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Abstract

Background: During HCV infection, the activation status of peripheral blood monocytes and its impact on HCV replication
are poorly understood. We hypothesized that a modified activation of peripheral blood monocytes in HIV-HCV coinfected
compared to HCV monoinfected patients may contribute to different monocytes reservoirs of HCV replication.

Methods: We performed a case-control analysis involving HCV-infected patients with and without HIV coinfection. In
peripheral blood mononuclear cells (PBMCs), peripheral blood lymphocytes (PBLs) and peripheral blood monocytes isolated
from HCV monoinfected and HIV-HCV coinfected patients, intracellular HCV load and a marker of cellular activation, nuclear
factor-kappaB (NF-kB) activation, were quantified using intracellular detection of HCV-core protein and electrophoretic
mobility shift assay, respectively.

Results: Intracellular HCV loads were higher in monocytes isolated from HIV-HCV coinfected patients than in those of
monoinfected patients. Among PBMCs isolated from HIV-HCV coinfected patients, intracellular HCV loads were higher in
monocytes compared to PBLs. Cellular activation as measured by NF-kB activation was higher in monocytes isolated from
HIV-HCV coinfected patients than in those of monoinfected patients.

Conclusions: Our results reveal the peripheral blood monocytes as an important extrahepatic reservoir for HCV in HIV-HCV
coinfected patients and indicate a potential association between the activation state of monocytes and the size of the HCV
reservoir in HIV-HCV coinfected patients.
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Introduction

Hepatitis C virus (HCV), a positive-strand RNA virus belonging
to the Flavivirus, is the major etiologic agent of parenterally-
transmitted non-A non-B hepatitis [1]. Currently, almost 3% of
the world population is infected by HCV, and these numbers seem
to be increasing. One of the most remarkable features of HCV
infection is that more than 85% of acutely infected patients
become chronically infected. Therefore, in most infected patients,
HCV persists indefinitively, leading to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma [2]. In addition, HCV is present in
approximately one third of patients infected with HIV in
developed countries [3]. The accelerated progression of chronic
hepatitis C and the increase in life expectancy of HIV-infected
patients with the use of combination antiretroviral therapy
(HAART) have led to an increase in hospitalizations and deaths
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attributable to HCV in HIV-HCV-coinfected patients [4]. Several
reports found an association between HCV coinfection and
progression of HIV disease and HIV infection has also been
reported to accelerate the development of severe liver disease [5—
HCV was originally thought to be a strictly hepatotropic virus,
but there is mounting evidence that it can also replicate in
peripheral blood mononuclear cells (PBMCs), particularly in
patients with HIV infection [9-12]. The infected cells were
reported to contain HCV negative strand RNA, which is a viral
replicative intermediate, and viral genomic sequences were often
found to be distinct from those found in serum and liver [13,14].
Furthermore, it was also reported that several cell types including
human T- and B-cell lines, PBMCs, peripheral blood lymphocytes
(PBLs) and monocytes/macrophages are capable of supporting
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HCYV infection i vitro and ex vivo in peripheral blood isolated cells
[10,15-18]. In addition, some viral strains were found to be
lymphotropic both i vitro and i vivo in infected chimpanzees [19].
The presence of HCV replication was documented in hemato-
poietic cells inoculated into the severe combined immunodeficien-
cy mice [20] and in PBMCis from patients after, but not before,
liver transplantation [21]. Thus, extrahepatic replication of HCV
could be facilitated by immunosuppression.

We report here that in HIV-HCV coinfected patients the
peripheral blood monocytes are a main extrahepatic cellular
reservoir of HCV and display increased NF-xB activation
compared to monocytes isolated from monoinfected patients.

