the strength of gene
induction were found even at day 1, which occurred after an
observed administration of peginterferon and ribavirin at the
initiation of treatment. Thus, by using early viral responses,
purely biological factors associated with response and nonre-
sponse could be assessed.

In this study, a poor virological response to peginterferon
and ribavirin therapy of HCV infection was found to be asso-
ciated with global, blunted changes in interferon-responsive
gene expression. These results indicate that the blunted re-
sponse is not specific to the liver or to virally infected cells. This
hyporesponsiveness may be determined by host genetics, or it
may be due to an environmentally induced lesser sensitivity to
interferon. It is also possible that PBMC are exposed to viral
proteins in circulation or to hepatocyte-associated HCV anti-
gens which might alter the immune response of such cells to
interferon treatment.
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Function/description Symbol
Fold change for:

P
All CA AA

Toll pathway
Toll-like receptor 7 TLR7 5.66 5.37 5.98 0.51

Transcription factor/repressor
CD38 antigen (p45) CD38 2.46 2.29 2.64 0.16
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Ubiquitin pathway
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Promyelocytic leukemia PML 3.31 3.18 3.44 0.48
Ubiquitin-conjugating enzyme E2L 6 UBE2L6 2.69 2.51 2.90 0.07
Ubiquitin-specific protease 18 USP18 9.62 8.37 11.10 0.12

Unknown function
28-kDa interferon-responsive protein IFRG28 4.31 3.69 5.01 0.01

a Changes (n-fold) were defined as �averageday 1/averageday 0, if averageday 1 � averageday 0, or as �averageday 0/averageday 1, if averageday 1 � averageday 0. The
standard error of a change (n � fold) was estimated by the delta method. A two-sample Z test was constructed to compare changes (n � fold) between CA and AA
according to the equation Z � FCCA � FCAA/(std.FCCA

2 � std.FCAA
2)1/2, where Z is approximately standard normal, FCCA and FCAA are the changes (n-fold) for

CA and AA, respectively, and std.FCCA and std.FCAA are corresponding standard errors.
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