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M A J O R A R T I C L E

Monocyte Activation by Interferon α Is
Associated With Failure to Achieve a Sustained
Virologic Response After Treatment for Hepatitis
C Virus Infection

Dennis J. Hartigan-O’Connor,1,8 Din Lin,1 James C. Ryan,6,7 Valentina A. Shvachko,9 Myrna L. Cozen,6 Mark R. Segal,3

Norah A. Terrault,2 Lewis L. Lanier,4,5 M. Michele Manos,9 and Joseph M. McCune1

1Division of Experimental Medicine, 2Department of Medicine, 3Department of Epidemiology and Biostatistics, 4Department of Microbiology
and Immunology, 5Cancer Research Institute, University of California–San Francisco, 6Department of Medicine and 7Department of
Immunology, Veterans Administration Medical Center and University of California–San Francisco, 8Department of Medical Microbiology and
Immunology and California National Primate Research Center, University of California–Davis, and 9Kaiser Permanente Division of Research,
Oakland, California

Background. Interferon α (IFN-α) and ribavirin can induce a sustained virologic response (SVR) in some but
not all hepatitis C virus (HCV)–infected patients. The mechanism of effective treatment is unclear. One possibility
is that IFN-α differentially improves the functional capacity of classic myeloid dendritic cells (mDCs) by altering ex-
pression of surface molecules or cytokines. Others have proposed that antigen-presenting cell activation could be
paradoxically detrimental during HCV infection because of the production by monocytes of substances inhibitory
or toxic to plasmacytoid dendritic cells.

Methods. We examined responses to in vitro IFN-α treatment of peripheral blood leukocyte samples from a ret-
rospective treatment cohort of nearly 200 HCV-seropositive patients who had undergone antiviral therapy with ri-
bavirin and pegylated IFN. We analyzed the variable responses of antigen-presenting cell subsets to drug.

Results. We found that patients achieving SVR were no more likely to have robust mDC activation in response
to IFN-α than those who did not achieve SVR. Rather, patients achieving SVR were distinguished by restrained
monocyte activation in the presence of IFN-α, a factor that was second in importance only to IL28B genotype in its
association with SVR.

Conclusions. These results suggest that interindividual variability in the response of monocytes to IFN-α is an
important determinant of treatment success with IFN-α–based regimens.

Keywords. hepatitis C virus; interferon-α; monocytes; activation; dendritic cells; sustained virologic response;
treatment; ribavirin; Toll-like receptor 2.

Hepatitis C virus (HCV) persists in many people despite
induction of immune responses that might be expected
to clear the virus, including robust production of inter-
feron α (IFN-α) and other cytokines, antibodies that
are frequently neutralizing, and virus-specific T cells. An

understanding of the immune mechanisms underlying
treatment-mediated clearance might provide opportuni-
ties to improve existing and future treatments for HCV.

Individuals who spontaneously clear infection gener-
ally have stronger and broader T-cell responses than
those who progress to chronicity, who display weaker
or functionally impaired responses characterized by
low levels of T-cell proliferation, cytokine production,
or cytotoxicity in response to HCV antigens [1–4].
There is also some correlative evidence that robust
T-cell function contributes to treatment-mediated
clearance, although this question is controversial. In
particular, patients achieving sustained virologic re-
sponse (SVR) develop stronger CD4+ T-cell responses
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than those who do not respond to treatment [5]. However, few
studies have examined the longitudinal changes occurring in
HCV-specific T cells as a result of treatment with IFN-α and/
or ribavirin. Barnes et al followed peripheral blood T-cell re-
sponses in a group of 31 patients and reported a decline in
the frequency of interleukin 2– and IFN-γ–secreting HCV-
specific T cells following the start of treatment [6].

