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Abstract

Background and aim

The hepatitis C virus (HCV) is a single-strand RNA virus that infects millions of people world-
wide. Recent advances in therapy have led to viral cure using two- and three- drug combina-
tions of direct acting inhibitors of viral replication. CCRS5 is a chemokine receptor that is
expressed on hepatocytes and represents a key co-receptor for HIV. We evaluated the
effect of CCR5 blockade or knockdown on HCV replication in Huh7.5,£44 cells.

Methods

Cells were exposed to varying concentrations of maraviroc (CCR5 inhibitor), cenicriviroc
(CCR2/CCRS5 inhibitor), sofosbuvir (nucleotide polymerase inhibitor), or raltegravir (HIV
integrase inhibitor).

Results

HCV RNA was detected utilizing two qualitative strand-specific RT-PCR assays. HCV core
antigen and NS3 protein was quantified in the supernatant and cell lysate, respectively. SiRNA
was utilized to knockdown CCR5 gene expression in hepatocytes. Alternatively, anti-CCR5
antibodies were employed to block the receptor. Supernatant levels of HCV RNA (expressed
as fold change) were not reduced in the presence of raltegravir but were reduced 8.55-fold
and 12.42-fold with cenicriviroc and maraviroc, respectively. Sofosbuvir resulted in a 16.20-
fold change in HCV RNA levels. HCV core and NS3 protein production was also reduced in a
dose-dependent manner. Two distinct anti-CCR5 antibodies also resulted in a significant
reduction in HCV protein expression, as did siRNA knockdown of CCR5 gene expression.

Conclusions

These data provide evidence that CCR5 modulation could have a significant effect on HCV
replication in an in vitro system. Further evaluation of the role of CCRS inhibition in clinical
settings may be warranted.
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Introduction

It is well established that HIV enters target cells by forming a complex consisting of the viral
envelope glycoprotein (trimeric gp120), CD4 receptor, and members of the chemokine co-
receptor family. A variety of chemokine receptors may serve as HIV entry cofactors, with
CCR5 and CXCR4 being the most common. CCRS5 is the major co-receptor for macrophage
tropic (M-tropic) HIV isolates, while CXCR4 is the primary co-receptor utilized by T cell
tropic (T-tropic) HIV isolates.[1] Binding of HIV virions or soluble gp120 to their receptors
triggers a broad spectrum of signaling pathways that modulates the activation state of target
cells. The CCR5 delta-32 mutation reduces or prevents infection with M-tropic HIV and limits
AIDS progression in heterozygotic carriers.[2, 3]

The relationship of CCR5 to other viral infections such as HCV is less clear. HCV replicates
primarily in hepatocytes, although some extrahepatic cell types may demonstrate limited per-
missiveness.[4] CCR5 is expressed on hepatocytes, as well as stellate cells.[5, 6] CCR5 has been
implicated in HCV susceptibility, hepatic injury, and response to therapy.[7] Though some
studies suggested that the heterozygotic CCR5 delta-32 mutation could be associated with
alterations in HCV RNA levels among infected individuals, this effect was not observed in a
well-controlled epidemiologic analysis reported by Wasmuth et al.[8] However, HCV-specific
immune responses may be impaired by the CCR5 delta-32 mutation as well.[9] Wald et al. sug-
gested that the CCR5 delta-32 allele may be associated with decreased hepatic inflammation in
HCV-infected patients using histopathologic outcome measures.[10] Intervention with agents
such as maraviroc that block CCR5 have been associated with decreased hepatic fibrosis in
HCV-infected patients; however, the change in HCV viral load was not statistically significant.
[11] Cenicriviroc—a dual CCR2/CCRS5 inhibitor-is under active investigation to evaluate its
modulation of hepatic fibrosis in patients with non-alcoholic steatohepatitis (NASH) and has
previously been shown to inhibit HIV in the context of combination antiretroviral regimen.
[12, 13]

We previously demonstrated that CCR5 blockade or mutation is associated with decreased
hepatic fibrosis among patients with HIV infection, including those with HCV coinfection.
[14] In the current study, we explored the effects of CCR5 inhibition or knockdown on HCV
replication in tissue culture-based model systems to clarify the observed associations between
CCR5 and HCV replication.