Patients and Methods

Patients

We conducted a prospective cohort study of 15 patients, 8 HCV
monoinfected patients and 7 HIV-HCV coinfected patients
followed in Besancon University Hospital (Table 1). The HCV-
infected patients were candidates for pegylated interferon plus
ribavirin therapy. They all had history of injecting drug use. The
mean age was 59 years (=10 years) and 47 years (=8 years) for
monoinfected and coinfected patients, respectively (p = 0.04). The
distribution of HCV genotypes, the plasma HCV load and ant-
HCV regimen are shown in Table 1. All HIV-positive patients
were treated with HAART for at least 1 year, had undetectable
plasma HIV-1 RNA levels (<40 copies/ml) for at least 1 year and
had a level of CD4+ T lymphocytes higher than 300 cells/mm? of
blood. Biological characteristics (CD4+ T cell count, HAART
treatment, HIV disease stage) of HIV-infected patients are
presented in Table 1. According to the French Regulatory
Authority for clinical studies, prospective and retrospective studies
with observational analysis only are not evaluated by Human
Protection Committees. The Human Protection Committee East
Area II from France was consulted and issued a formal waiver of
approval. This study did not rely solely on medical records. The
authors did not have any contact with the study subjects and
performed tests on patient blood samples that were part of a
routine care. The blood samples were anonymized before being
used by the authors.

Isolation and Culture of PBMCs, PBLs and Monocytes
Isolation of PBMCs was done by Ficoll gradient centrifugation,
as previously reported [22]. Peripheral blood from patients was
diluted with equal amounts of PBS, was overlaid on Ficoll medium
(Eurobio, Les Ulis, France), and was centrifuged at 900 xg for
30 min at 25°C without break and acceleration. The PBMC band
was removed and washed 2 times with PBS. Cell count was
determined by Malassez cytometer (Poly Labo, Strasbourg,
France) and resuspended in RPMI-1640 medium without addition
of serum. The cells were plated onto plastic cell culture flasks and
incubated at 37°C. After 2 h, the nonadherent cells were removed
to get peripheral blood lymphocyte (PBL)-enriched culture.
Adherent cells (>95% CDI14" by flow cytometric analysis),
monocytes, were washed with sterile PBS and cultured in
RPMI-1640 medium supplemented with 10% (v/v) human AB
serum, penicillin (100 IU/ml), and streptomycin (100 pg/ml).

Electrophoretic Mobility Shift Assay (EMSA)

To measure the NF-kB activation, EMSA was carried out as
previously described [23]. Briefly, nuclear extracts prepared from
PBMCis, PBLs and monocytes were incubated with 20 fmol of
biotin-end-labeled 45bp NI-xB oligonucleotide, 5-TTGTTA-
CAAGGGACTTTCCGCTGGGGACTTTCCAGG-
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GAGGCGTGG-3 (bold indicates NF-kB binding sites) in the
presence of binding buffer [10 mMTris, 50 mMKCI, 1 mM DTT
at pH 7.5 and 50 ng/ulPoly (dIsdC)]. NF-xB oligonucleotide was
labeled with biotin using Biotin 3" End DNA Labeling kit (Pierce,
Rockford, IL) and complementary pairs were annealed by heating
in boiling water for 5 min and then reducing the temperature
slowly till room temperature. The DNA-protein complex formed
was resolved from free oligonucleotide on a 6% native polyacryl-
amide gel in 1X Tris-borate-EDTA buffer, using Mini-PROTE-
AN 3 Cell (Bio-Rad, Hercules, CA) and was transferred to
Biodyne precut nylon membrane (Pierce) using Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). Biotin-end-labeled DNA
was detected by LightShift Chemiluminescent EMSA kit (Pierce).

Serological and Virological Markers

HIV infection was assessed by the positivity of two serological
tests including ELISA (HIV Genscreen ULTRA, Biorad; HIV
Duo Roche, Basel, Switzerland) and Western blot (HIV Blot 2.2,
MP Diagnostics, Solon, OH). Quantification of plasmatic HIV
RNA was done using a COBAS TagMan HIV-1 assay (Roche).
HCV infection was assessed by the positivity of two serological
tests (Monolisa HCV Ag-Ab ULTRA Bio-Rad, Roche anti-HCV
assay). The quantification of plasmatic HCV RNA was done by a
bDNA assay (Quantiplex HCV Versant 3.0, Bayer, Leverkusen,
Germany). The intracellular detection of capsid antigen and
antibodies associated with an infection by HCV was done with the
Monolisa HCV Ag-Ab ULTRA assay that is an immunoassay for
the detection of HCV infection (Biorad) [24].

Statistical Analysis

Figures show the means of independent experiments and
standard deviations. Statistical analysis was performed using the
Mann Whitney U test and considered significant at p=0.05. The
program used for plotting was Microsoft Excel.