IFN-α could augment T-cell responses and prompt SVR
through a mechanism involving activation of antigen-presenting
cells (APCs). For example, IFN-α alters the surface phenotype
and functional capacity of dendritic cells, enhancing expression
of HLA class I molecules, HLA class II molecules, and CD86
on immature myeloid dendritic cells (mDCs) and increasing
production of interleukin 12 and tumor necrosis factor α by
mature cells [7–10]. Miyatake et al found that DCs differentiat-
ed from monocytes in the presence of IFN-α displayed dramat-
ically higher CD86 expression than did untreated DCs and a
greater capacity to prime production of IFN-γ and interleukin
2 by CD4+ T cells [11]. In the absence of exogenous IFN-α,
DCs from patients chronically infected with HCV are relatively
deficient in CD80 and CD86 expression and CD4+ T-cell
priming [12]; therefore, IFN-α can act to overcome deficiencies
conferred by HCV infection.

In contrast to this potentially beneficial effect of mDC activa-
tion, however, it has been proposed that exuberant monocyte
activation contributes to HCV persistence [13]. HCV core
protein may trigger monocyte activation via effects on Toll-like
receptor 2 [14]; this activation leads to production of tumor ne-
crosis factor α and IL-10, which together induce apoptosis in
plasmacytoid DCs (pDCs) [13]. The result of this cascade is
reduced frequency of circulating pDCs and diminished endoge-
nous IFN-α production.

We have addressed the question of variable APC response to
IFN-α in a cohort of 192 patients who underwent treatment for
HCV in a large integrated healthcare organization. Expression
of activation markers was evaluated on monocytes, mDCs, and
pDCs before and after in vitro exposure to IFN-α. We hypothe-
sized that subjects who responded to therapy would demon-
strate robust mDC responses to IFN-α. Unexpectedly, we found
that subjects with SVR were clearly distinguished by lower
monocyte activation responses while having mDC responses
equivalent to those of subjects without SVR.

METHODS

Study Population
This retrospective case-control study population was derived
from all patients positive for HCV genotype 1 who were treated
with combination pegylated IFN-α plus ribavirin between July
2003 and January 2011 in the Northern California Kaiser Per-
manente Medical Care Program. The cohort consisted of 192
patients chosen to achieve equal representation of the following

4 racial or ethnic groups: non-Hispanic white, Hispanic, Asian,
and black. Within each group, approximately equal numbers of
SVR and non-SVR patients were included with approximately
40% women, consistent with the sex distribution of HCV in the
general population. We recruited all eligible Asians and blacks
(consecutive sample) and a random sample of non-Hispanic
whites and Hispanics. Patients were considered ineligible if
they had either chronic hepatitis B virus or human immunode-
ficiency virus (HIV) coinfection, had received >1 course of
HCV treatment, or had cirrhosis at the time of treatment. Eligi-
ble patients were aged 18–65 years at treatment initiation, with
documented laboratory evidence in the medical record of treat-
ment outcome, defined as SVR, if they had undetectable HCV
RNA 24 weeks after treatment cessation, or as non-SVR, if
there was no evidence of early viral response (defined as a <2-
log decline in viral load at treatment weeks 10–14 or detectable
HCV RNA during weeks 15–24 of treatment). On the basis of
patient report and/or medical record review, additional patients
were excluded if they developed liver cancer or decompensated
cirrhosis or were pregnant. Patients receiving immunosuppres-
sive therapy in the 6-month period before enrollment were also
excluded.

The study was conducted in accordance with international
guidelines on good clinical practice and was approved by insti-
tutional review boards at all participating institutions [15, 16].
Patients provided written informed consent before collection of
a blood specimen for the study and were offered a $25 gift card
for participation.

Clinical and Demographic Data
Clinical information regarding medical assessment before treat-
ment and clinical and laboratory parameters during treatment
were obtained from the KPNC Viral Hepatitis Registry data-
base, which derives its data from health plan electronic records.
Race and ethnicity were based on self-report.

Treatment response status was confirmed using blood
samples collected for the study. All patients had congruent
results: the selected SVR patients had undetectable HCV RNA
(detection limit, 17 IU/mL) and all non-SVR patients had
quantifiable serum HCV RNA levels.

Biospecimen Processing
Blood samples were processed at a central laboratory, using
standard methods to prepare plasma and peripheral blood
mononuclear cells (PBMCs). Specimens were distributed for re-
search labeled only with a study identification number, without
clinical information.