Materials and methods
Cell culture and drug/antibody inhibition studies

The human hepatocyte cell line Huh7.5 was provided by Apath LLC (St. Louis, MO) and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose supplemented
with 10% fetal bovine serum (FBS), penicillin (100 U/mL), streptomycin (100 mg/mL), and
non-essential amino acids. The Huh7.5;gy; cell line-which releases infectious genotype 2a viri-
ons into the cell culture supernatant-was provided by Dr. Guangxiang Luo, (Cai, et al. [15])
and maintained in DMEM with 10% FBS and 5 ug/mL of blasticidin.

1x10° Huh?7.555s; cells were plated in 24-well format. After 24 hours, cells were incubated
with 0.0025, 0.25, or 25 ug/mL of cenicriviroc (CVC), maraviroc, raltegravir, or sofosbuvir.
CVC (Tobira; South San Francisco, CA) is a dual inhibitor of the CCR2 and CCR5 pathways.
Maraviroc (Pzifer Inc.; New York, NY) is an HIV entry inhibitor that binds the CCR5 receptor.
Raltegravir (Merck; Kenilworth, NJ) is an HIV integrase inhibitor that blocks the integration
of linear HIV DNA into the host cell chromosome. Sofosbuvir (Gilead; Foster City, CA) is an
inhibitor of the HCV RNA-dependent RNA polymerase coded for by the viral NS5B gene.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224523  October 29, 2019 2/11


https://doi.org/10.1371/journal.pone.0224523

@ PLOS|ONE

CCR?5 receptor antagonism inhibits hepatitis C virus (HCV) replication in vitro

For studies using antibodies, 1 x 10° Huh?7.5jy cells were plated in 24-well format. After
24 hours, cells were incubated with a 1:100 dilution of the following antibodies from the NIH
AIDS Reagent Program Division of AIDS, NIAID, NTH: anti-CXCR4 (NIH 4083), anti-CCR3
(NIH 4923), or anti-CCR5 (NIH 3933) antibodies. IgG; isotype control antibody (IC002A)
was obtained from R&D Systems (Minneapolis, MN).

The chemokines MIP-1 alpha MIP-1 beta, and RANTES/CCL5 were quantified in cell
supernatants at day 1 and day 3 after addition of CVC, maraviroc, raltegravir, or sofosbuvir.
Immune markers were quantified by analyte-specific bead-based Luminex multiplex immuno-
assays (EMD Millipore Corporation). Mean fluorescence intensity for the analytes was
detected on a flow-based Luminex platform, and concentrations were calculated based on a
standard curve of the reference with a known concentration supplied by the manufacturer.

Evaluation of HCV replication

RNA from cell lysates was extracted using TRIzol (Invitrogen; Carlsbad, CA), washed, and
resuspended in 50 uL of DEPC-treated dH,O. RNA from 140 uL of culture supernatant was
extracted using the QIAamp Viral RNA Kit (Qiagen; Valencia, CA), and eluted in 60 uL of
DEPC-treated dH,0. HCV RNA was detected utilizing two qualitative strand-specific
RT-PCR assays as described previously.[16, 17] The sensitivity of the HCV PCR was previously
determined to be approximately 230 copies HCV/uL. PCR primers included the HCV-II sense
primer (5’ —CAC TCC CCT GTG AGG AAC T- 3',nucleotides [nt] 38-56 of the 5’ UTR)
and the HCV-I antisense primer (5’ ~-TGG ATG CAC GGT CTA CGA GAC CTC- 3',nt
342-320) or the antisense primer KY78 (5’ ~CTC GCA AGC ACC CTA TCA GGC AGT-
37, nt311-288) and sense primer KY80 (5’ ~GCA GAA AGC GTC TAG CCA TGG CGT-
37, nt 68-91). 30 cycles of PCR (94°C for 30 seconds, 58°C for 1 minute, and 72°C for 2 min-
utes) were performed, and PCR products (295 base pairs in length for HCV-1/-II and 244 base
pairs for KY78/80) were visualized by gel electrophoresis. HCV core protein was quantified in
cell culture supernatants by the QuikTiter HCV Core Antigen ELISA Kit (Cell Biolabs, Inc.;
San Diego, CA) with a lower limit of detection of 1 ng/mL. HCV NS3 was quantified in cell
lysates using the Quantitative HCV NS3 ELISA Kit (BioFront Technologies Inc.; Tallahassee,
FL) with a lower limit of detection of 9 ng/mL.