Results

Comparison of Intracellular HCV Load in PBMCs Isolated
from HIV-HCV Coinfected Patients and Mono-infected
Patients

We measured both the plasma and mtracellular HCV load in
PBMC:s isolated from HIV-HCV coinfected patients and HCV
monoinfected patients. The mean plasma HCV load was 5.45 log
IU/ml (£1.07) in HCV monoinfected patients and 4.85 log IU/
ml (*1.86) in HIV-HCV coinfected patients (p=NS) (Figure 1,
Table 1). The mean intracellular HCV load in PBMCs was not
significantly different among HIV-HCV coinfected patients and
monoinfected patients (0.093 OD vs. 0.057 OD, p=0.09)
(Figures 2 and 3).

Comparison of Intracellular HCV Load in Monocytes and
PBLs from HIV-HCV Coinfected and HCV Monoinfected
Patients

To determine the subset(s) of mononuclear cells that harbor
HCV, we separated monocytes from autologous PBLs isolated
from the peripheral blood of HIV-HCV coinfected patients and
from HCV infected patients. We measured in both cell types the
intracellular HCV viral load (Figures 2 and 3). In coinfected
patients, the intracellular HCV load was 13.8-fold higher in
monocytes than in PBLs (0.485 OD vs. 0.035 OD, p=0.01)
(Figure 3). In HCV monoinfected subjects, the intracellular HCV
load was not significantly different in monocytes and in PBLs
(0.111 OD vs. 0.031 OD, p=0.12) (Figure 3). Thus, our results
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Figure 1. Plasma HCV loads in HIV-HCV coinfected patients and in HCV monoinfected subjects. Individual values (upper panel) and
mean values (=S.D.) (lower panel) of plasma HCV RNA loads were measured. p=NS.

doi:10.1371/journal.pone.0096907.g001

indicate that monocytes rather than PBLs harbor HCV in
coinfected patients (Figure 2 and 3). Moreover, the intracellular
HCV load was 4.4-fold higher in monocytes of coinfected subjects
than in monocytes of monoinfected subjects (0.485 OD vs. 0.111
OD, p=0.037) (Figure 3).

Higher NF-xB Activation in Monocytes from HIV-HCV
Coinfected Patients Compared to Monocytes from
Monoinfected Patients

The activation state of monocytes can be assessed by the
expression of cell surface markers such as up-regulation of CD69
and HLA-DR and the release of soluble CD14, but also by the
specific activation of intracellular pathways such as NF-xB
activation [25,26,27]. Since HCV replication is inhibited by
mterferon that could be regulated through NF-kB-dependent
mechanisms [28-30] and since HIV activates NF-xB in several cell
types including monocytes/macrophages [7,31,32], we assessed
the level of NF-xB activation in monocytes, but also in autologous
PBLs and PBMC:s isolated from the peripheral blood of coinfected
patients and HCV monoinfected patients. We measured NI-xB
activation using an EMSA followed by quantification with a
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phosphoimager as previously reported [23] (Figure 4A). Although
levels of NF-kB activation were not statistically different in PBMCs
of coinfected and monoinfected patients (5.47 versus 3.30,
p=0.10), a 1.7-fold higher NF-kB activation was measured in
monocytes of HIV-HCV coinfected subjects compared to
monocytes isolated from HCV monoinfected patients (5.60 versus
3.25, p=0.04) (Figure 4B). In contrast to monocytes, levels of NF-
KB activation were not statistically different in PBLs of coinfected
and monoinfected patients (4.36 versus 2.54, p=0.07) (Figure 4B).
Our results indicate high intracellular HCV loads and high levels
of NF-kB activation in monocytes isolated from HIV-HCV
coinfected patients.

Discussion

We observed higher intracellular HCV loads in monocytes
1solated from HIV-HCV coinfected patients compared to mono-
cytes isolated from monoinfected patients. Higher NF-xB activa-
tion was measured in monocytes of HIV-HCV coinfected patients
compared to monocytes isolated from HCV monoinfected
patients. Our results underline the peripheral blood monocytes

May 2014 | Volume 9 | Issue 5 | 96907



0.16
0.14

0.12 A
0.1 1
0.08 -
0.06 -
0.04 -
0.02 - l

(arbitrary units)

Intracellular HCV load

L.l

o

123 456 718 9101112131415 Patient#

0.07
0.06 -

0.05 -

0.04 -

0.03 -

0.02

0.01 I I
0 -

1 2 3 45 6 7

|

Intracelluar HCV load
(arbitrary units)