IFN-α Stimulation
PBMCs were thawed quickly at 37°C, transferred into 13 mL
thaw buffer (phosphate buffered saline with 2% fetal bovine
serum by volume and 5 µg of DNase I per mL), centrifuged for
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15 minutes, resuspended in 3 mL AIM-V, and rested overnight
at 37°C. Cells were counted the following day and adjusted to a
final concentration of 10 M/mL in AIM-V. A 96-well, U-bot-
tomed plate was prepared by addition of 10 µL of IFN-α2b
stock containing 44 U or 880 U of cytokine. Wells were then
seeded with 100 µL cells, giving a final concentration of 400 U/
mL or 8000 U/mL IFN-α2b. The dose of IFN and the incuba-
tion time were determined by reference to earlier literature [7–
10, 17] followed by simple range-finding experiments to
confirm stimulation of cell types of interest under the condi-
tions used. Plates were incubated at 37°C for 24 hours. Data
shown are differences in expression between cells cultured
without IFN and those cultured with IFN. Stimulated and un-
stimulated cells were cultured for an identical duration.

Flow Cytometry
Cells were stained using standard methods in 2 panels con-
taining anti-CD14-Qdot605, anti-CD20-ECD, anti-CD123-
PerCPCy5.5, anti-HLA-DR-PE-Cy7, anti-CD11c-Alexa700,
anti-CD16-V450, anti-CD83-PE, anti-CD80-FITC, anti-CD86-
APC, anti-PD-L1-PE, anti-HLA class I-APC, and anti-CD69-
APC-Cy7. Data were collected on an LSRII flow cytometer and
analyzed using FlowJo. A stain reagent for dead cells (Invitro-
gen Live/Dead Fixable Dead Cell Stain) was included in both
panels. An insignificant amount of cell death (<5% of cells) was

observed during the brief period of culture, and dead cells were
excluded from the analysis.

Statistics
Data were stored in a MySQL database and analyzed with
R. Principal components, lasso regression, random forests, and
logistic regression used the prcomp function, glmnet package,
party package, and glm function, respectively.

RESULTS

STRIDE Retrospective Treatment Cohort
The STRIDE cohort included 192 patients of diverse race and
ethnicity treated for HCV infection at a large integrated health-
care organization in northern California. All patients were in-
fected with genotype 1 virus and treated with pegylated IFN-α
and ribavirin. The cohort comprised roughly equal numbers of
black, Asian, Hispanic, and non-Hispanic white patients
(Table 1), of which approximately 51% achieved SVR. Baseline
levels of fibrosis were determined for 69% of the cohort by liver
biopsy and did not vary significantly between racial or ethnic
groups. Genotype 1 subtype did vary between racial and ethnic
groups, as would be expected on the basis of the known epide-
miology of subtype infections (ie, with genotype 1b most com-
monly found in Asian subjects) [18]. The frequency of IL28B

Table 1. Demographic and Clinical Parameters of Study Subjects, Overall and by Race/Ethnicity

Variable
Total

(n = 192)
White
(n = 63)

Black
(n = 40)

Asian
(n = 30)

Hispanic
(n = 51)

Native American
(n = 8) P

Age at treatment, y, 50.65 ± 7.50 51.79 ± 5.99 52.60 ± 6.72 48.97 ± 10.31 49.00 ± 7.69 48.63 ± 5.85 .02

Sex
Female 73 (38.0) 29 (46.0) 14 (35.0) 9 (30.0) 17 (33.3) 4 (50.0) .42

Male 119 (62.0) 34 (54.0) 26 (65.0) 21 (70.0) 34 (66.7) 4 (50.0)

HCV genotype
1a 85 (44.3) 31 (49.2) 18 (45.0) 8 (26.7) 23 (45.1) 5 (62.5) .02

1b 76 (39.6) 21 (33.3) 19 (47.5) 19 (63.3) 15 (29.4) 2 (25.0)

Subtype unavailable 31 (16.1) 11 (17.5) 3 (7.5) 3 (10.0) 13 (25.5) 1 (12.5)
Baseline fibrosis stage