CCR5 knockdown in hepatocytes

The Huh?7.5 cell line was incubated with shRNA sequence corresponding to CCR5 (GGA AAT
ACA ATG TGT CAA CTC;location 411) or scramble (GeneCopoeia, Inc.; Rockville, MD) at
a concentration of 1 ug per 1,000,000 cells in 6-well plate format for 3 weeks in the presence of
100 ug hygromycin /mL to generate the Huh7.5¢,ccrs or Huh7.5¢,scramsprg cell lines. CCR5
receptor expression was then evaluated using the CCR5 Cell-Based ELISA Kit (KA2647) from
Abnova (Taipei City, Taiwan). 1 x 10> Huh7.5¢,ccrs or Huh7.54,scrampLe Were plated in
24-well format and infected with infectious virions harvested from the Huh7.5yz; cell ata
concentration of 0.5 TCIDs,. HCV replication was quantified as described above.

RNAseq analysis

The NEBNext Poly (A) mRNA Magnetic Isolation Module (New England Biolabs, Ipswich,
MA) was utilized for polyA RNA purification with a total of 300 ng good quality total RNA as
input. A PrepX mRNA Library kit (WaferGen) combined with Apollo 324 NGS automated
library prep system was used for library preparation, which is an RNA ligation-based method
to maintain strand specificity. Sample-specific indices were added to each adaptor-ligated
cDNA sample, using the universal and index-specific primer with a limited PCR cycle number,
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and the amplified library was cleaned by AMPure XP beads in the Apollo 324 system with a
final elution volume of 16 pl. To confirm the quality and yield of the purified library, 1 pl was
analyzed by Bioanalyzer (Agilent, Santa Clara, CA) using a DNA high sensitivity chip. To
accurately quantify the library concentration for the clustering, the library was diluted 1:10* in
dilution buffer (10 mM Tris-HCI, pH 8.0 with 0.05% Tween 20), and qPCR measured by Kapa
Library Quantification kit (Kapabiosystem, Woburn, MA) using ABI’s 9700HT real-time PCR
system (Thermo Fisher). Individually indexed and compatible libraries were proportionally
pooled (~25 million reads per sample in general) for clustering in cBot system (Illumina, San
Diego, CA). Libraries at a final concentration of 15 pM were clustered onto a single read flow
cell using Illumina TruSeq SR Cluster kit v3, and sequenced to 50 bp using TruSeq SBS kit on
IMumina HiSeq system.

Following removal of primers and barcodes, raw reads were aligned to the Hg38 genome
with annotations provided by UCSC, with output of transcripts per million. Data were nor-
malized with a 75™ percentile shift and baselined to the median of all samples. Analyses were
constrained to reasonably-expressed transcripts (n = 8417). Cenicriviroc and maraviroc tripli-
cate samples from day 1 post-drug incubation were compared to day 1 samples treated with
sofosbuvir, with significance defined as p < 0.05 and fold-change > 1.5. We further compared
day 1 sofosbuvir-treated to untreated samples, and removed those genes from the cenicriviroc
versus sofosbuvir and maraviroc versus sofosbuvir gene sets to identify those genes specific to
the experimental treatments rather than the antiviral activity of sofosbuvir. Cenicriviroc and
maraviroc-specific gene sets were submitted to toppcluster (toppcluster.cchcm.org) and cytos-
cape for ontological analysis and network generation. All transcriptomic analyses were per-
formed in GeneSpring GX 14.9.