0.8 1

0.6

05
04 -
03 A
0.2 A
0.1 1
0

[

Intracellular HCV load
(arbitrary units)

| ~munll ll

Monocytes as a Reservoir for HCV

PBMCs

PBLs

8§ 9 10 11 12 13 14 15 Patient#

Monocytes

123 456 7'8 9 10 11 12 13 14 15 Patient#

I
HIV-HCV ’

"HCV

Figure 2. Intracellular HCV loads in HIV-HCV coinfected patients and in HCV monoinfected subjects. Intracellular HCV loads were
measured in autologous PBMCs, PBLs and monocytes isolated from the peripheral blood of monoinfected and coinfected patients as described in
Materials and Methods. Please note the different scales of y axis used for each cell population.

doi:10.1371/journal.pone.0096907.9002

as an important extrahepatic reservoir for HCV in HIV-HCV
coinfected patients and suggest that monocytes activation could
participate to the formation of the HCV reservoir.

In our study, we observed similar levels of plasma HCV load in
monoinfected and coinfected patients. This result was not
surprising given the normal levels of CD4 cell count in our
HIV-infected population [6]. However besides plasma viral load,
the detection of HCV infection in cellular subpopulations of the
peripheral blood was important [33] and able to discriminate
substantial differences between HCV monoinfected and HIV-
HCV coinfected patients. Whereas there is little doubt that HCV
replicates primarily in the liver, the presence of extrahepatic
replication sites remains controversial. This evidence has been
questioned because commonly used techniques are limited in their
ability to discriminate between positive and negative strands. In
several earlier studies that used assays optimized for strand
specificity, HCV negative strand RNA was not detected in PBMCs
from infected patients [34,35]. By contrast others have recently
reported the relatively common detection of HCV negative strand
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RNA in PBMCs [10,15,18]. We used a HCV core antigen ELISA
assay, since it was reported that monitoring of viral kinetics by use
of either core antigen or RNA concentrations in HCV-infected
patients undergoing antiviral combination therapy resulted in very
similarly shaped curves in all cases [36]. Additionally, the HCV
core antigen ELISA detected intracellular virus and not cell-bound
virus, since similar levels of HCV core antigen were detected in
monocytes from HCV-infected patients with or without trypsin
treatment (data not shown). We detected only very low amounts of
HCV in PBMCs of monoinfected and coinfected patients.
Therefore, we decided to assess the presence of HCV in PBMC
subpopulations, namely peripheral blood monocytes and PBLs.
We observed primarily the presence of HCV in the peripheral
blood monocytes, and almost not in PBLs, isolated from HIV-
HCV coinfected patients. In agreement with our data, within the
population of PBMCs, among the cells harboring replicating
HCV, monocytes/macrophages have been reported previously to
be potentially one of the main cellular targets [10,13]. Although
the HCV infection of monocytes was constantly observed in both
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monoinfected and coinfected patients, we measured the highest
amounts of HCV in monocytes of coinfected patients. This might
indicate that HIV infection favors the replication of HCV in
monocytes of coinfected patients [9], even in HAART-treated
patients with undetectable plasma HIV load.

Beside the preferential distribution of HCV in monocytes of
coinfected patients, we observed higher levels of NF-xB activation
in monocytes of coinfected patients compared to monocytes of
monoinfected patients. NF-xB activation is increased in HIV-
infected T-cells and monocytes/macrophages and favors HIV-1
replication [32]. The HIV-1 proteins, such as Nef, Vpr, and Tat
stimulate NF-kB activation through the RelA/p50 canonical
pathway in monocytes/macrophages and T-cells, respectively
[23,31,37]. We and other teams recently reported that the HIV-
1 Nef and HCV Core proteins stimulate additionally NF-xB
activation and favor both HIV-1 replication in monocytes/
macrophages and hepatic fibrogenesis [7,38,39]. Our results
indicate that the high levels of NF-xB activation observed in
monocytes of coinfected patients are concomitant of high
intracellular HCV loads. We also observed the highest levels of
the activation marker HLA-DR on monocytes isolated from
HCV-infected patients as compared to healthy subjects (data not
shown), indicating the potential use of HLA-DR marker as an
activation marker on peripheral blood cells of HCV-infected and/
or coinfected patients [26,27]. Additionally, markers of innate
immune activation such as soluble CD14 predict poor host
response to interferon-alpha-based HCV therapy during HIV-
HCV coinfection [40,41]. Although intracellular HCV load is
enhanced in monocytes of HIV-HCV coinfected patients, it is
unclear whether HIV facilitates HCV infection directly or
indirectly as a consequence of immunosuppression. Our study is
a proof-of-concept study on a limited number of patients. Future
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clinical trials will be designed to unveil the molecular mechanism(s)
mvolved in HCV replication in monocytes/macrophages.