0 6 (3.1) 3 (4.8) 2 (5.0) 0 1 (2.0) 0 .39

1 49 (25.5) 21 (33.3) 10 (25.0) 4 (13.3) 14 (27.5) 0
2 40 (20.8) 12 (19.0) 8 (20.0) 9 (30.0) 7 (13.7) 4 (50.0)

3 37 (19.3) 11 (17.5) 11 (27.5) 6 (20.0) 8 (15.7) 1 (12.5)

Missing 60 (31.3) 16 (25.4) 9 (22.5) 11 (36.7) 21 (41.2) 3 (37.5)
Log baseline viral load, IU/mL 5.88 ± 0.56 5.96 ± 0.56 5.92 ± 0.50 5.75 ± 0.68 5.80 ± 0.56 6.02 ± 0.46 .52

Diabetes at baseline 24 (12.5) 3 (4.8) 6 (15.0) 5 (16.7) 9 (17.6) 1 (12.5) .11

SVR 99 (51.6) 33 (52.4) 16 (40.0) 21 (70.0) 25 (49.0) 4 (50.0) .09
IL28B genotype

CC 71 (40.0) 26 (41.3) 4 (10.0) 20 (66.7) 17 (33.3) 4 (50.0) <.001
CT or TT (non-CC) 121 (60.0) 37 (58.7) 36 (90.0) 10 (33.3) 34 (66.7) 4 (50.0)

Data are mean ± SD or no. (%) of subjects.

Abbreviations: HCV, hepatitis C virus; SVR, sustained virologic response.
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CC genotype at rs12979860 also varied as expected, with
Asians most likely to have this variation and blacks least likely.

Immune Cells and Activation Markers Tested
PBMCs from all patients were treated for 24 hours in vitro with
either 400 U/mL or 8000 U/mL of IFN-α. Treated and

untreated cell aliquots were stained with fluorochrome-labeled
antibodies and evaluated by flow cytometry for expression of
lineage and activation markers, the latter including HLA class I,
class II (HLA-DR), CD80, CD83, CD86, CD69, and PD-L1.
Monocytes, mDCs, and pDCs were identified as follows: mono-
cytes had a high side-scatter profile and were HLA-DR+

Figure 1. Upregulation of activation markers on myeloid dendritic cells (mDCs) and monocytes after in vitro stimulation with interferon α (IFN-α). A, The
expression of CD80 and CD86 on mDCs is shown before (top panels) and after (bottom panels) in vitro stimulation with 400 U/mL IFN-α. Gates shown in
this panel and those for CD80 and CD86 in panel B were set on the basis of fluorescence minus one controls [19]. B, The expression of various activation
markers on CD14+ monocytes is shown before (top panels) and after (bottom panels) in vitro stimulation with 400 U/mL IFN-α. Gates for major histocom-
patibility (MHC) class I and class II (HLA-DR) molecules were set so as to maximize differences between the unstimulated and stimulated samples. C, The
mean change in expression of activation markers on monocytes after in vitro stimulation with IFN-α. All changes were statistically significant (Table 2). D,
The change in expression of activation markers on monocytes, by sustained virologic response (SVR) status. The uncorrected between-group differences shown
here were all significant (from left to right, P = .003, .013, .049, .0007, and .002, respectively, by the rank sum test). Abbreviation: MFI, mean fluorescence intensity.
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CD20−CD14+, mDCs were HLA-DR+CD14−CD16−CD20−

CD11c+, and pDCs were HLA-DR+CD14−CD16−CD20−CD123+.
Up to 10 combinations of markers were used to assess activation

of these subsets in response to in vitro IFN-α stimulation. The
change in mean fluorescence intensity (MFI) and the percent-
age of positive cells was assessed for CD80, CD83, CD86, HLA

Table 2. Statistical Significance of Changed Expression of Activation Markers on Treatment With Interferon α (IFN-α)

Marker

P, IFN-α 400 U/mL P, IFN-α 8000 U/mL

Monocytes mDCs pDCs Monocytes mDCs pDCs

MFI
CD80 <.0001 .0145 .036 <.0001 <.0001 .3174

CD83 <.0001 .0037 .1283 <.0001 <.0001 <.0001

CD86 <.0001 <.0001 .0319 <.0001 <.0001 .2606
HLA class I <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