Statistical analysis

Data are expressed as mean + SEM. Means were tested for statistical significance using the Stu-
dent’s t-test linear models, and non-parametric methods as indicated. Linear mixed models
were based on one- and two-way ANOVAs with replicate as a random effect. A significance
level of p < 0.05 was applied when comparing virus-treated with untreated cells. No adjust-
ments were made for multiple testing. Statistical analyses were performed using GraphPad
Prism 5 (San Diego, CA) and SAS®) version 9.4 (SAS Institute Inc., Cary, NC).

Results

It is well known the CCR5 antagonists suppress HIV replication. However, their impact on
other common co-infections such as HCV is unknown. The Huh7.5;gy; cell line, which
expresses infectious HCV, was exposed to 3 different doses of cenicriviroc or maraviroc as
CCRS5 antagonists, as well as sofosbuvir and raltegravir. As shown in Fig 1A, HCV core protein
levels were significantly reduced in the presence of 0.25 and 25 ug/mL of cenicriviroc and mar-
aviroc, although there was no effect with raltegravir. As expected, sofosbuvir reduced HCV
core protein levels significantly. Cell number was not impacted by the individual antiviral
agent nor its dose (Fig 1B).

The impact of CCR5 antagonists was evaluated further by qualitative HCV RNA expression.
While all antivirals evaluated—cenicriviroc, maraviroc, raltegravir, and sofosbuvir-had no
impact on expression of the cellular housekeeping gene GAPDH, cellular expression of HCV
negative-sense RNA was reduced in the presence of cenicriviroc and maraviroc (Fig 2A). As
expected, addition of sofosbuvir also resulted in decreased HCV negative-sense RNA expres-
sion. Using a quantitative assay, supernatant levels of HCV RNA (expressed as fold change)
were reduced minimally (0.15) in the presence of raltegravir but 8.55 and 12.42 in the presence
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Fig 1. Antiviral effects on Huh7.5;gy;, cells. Cells were exposed to 0-25 ug/mL of sofosbuvir, cenicriviroc, maraviroc,
or raltegravir for 24 hours. (A) HCV core protein production was quantified by ELISA in supernatants at day 1 post-
incubation. Using replicates as a blocking variable and combining drug/dose by fold-change, overall mean score
difference based upon rank scores using Cochran-Mantel-Haenszel statistic, p = 0.038. Two-way ANOVA using
replicate as block variable, demonstrates significant differences by drug, dose, and drug x dose (p < 0.001). (B) Cell
number was determined for each experimental condition. No significant differences by drug or dose were observed.

https://doi.org/10.1371/journal.pone.0224523.9001

of cenicriviroc and maraviroc, respectively (Fig 2B). Sofosbuvir resulted in a 16.20-fold change
in HCV RNA level.

The chemokines MIP-1 alpha, MIP-1 beta, and RANTES/CCL5 were quantified in the cell
supernatants after addition of CVC, maraviroc, raltegravir, or sofosbuvir. RANTES was not
detected or was detected near the lower limit of assay detection for all conditions (data not
shown). As shown in S1 Fig, MIP-1 alpha levels were largely unchanged at day 1 post-antiviral
treatment. At day 3, MIP-1 alpha levels were elevated in all conditions and similar with the
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Fig 2. HCV RNA detection after antiviral exposure. Huh7.5;gy; cells were exposed to 0-25 ug/mL of sofosbuvir,
cenicriviroc, maraviroc, or raltegravir for 24 hours. (A) HCV negative-strand RNA (left) and GAPDH (right) were
detected by qualitative RT-PCR in cell lysates, and (B) HCV positive-strand RNA in supernatant was expressed as

reduction (fold change) over 24 hours.

https://doi.org/10.1371/journal.pone.0224523.9002
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Fig 3. HCV core protein production after antibody treatment. Huh7.5py; cells were exposed to a 1:100 dilution of
anti-IgG (RD IC002A), anti-CXCR4 (NIH 4083), anti-CCR3 (NIH 4923), anti-CCR5 (NIH 3933), or anti-CCR5 (NIH
4083). HCV core protein production was quantified by ELISA in supernatants at day 1 post-incubation. All
comparisons to anti-IgG significant (p < 0.05) using comparison of least square means based on a one-way ANOVA.