In absence of coinfection, HCV infection usually down-
regulates NI-kB activation directly via viral proteins such as
HCV Core or indirectly through inactivation of the MAVS
(mitochondrial antiviral signaling) protein [42—44]. We observed
that monocytes isolated from HCV monoinfected patients display
lower levels of NF-kB activation compared to monocytes isolated
from HIV-HCV coinfected patients. Several studies confirm that
in the absence of HIV infection, the optimal replication of HCV
requires low levels of NF-xB activation. Sustained NF-xB
activation has been reported to be a major factor for the
impediment of HCV replication [29]. HCV triggers activation
of the dsRNA-dependent elF2a kinase PKR which leads to the
inhibition of IFN expression through general control of translation
while the viral genome can be translated from its ell*2a-insensitive
IRES structure [28,30]. Interestingly PKR silencing suppresses
NF-«B activation in Huh7.5.1 cells, indicating that the modulation
of HCV replication by PKR is dependent on NF-kB mediated
interferon response [29].

Since enhanced NF-xB activation favors the production of
proinflammatory cytokines and chemokines in monocytes/mac-
rophages and results in enhanced cellular activation [45], the low-
levels of NF-kB activation observed in HCV-harboring monocytes
isolated from monoinfected patients will rather lead to a state of
cellular deactivation [46]. Other defects in innate immunity have
been reported in HCV infection [11,47,48]. HCV structural
proteins can interact with TLR-2 in monocytes and induce IL-10
production, which blocks NF-kB activation in monocytes by an
autocrine feedback loop and which inhibits IFN-alpha and IL-12
production in dendritic cells by a paracrine mechanism [48]. In
vitro, TLR2 and TLR4 activation by the HCV core protein leads
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to a decrease in interleukin-6 production by human antigen-
presenting cells by the negative regulation of NF-kB activation by
the induction of IRAK-M [42]. Additionally, TLR ligand-induced
IL-6 production is significantly reduced in peripheral blood
monocytes isolated from HCV-infected patients, compared with
those of healthy control subjects [42]. Therefore, optimal HCV
replication in monoinfected patients could require deactivated
monocytes that might be part of a more general failure of innate
immunity in these patients [9,11]. The use of anti-HCV proteases
could modify the size of the cellular reservoir in extrahepatic sites
and will require future studies [49-51].

Our results reveal the peripheral blood monocytes as a potential
important extrahepatic HCV reservoir in HIV-HCV coinfected

References

1. Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW et al. (1989) Isolation of
a cDNA clone derived from a blood-borne non-A, non-B viral hepatitis genome.
Science 244: 359-362.

2. Alter MJ, Kruszon-Moran D, Nainan OV, McQuillan GM, Gao F, et al. (1999)
The prevalence of hepatitis C virus infection in the United States, 1988 through
1994. N Engl ] Med 341: 556-562. doi. 10.1056/NEJM199908193410802.

3. Rockstroh JK, Mocroft A, Soriano V, Tural C, Losso MH, et al. (2005)
Influence of hepatitis C virus infection on HIV-1 disease progression and
response to highly active antiretroviral therapy. J Infect Dis 192: 992-1002. doi:
10.1086/432762.

PLOS ONE | www.plosone.org

patients and suggest that monocyte activation could participate to
the formation of the HCV reservoir in HIV-HCV coinfected
patients. This might have important therapeutic implications for
the clearance of HCV from cellular reservoirs in HIV-HCV
coinfected patients.

Author Contributions

Conceived and designed the experiments: VDM GH. Performed the
experiments: ID WA AK. Analyzed the data: VDM GH. Wrote the paper:
GH AK.

4. Taylor LE, Swan T, Mayer KH (2012) HIV coinfection with hepatitis C virus:
evolving epidemiology and treatment paradigms. Clin Infect Dis 55 Suppl 1:
S33-542. doi:10.1093/cid/ cis367.