HLA-DR <.0001 .0138 .0068 <.0001 <.0001 .2385

CD69 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
PD-L1 <.0001 <.0001 <.0001 <.0001 .0004 .001

Positive cells, %

CD80 <.0001 .3843 .1815 <.0001 <.0001 .2142
CD83 <.0001 .2046 .1465 <.0001 <.0001 <.0001

CD86 <.0001 .1604 .974 <.0001 <.0001 .4819

HLA class I <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
CD69 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

PD-L1 <.0001 .0469 .0878 <.0001 .0005 <.0001

CD80, CD86 <.0001 <.0001 .0851 <.0001 <.0001 .9742
CD83, HLA class I <.0001 .0098 .0167 Not done Not done Not done

CD69, PD-L1 <.0001 .0029 .0017 <.0001 <.0001 <.0001

Nonstatistically significant data are denoted in bold.

Abbreviations: mDC, myeloid dendritic cell; MFI, mean fluorescence intensity; pDC, plasmacytoid dendritic cell.

Table 3. Variable Loadings in First Principal Component and Statistical Significance

Marker IFN-α Dose

Loadings in First Component

Monocytes mDCs pDCs

MFI

CD80 400 0.338339252 0.079236453 0.22082063
CD83 400 0.266021681 0.359287011 0.34824769

CD86 400 0.341448336 0.386120736 0.34861322

HLA class I 400 0.117921892 0.107787781 −0.08790404
HLA-DR 400 0.26539493 0.377048872 0.17278328

HLA-DR 8000 0.26265885 Not included Not included

PD-L1 8000 0.275359612 −0.017719164 Not included
Positive cells, %

CD80 400 0.076624761 0.167950116 0.38387577

CD83 400 0.332959174 0.315446584 0.32378585
CD86 400 0.241068561 0.437919506 0.42894487

HLA class I 400 0.179220616 0.095267179 −0.1327744
HLA class I 8000 −0.125031012 0.007902132 Not included
CD80, CD86 400 0.197644914 0.448410621 0.46586351

P .00167 .435 .038343

Data denote loading (contribution) of indicated markers to the first principal component, unless otherwise indicated. The greatest loading in each column is
indicated in bold.

Abbreviations: mDC, myeloid dendritic cell; MFI, mean fluorescence intensity; pDC, plasmacytoid dendritic cell.
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class I, HLA-DR, CD69, and/or PD-L1. The change in percent-
age of positive cells was also assessed for 3 two-marker combi-
nations: CD80 and CD86, CD83 and HLA class I molecules,
and CD69 and PD-L1.

IFN-α stimulation, at both doses, caused significant changes
in the MFI of all markers tested on the surface of monocytes
and mDCs (P < .05, by the t test, for the absolute change in
MFI after stimulation; Figure 1 and Table 2). Changes in MFI

Figure 2. Lasso regression of activation markers as predictors of achievement of sustained virologic response. A, Cross-validation of the regression
model for mean fluorescence intensity (MFI) variables as the penalty parameter lambda is decreased (abscissa, bottom label) and the number of included
variables is correspondingly increased (abscissa, top label). The cross-validated deviance reaches a minimum after inclusion of 3 variables. B, Cross-
validation of the regression model for percentage-positive variables. C, Coefficient values in the regression model for MFI variables as the L1 norm (ie, the
sum of the absolute values of coefficients) increases (abscissa) and the number of variables with non-0 coefficients correspondingly increases. All MFI
variables chosen by the lasso algorithm for inclusion in the model are measures of monocyte activation. This panel shows individual coefficient values. D,
Coefficients in the regression model for MFI variables summed by cell type. E, Individual coefficient values in the regression model for percentage-positive
variables. F, Coefficients in the regression model for percent positive variables summed by cell type. Abbreviations: mDC, myeloid dendritic cell; MHC,
major histocompatibility complex; pDC, plasmacytoid dendritic cell.
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for certain markers on pDCs were more variable (Table 2), in-
dicating either a lesser change or greater difficulty detecting
change because of a smaller numbers of cells. Changes in the
percentage of positive cells were less frequently significant, par-
ticularly at the lower dose of IFN-α. Figures 1A and 1B demon-
strate upregulation of activation markers on the surface of both
mDCs and monocytes. In most instances, the change in MFI
appeared to be driven by upregulation of CD80 and CD86 on a
subset of cells, rather than by generalized upregulation in the
whole population. In the case of monocytes, for which MFI
changes were most clearly significant, most but not all patients
demonstrated an increase in the density of activation markers
(ie, CD80, CD83, CD86, and MHC class I and class II mole-
cules) on the cell surface (Figure 1C).