https://doi.org/10.1371/journal.pone.0224523.g003

exception of lower MIP-1 alpha levels in the presence of sofosbuvir. MIP-1 beta expression at
day 1 was somewhat lower in the presence of cenicriviroc and maraviroc-but not sofosbuvir-
compared to the no-drug control condition. No MIP-1 beta was detected in the presence of
raltegravir. By day 3 post-treatment, MIP-1 beta levels were elevated in all conditions and simi-
lar with the exception of lower levels in the presence of sofosbuvir.

CCRS5 antagonism was also explored in the presence of anti-CCRS5 antibodies as shown in
Fig 3. HCV core protein levels were similar in the presence of anti-IgG; and anti-CXCR4 anti-
bodies compared to the no antibody (background) condition. However, the addition of either
of two distinct anti-CCR5 antibodies resulted in a significant (p < 0.05) reduction in HCV
protein expression.

To further evaluate the impact of CCR5 knockdown on HCV expression, the Huh7.5 cell
line was incubated with shRNA sequence corresponding to CCR5 or scramble to generate the
Huh?7.5¢,ccrs and Huh7.5g,scramprs cell lines. CCR5 receptor expression was evaluated using
via a cell-based ELISA. As shown in Fig 4A, CCR5 expression was reduced ~75% by week 3 of
shRNA treatment. Huh7.5¢,ccrs or Huh7.5¢,scrampLe Were plated in 24-well format and incu-
bated with infectious virions harvested from the Huh7.5;z, cell line. A dramatic reduction in
both HCV core and NS3 proteins were observed in the Huh7.5¢,ccrs cell line compared to the
Huh?7.5¢,scramsrg OF the parental Huh7.5 cell lines (Fig 4B and 4C).

At day 1 post-drug incubation, genes from the cenicriviroc and maraviroc conditions were
compared directly to the sofosbuvir condition to identify genes that are specific to the treat-
ment effects of cenicriviroc and maraviroc and not the antiviral activity of sofosbuvir. As
shown in Fig 5, several discrete functional gene clusters were identified that were either up- or
down-regulated by both maraviroc and CVC. Common up-regulated genes included those
related to inflammatory responses. Common down-regulated genes included those involved in
fatty acid transport, Jak-STAT signaling, host cell-cycle regulation, and nucleic acid repair pro-
cesses. A table of the up- and down-regulated genes that are treatment-specific for CVC and
maraviroc relative to sofosbuvir is shown in S1A and S1B Table
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Fig 4. Effects of CCR5 knockdown. Huh?7.5 cells were treated for 1-3 weeks with shRNA sequence corresponding to
CCRS5 or scramble to generate the Huh7.5¢,ccrs and Huh7.5¢,scramprr cell lines. (A) CCR5 receptor expression was
evaluated using via a cell-based ELISA. Huh7.5¢,ccrs or Huh7.5¢,scrampre were plated in 24-well format and
incubated with infectious virions harvested from the Huh7.5gyy; cell line. HCV core protein (B) was quantified in cell
culture supernatants, while HCV NS3 protein (C) was quantified in cell lysates.

https://doi.org/10.1371/journal.pone.0224523.9004

Discussion

Expression of HIV entry receptors has been explored in hepatocytes. Cao et al. found that the
Huh7 and HepG2 hepatocyte-derived cell lines were CD4 negative [18], while others have
reported that HepG2 cells were CD4 positive. [19, 20] Additional studies demonstrated that
HepG2 cells also express the chemokine co-receptors CXCR4, CCR3, and CCR5.[20, 21]
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Fig 5. RNAseq analysis. Huh7.5;z1; cells were exposed to sofosbuvir, cenicriviroc, maraviroc, or raltegravir for 24 hours. Cenicriviroc and maraviroc triplicate samples
from day 1 post-drug incubation were compared to day 1 samples treated with sofosbuvir, with significance defined as p < 0.05 and fold-change > 1.5. Day 1
sofosbuvir-treated versus untreated samples were compared, and those genes from the cenicriviroc versus sofosbuvir and maraviroc versus sofosbuvir gene sets were
removed to identify genes specific to the experimental treatments rather than the antiviral activity of sofosbuvir. Cenicriviroc and maraviroc-specific gene sets were
submitted to Toppcluster (toppcluster.cchcm.org) and cytoscape for ontological analysis and network generation.