5. Greub G, Ledergerber B, Battegay M, Grob P, Perrin L, et al. (2000) Clinical
progression, survival, and immune recovery during antiretroviral therapy in
patients with HIV-1 and hepatitis C virus coinfection: the Swiss HIV Cohort
Study. Lancet 356: 1800-1805.

6. Di Martino, V, Rufat P, Boyer N, Renard P, Degos F, et al. (2001) The influence
of human immunodeficiency virus coinfection on chronic hepatitis C in injection

May 2014 | Volume 9 | Issue 5 | 96907



22.

23.

24.

26.

27.

28.

29.

drug users: a long-term retrospective cohort study. Hepatology 34: 1193-1199.
doi: 10.1053/jhep.2001.29201.

. Khan KA, Abbas W, Varin A, Kumar A, Di Martino V, et al. (2013) HIV-1 Nef

interacts with HCV Core, recruits TRAF2, TRAF5 and TRAF6, and stimulates
HIV-1 replication in macrophages. J Innate Immun 5: 639-656. doi:10.1159/
000350517.

. Balagopal A, Philp FH, Astemborski J, Block TM, Mehta A, et al. (2008) Human

immunodeficiency virus-related microbial translocation and progression of

hepatitis C. Gastroenterology 135: 226-233. doi:10.1053/j.gastro.2008.03.022.

. Kanto T, Hayashi N (2006) Immunopathogenesis of hepatitis C virus infection:

multifaceted strategies subverting innate and adaptive immunity. Intern Med 45:
183-191.

. Coquillard G, Patterson BK (2009) Determination of hepatitis C virus-infected,

monocyte lineage reservoirs in individuals with or without HIV coinfection.

J Infect Dis 200: 947-954. doi:10.1086/605476.

. Kottilil S, Yan MY, Reitano KN, Zhang X, Lempicki R, et al. (2009) Human

immunodeficiency virus and hepatitis C infections induce distinct immunologic
imprints in peripheral mononuclear cells. Hepatology 50: 34-45. doi: 10.1002/
hep.23055.

. Revie D, Salahuddin SZ (2011) Human cell types important for hepatitis C virus

replication in vivo and in vitro: old assertions and current evidence. Virol J 8:
346. doi: 10.1186/1743-422X-8-346.

. Laskus T, Radkowski M, Piasck A, Nowicki M, Horban A, et al. (2000) Hepatitis

C virus in lymphoid cells of patients coinfected with human immunodeficiency
virus type 1: evidence of active replication in monocytes/macrophages and
lymphocytes. J Infect Dis 181: 442-448. doi:10.1086/315283.

. Navas S, Martin J, Quiroga JA, Castillo I, Carreno V (1998) Genetic diversity

and tissue compartmentalization of the hepatitis C virus genome in blood
mononuclear cells, liver, and serum from chronic hepatitis C patients. J Virol 72:
1640-1646.

. Chary A, Winters MA, Eisen R, Knight TH, Asmuth DM, et al. (2012)

Quantitation of hepatitis C virus RNA in peripheral blood mononuclear cells in
HCV-monoinfection and HIV/HCV-coinfection. J Med Virol 84: 431-437.
doi:10.1002/jmv.23210.

. Heydtmann M (2009) Macrophages in hepatitis B and hepatitis C virus

infections. J Virol 83: 2796-2802. doi:10.1128/JVI.00996-08.

. Blackard JT, Hiasa Y, Smeaton L, Jamieson DJ, Rodriguez I, et al. (2007)

Compartmentalization of hepatitis C virus (HCV) during HCV/HIV coinfec-
tion. J Infect Dis 195: 1765-1773.doi:10.1086/518251.

. Ito M, Masumi A, Mochida K, Kukihara H, Moriishi K, et al. (2010) Peripheral

B cells may serve as a reservoir for persistent hepatitis C virus infection. J Innate
Immun 2: 607-617.doi:10.1159/000317690.

Shimizu YK, Igarashi H, Kanematu T, Fujiwara K, Wong DC, et al. (1997)
Sequence analysis of the hepatitis C virus genome recovered from serum, liver,
and peripheral blood mononuclear cells of infected chimpanzees. J Virol 71:
5769-5773.