Association of Monocyte Activation With Failure to Achieve
SVR
We hypothesized that robust mDC responsiveness to IFN-α
stimulation might be key to effective treatment and that, con-
trariwise, monocyte activation would be linked to pDC destruc-
tion and reduced viral clearance. Assuming that expression of
many activation markers would be changed coordinately in dif-
ferent cell types, presenting an aggregate profile that is typical
of each, we used principal component analysis of changes oc-
curring with IFN-α stimulation to identify profiles and to test
their association with SVR.

For each cell type, principal component analysis was per-
formed using standardized values from all markers for which
we obtained expression data from at least 180 individuals. The

first principal components for each cell type, accounting for
30%, 23%, and 38% of variance in responsiveness of mono-
cytes, mDCs, and pDCs, respectively, are presented in Table 3.
In all cases, the greatest variability between patients was con-
tributed by differences in CD80, CD83, and/or CD86 expres-
sion, as might have been expected on the basis of published
literature [7, 17, 20].

The relationships between SVR and scores on these first
principal components were then tested in a logistic regression
model for achievement of SVR that also included IL28B geno-
type, the presence of diabetes, age at treatment start, sex, and
race. After we controlled for other variables, the model showed
that monocyte activation was a highly significant negative pre-
dictor of SVR (P = .002; Table 3), whereas mDC and pDC acti-
vation were not. Those variables that were most heavily loaded
in the first principal component for monocyte activation were
also significant negative predictors of SVR; for example, all var-
iables shown in the first column of Table 3 with loadings of
>0.3 were significant individual negative predictors of SVR
(Figure 1D).

Association of CD80 and MHC Class I Molecules on Monocytes
With Non-SVR
Although we initially hypothesized that robust mDC respon-
siveness to IFN-α stimulation would be key to effective treat-
ment response, the first principal component of this response
showed no association with SVR. Nonetheless, it was possible
that analysis of only the first principal component of respon-
siveness had obscured other significant associations (eg, a

Figure 2 continued.
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significant positive association between some measure of mDC
activation and SVR). We therefore used lasso logistic regression
analysis, a technique for performing variable shrinkage and se-
lection via least absolute deviation (L1) coefficient penalization
[21], to search for other variables in the data set that might be
negatively or positively associated with SVR.

Lasso analysis was performed separately with MFI and
percentage-positive variables. Cross-validation of binomial
deviance for the logistic regression models showed a minimum
after inclusion of 3 or 4 variables (Figure 2A and 2B, respective-
ly). We applied lasso logistic regression with the corresponding
penalty, as well as slightly relaxed values that corresponded to
inclusion of 6 variables (Figures 2C and 2E, respectively). Coef-
ficients for regression on MFI variables again demonstrated a
dominant relationship between monocyte activation in re-
sponse to IFN-α and failure to achieve SVR, with expression of
CD80 and MHC class I molecules on monocytes most highly

associated (Figure 2C). We also plotted summed coefficients to
demonstrate the joint tendency of monocyte activation markers
after IFN-α stimulation to be associated with failure to achieve
SVR (Figure 2D). Regression on percentage-positive variables
revealed a negative association between SVR and activation
markers on monocytes and possibly also on pDCs (Figures 2E
and 2F).