. Bronowicki JP, Loriot MA, Thiers V, Grignon Y, Zignego AL, et al. (1998)

Hepatitis C virus persistence in human hematopoietic cells injected into SCID
mice. Hepatology 28: 211-218. doi:10.1002/hep.510280127.

. Radkowski M, Wang LF, Vargas HE, Rakela J, Laskus T (1998) Detection of

hepatitis C virus replication in peripheral blood mononuclear cells after
orthotopic liver transplantation. Transplantation 66: 664-666.

Herbein G, Mahlknecht U, Batliwalla F, Gregersen P, Pappas T, et al. (1998)
Apoptosis of CD8+ T cells is mediated by macrophages through interaction of
HIV gpl20 with chemokine receptor CXCR4. Nature 395: 189-194.
doi:10.1038/26026.

Varin A, Decrion AZ, Sabbah E, Quivy V, Sire J, et al. (2005) Synthetic Vpr
protein activates activator protein-1, c-Jun N-terminal kinase, and NF-kappaB
and stimulates HIV-1 transcription in promonocytic cells and primary
macrophages. J Biol Chem 280: 42557-42567. doi:10.1074/jbc.M502211200.

Schnuriger A, Dominguez S, Valantin MA, Tubiana R, Duvivier C, et al. (2006)
Early detection of hepatitis C virus infection by use of a new combined antigen-
antibody detection assay: potential use for high-risk individuals. J Clin Microbiol
44: 1561-1563. doi: 10.1128/JCM.44.4.1561-1563.2006.

. Gordon S (2012) Innate immune functions of macrophages in different tissue

environments. J Innate Immun 4: 409-410. doi:10.1159/000339280.

Zhang JY, Zou 7S, Huang A, Zhang Z, Fu JL, et al. (2011) Hyperactivated
proinflammatory CD16+ monocytes correlate with the severity of liver injury
and fibrosis in patients with chronic hepatitis B. PLoS One 6: e17484.

Ancuta P, Kamat A, Kunstman KJ, Kim EY, Autissier P, et al. (2008) Microbial
translocation is associated with increased monocyte activation and dementia in
AIDS patients. PLoS One 3: €2516.

Arnaud N, Dabo S, Maillard P, Budkowska A, Kalliampakou KI, et al. (2010)
Hepatitis C virus controls interferon production through PKR activation. PLoS
One 5: ¢10575. doi:10.1371/journal.pone.0010575.

Zhang L, Alter H], Wang H, Jia S, Wang E, et al. (2013) The modulation of
hepatitis C virus la replication by PKR is dependent on NIF-kB mediated

PLOS ONE | www.plosone.org

30.

31

32.

33.

34.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Monocytes as a Reservoir for HCV

interferon beta response in Huh7.5.1 cells. Virology 438: 28-36. doi:10.1016/
j-virol.2013.01.015.

Garaigorta U, Chisari FV (2009) Hepatitis C virus blocks interferon effector
function by inducing protein kinase R phosphorylation. Cell Host Microbe 6:
513-522. doi:10.1016/j.chom.2009.11.004.

Varin A, Manna SK, Quivy V, Decrion AZ, Van Lint C, et al. (2003)
Exogenous Nef protein activates NF-kappa B, AP-1, and c-Jun N-terminal
kinase and stimulates HIV transcription in promonocytic cells. Role in AIDS
pathogenesis. J Biol Chem 278: 2219-2227. doi: 10.1074/jbc.M209622200.
Hiscott J, Kwon H, Genin P (2001) Hostile takeovers: viral appropriation of the
NF-kappaB pathway. J Clin Invest 107: 143-151. doi:10.1172/JCI11918.
Furione M, Maserati R, Gatti M, Baldanti F, Cividini A, et al. (2004)
Dissociation of serum and liver hepatitis C virus RNA levels in patients
coinfected with human immunodeficiency virus and treated with antiretroviral
drugs. J Clin Microbiol 42: 3012-3016. doi:10.1128/JCM.42.7.3012-
3016.2004.

Lanford RE, Chavez D, Chisari FV, Sureau C (1995) Lack of detection of
negative-strand hepatitis C virus RNA in peripheral blood mononuclear cells
and other extrahepatic tissues by the highly strand-specific rTth reverse
transcriptase PCR. J Virol 69: 8079-8083.

. Mellor J, Haydon G, Blair C, Livingstone W, Simmonds P (1998) Low level or

absent in vivo replication of hepatitis C virus and hepatitis G virus/GB virus C
in peripheral blood mononuclear cells. ] Gen Virol 79 (Pt 4): 705-714.