As noted above, there was a strong and significant relation-
ship between monocyte activation and failure to achieve SVR,
even after controlling for the effects of other important predic-
tors such as IL28B genotype, the presence of diabetes, age, sex,
and race. It was difficult, however, to test the significance of the
association between pDC expression of CD80 and/or MHC
class I and SVR, because calculations of statistical significance
for the strongly biased estimates that arise from penalized re-
gression methods such as the lasso are currently experimental
[22]. Nevertheless, we note that only one of these pDC

Figure 3. Variable importance by random forest methodology. This chart lists the top 25 most important variables for classification of subjects into
groups of those with and those without sustained virologic response (SVR), using classification trees. Monocyte activation in the presence of interferon α
(IFN-α), as assessed by CD80 mean fluorescence intensity, is second only to IL28B genotype. Abbreviations: HCV, hepatitis C virus; mDC, myeloid dendritic
cell; MHC, major histocompatibility complex; pDC, plasmacytoid dendritic cell.
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predictors (MHC class I upregulation) and not the other
(CD80 upregulation) was significantly associated with SVR in
the full logistic regression model, which included IL28B geno-
type, the presence of diabetes, age, sex, and race as covariates.

Importance of Monocyte Activation Predictors of SVR
We wished to understand whether variable monocyte activa-
tion might have a dominant or at least an important influence
on SVR, relative to that of well-known predictors such as IL28B
genotype. To complement the lasso approach above, we used a
random forest approach that, in addition to achieving good pre-
dictive performance, provides measures of variable importance.
Thus, random forests consist of a large ensemble of classifica-
tion trees (here, 1000 trees) that use both bootstrap resampling
and random subsets of the independent variables to improve
the classification accuracy (here, in predicting SVR status) of
individual trees by averaging over the ensemble, thereby reduc-
ing prediction variance [23, 24]. The importance of a given var-
iable is reflected by a decrease in successful prediction of SVR
status when its values are permuted within the data set; that is,
the method tests for a decrease in successful prediction of SVR
when the observed values of a given variable are randomly as-
signed to study subjects. We used a conditional method of
testing variable importance so that correlated variables were
not given undue weight [25].

Fifty-three different variables, including 42 variables reflect-
ing APC responsiveness to in vitro IFN-α stimulation based on
MFI changes, were used in the analysis. The 25 most important
variables rated by the forest are shown in Figure 3. As would
have been predicted by the existing literature [26,27],

interleukin 28B status, the presence of diabetes, and sex were all
rated as important variables. Note that the relatively low impor-
tance of race is expected because study subjects were chosen so
that people of different race/ethnicity would be evenly distribu-
ted in SVR and non-SVR groups. The second most important
variable identified by the algorithm, however, was upregulation
of CD80 on monocytes after in vitro stimulation with IFN-α,
while upregulation of MHC class I and of CD83 was rated just
after the presence of diabetes. These observations suggest that
testing in vitro responsiveness of monocytes to IFN-α stimula-
tion may provide predictive power intermediate between that of
diabetes and IL28B genotype.

Influence of Continued HCV Infection on Monocyte Activation
It remained possible that monocyte activation after IFN-α stim-
ulation appeared to be associated with failure to achieve SVR
because HCV infection itself alters the capacity of monocytes
to respond in the ex vivo assay. Should this be the case, we rea-
soned that the effect might be greater in those with a higher
viral load. To test this possibility, we determined whether there
was a consistent relationship (in the non-SVR group) between
viral load and the activation parameters identified above as
being important. In so doing, we noted that presence of the
IL28B CC genotype was associated with higher viral load, indi-
cating that such an association does not necessarily indicate an
effect of HCV on the predictor (Figure 4A [26]). In any case,
viral load was not correlated with the important predictor iden-
tified by a random forest: upregulation of CD80 on monocytes
after in vitro stimulation with IFN-α (Figure 4B). In fact, viral
load was not significantly associated with changes in the MFI

Figure 4. Association of important predictors of sustain virologic response (SVR) with viral load. A, The IL28B CC genotype is associated with higher
viral load among subjects not achieving SVR, as previously reported [26]. Note that this association is in contrast to that which might be expected from a
genotype associated with clearance. B, Hepatitis C virus (HCV) load is not predictive of in vitro monocyte activation (P = .16, by linear regression).
Abbreviation: MFI, mean fluorescence intensity.
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of any of the markers examined. Nonetheless, it remains possi-
ble that the presence of HCV affects the conditioning of cells.

DISCUSSION

In this study, we documented a clear and robust association
between SVR and lower levels of monocyte activation in re-
sponse to in vitro IFN-α stimulation. This association was ob-
served when evaluating a broad, overall measure of monocyte
activation (the first principal component of monocyte respons-
es to IFN-α) and also in the case of many individual monocyte
activation markers. The association was statistically significant
after we controlled for other known factors influencing SVR
and was important in distinguishing patients who achieved
SVR from those who did not. In contrast, and contrary to our
initial hypothesis, neither mDC nor pDC activation in response
to IFN-α was reliably associated with achievement of SVR.

Because of the cross-sectional nature of this study, we do not
know whether monocyte responsiveness is an important cause
of treatment failure or, rather, a correlate of ongoing HCV in-
fection. This question is currently being addressed in a prospec-
tive clinical study; however, we believe that a direct effect of
viremia on in vitro activation by IFN-α is unlikely. First, there
was no association between viral load and in vitro monocyte ac-
tivation, despite the fact that many individuals not achieving
SVR had extremely low viral loads. Second, alanine amino-
transferase levels at time of blood collection for subjects with
ongoing viremia were not correlated with monocyte activa-
tion, suggesting that monocyte responses were not linked to
inflammation. Third, the assay used in this study was per-
formed ex vivo and presumably in the presence of little or no
virus, regardless of infection status. Finally, only ex vivo IFN-
α–stimulated, rather than basal, monocyte activation parame-
ters correlated consistently with failure to achieve SVR (data
not shown), suggesting that there are intrinsic differences in
IFN-α responsiveness rather than baseline effects due to
viremia. Nevertheless, priming effects on monocytes due to
recent in vivo viral exposure cannot be excluded.

It will be interesting to determine whether low levels of
monocyte responses to IFN-α are predictive of responses only
to those regimens containing IFN-α or will also predict re-
sponse to IFN-sparing regimens. It is possible that, as proposed
by others [13], monocyte responsiveness and activation are im-
portant drivers of HCV immunopathology. Individuals with
highly responsive monocytes may produce larger amounts of
tumor necrosis factor α and IL-10, resulting in destruction of
pDCs and making the disease more difficult to treat, irrespec-
tive of the regimen used.

Our observations are reminiscent of previous findings of a
paradoxical association between IFN-α responsiveness and
treatment failure. Honda et al showed that expression of
hepatic IFN-stimulated genes (ISGs) in the liver before

treatment is associated with treatment failure and a detrimental
IL28B haplotype [28]. This finding is surprising because it sug-
gests that responsiveness to IFN-α can be detrimental even
though IFN-α can clearly serve as an antiviral agent. In the
present study, monocyte responsiveness to IFN-α was associat-
ed with treatment failure but not with IL28B haplotype. A more
recent study confirmed that basal intrahepatic expression of
ISGs is linked to nonresponse and suggested that Kupffer cells
are an important source of the IFN-α that drives ISG expres-
sion and may also induce innate immune tolerance [29]. Given
the close relationship between blood monocytes and Kupffer
cells, it seems possible that our in vitro assay and the differences
in Kupffer cell activity proposed by Lau et al are linked.

Finally, these results may have implications for understand-
ing individual outcomes seen in other chronic viral infections.
For example, although IFN-α can inhibit HIV replication in
vitro, it has a number of regulatory effects that might contribute
to immune activation and associated HIV immunopathology
in vivo, including upregulation of MHC class I [30], the genera-
tion of naive CD8low T-cells that are functionally anergic [31,
32], and the upregulation of CCR5 on intrathymic T-cell pro-
genitors [33]. Variable monocyte responsiveness to HIV infec-
tion may therefore play an important role in the balance
between productive immunity and immunopathology, just as
in the case of HCV infection as described here.
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