Ross RS, Viazov S, Salloum S, Hilgard P, Gerken G, et al. (2010) Analytical
performance characteristics and clinical utility of a novel assay for total hepatitis
C virus core antigen quantification. J Clin Microbiol 48: 1161-1168.
doi:10.1128/JCM.01640-09.

Mabhlknecht U, Dichamp I, Varin A, Van Lint C, Herbein G (2008) NF-kappaB-
dependent control of HIV-1 transcription by the second coding exon of Tat in T
cells. J Leukoc Biol 83: 718-727. doi:10.1189/j1b.0607405.

. Lin W, Wu G, Li S, Weinberg EM, Kumthip K, et al. (2011) HIV and HCV

cooperatively promote hepatic fibrogenesis via induction of reactive oxygen
species and NFkappaB. J Biol Chem 286: 2665-2674. doi:10.1074/
jbc.M110.168286.

Rempel H, Sun B, Calosing C, Abadjian L, Monto A, et al. (2013) Monocyte
activation in HIV/HCV coinfection correlates with cognitive impairment. PLoS
One 8: €55776. doi:10.1371/journal.pone.0055776.

Anthony DD, Conry SJ, Medvik K, Sandhya Rani MR, Falck-Ytter Y, et al.
(2012) Baseline levels of soluble CD14 and CD16+56- natural killer cells are
negatively associated with response to interferon/ribavirin therapy during HIV-
HCV —1 coinfection. J Infect Dis 206: 969-973. doi:10.1093/infdis/jis434.
Marchetti G, Nasta P, Bai F, Gatti F, Bellistri GM, et al. (2012) Circulating
sCD14 is associated with virological response to pegylated-interferon-alpha/
ribavirin treatment in HIV/HCV co-infected patients. PLoS One 7: €32028.
doi:10.1371/journal.pone.0032028.

Chung H, Watanabe T, Kudo M, Chiba T (2010) Hepatitis C virus core protein
induces homotolerance and cross-tolerance to Toll-like receptor ligands by
activation of Toll-like receptor 2. J Infect Dis 202: 853-861. doi:10.1086/
655812,

Joo M, Hahn YS, Kwon M, Sadikot RT, Blackwell T'S, et al. (2005) Hepatitis C
virus core protein suppresses NI-kappaB activation and cyclooxygenase-2
expression by direct interaction with IkappaB kinase beta. J Virol 79: 7648—
7657. doi:10.1128/JV1.79.12.7648-7657.2005.

Seth RB, Sun L, Ea CK, Chen Z]J (2005) Identification and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB
and IRF 3. Cell 122: 669-682. doi:10.1016/j.cell.2005.08.012.

. Herbein G, Varin A (2010) The macrophage in HIV-1 infection: from activation

to deactivation? Retrovirology 7: 33. doi:10.1186/1742-4690-7-33.

Gordon S, Martinez FO (2010) Alternative activation of macrophages:
mechanism and functions. Immunity 32: 593-604. doi:10.1016/j.im-
muni.2010.05.007.

Bain C, Fatmi A, Zoulim F, Zarski JP, Trepo C, et al. (2001) Impaired
allostimulatory function of dendritic cells in chronic hepatitis C infection.
Gastroenterology 120: 512-524.

Szabo G, Dolganiuc A (2005) Subversion of plasmacytoid and myeloid dendritic
cell functions in chronic HCV infection. Immunobiology 210: 237-247.
doi:10.1016/j.imbi0.2005.05.018.

Guedj J, Perelson AS (2011) Second-phase hepatitis C virus RNA decline during
telaprevir-based therapy increases with drug effectiveness: implications for
treatment duration. Hepatology 53: 1801-1808. doi:10.1002/hep.24272.
Naggie S, Sulkowski MS (2012) Management of patients coinfected with HCV
and HIV: a close look at the role for direct-acting antivirals. Gastroenterology
142: 1324-1334. doi:10.1053/j.gastro.2012.02.012.

Sulkowski MS (2013) Current management of hepatitis C virus infection in
patients with HIV co-infection. J Infect Dis 207 Suppl 1: S26-S32. doi :10.1093/
infdis/jis764.

May 2014 | Volume 9 | Issue 5 | 96907