https://doi.org/10.1371/journal.pone.0224523.g005
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hepatocytes, express CXCR4, although data on CD4 and other chemokine receptors were not
provided.[22] Iser et al. were unable to detect CXCR4 or CCR5 on HepG2 cells via flow cytom-
etry, although HIV infection of these cells could be blocked using CXCR4 or CCR5 antago-
nists.[23] Thus, low-level expression of CXCR4 and CCR5 receptors on hepatocytes seems
likely, although flow cytometry may not be sufficiently sensitive for their detection. Addition-
ally, several recent reports have convincingly demonstrated productive, low-level HIV infec-
tion of hepatocytes.[23-26]

In this report, we utilized two discrete lines of evidence to demonstrate that CCR5 plays a
role in HCV replication in a cell-line based system. First, two different agents with clear CCR5
blockade capability provided a dose-dependent inhibition of HCV replication. One of the
agents, cenicriviroc, also blocks CCR2 but the overall effect was similar to that seen for mara-
viroc which does not block CCR2, suggesting that CCR5 blockade is a key element of the
observed outcomes. The level of decreased HCV replication was comparable to that observed
for sofosbuvir, an inhibitor of HCV replication which antagonizes the RNA-dependent RNA
polymerase. As expected, raltegravir-an integrase inhibitor widely used in patients with
HIV - had no effect on HCV replication. Negative-strand HCV RNA was also decreased by
the CCR5 inhibitors. Sandmann ef al. suggested that pre-treatment of Huh-7.5 cells with mara-
viroc has a small but measurable inhibitory effect on HCV grown in culture. This effect was
not directly related to virus entry or to downregulation of other known entry receptors.[27]
Literature regarding the effect of maraviroc on HCV in clinical practice are limited. In a study
of hepatic safety, Rockstroh et al. reported that HCV RNA decreased 3.22 IU/mL in HCV/HIV
coinfected patients treated with maraviroc, although similar decreases were noted in the con-
trol arm.[28] In the setting of HIV suppression, HCV tends to first increase and then decrease
to a lower setpoint[29]; thus, it is difficult to determine the effect of CCR5 blockade on HCV
when both viruses have reciprocal effects on viral load. There are no data reporting effect of
cenicriviroc on HCV replication as HCV has been an exclusion criteria in clinical trials of both
HIV and NASH subjects.

The primary sources of chemokines in the liver are hepatocytes, Kupffer cells, stellate cells,
sinusoidal endothelial cells, and biliary epithelial cells.[30] We observed only low or undetect-
able levels of RANTES protein in the Huh7.55g; cell line, although others have detected it in
Huh?7.5 cells stably reconstituted with functional TLR3 signaling. [31] MIP1-alpha and MIP1-
beta were expressed as noted in a previous study [32] [33], although no significant reduction
in MIP expression was observed upon antiviral treatment of cells. Thus, altered expression of
chemokine ligands is unlikely to play a major role in the CCR5 receptor-mediated blockade of
HCV replication that was observed in our study.

Further evidence supporting an effect of CCR5 on HCV replication comes from inhibition
with anti-CCR5 monoclonal antibodies and by CCR5 gene silencing studies. Fig 3 shows that
two anti-CCRS5 antibody preparations yielded the greatest decrease in core protein production.
The use of gene silencing (siRNA) demonstrates clear differences compared to controls (Fig
4), in terms of both HCV core protein production and HCV NS3 protein production.

CCRS5 blockade with cenicriviroc is clearly associated with a host of gene display variations
which we previously reported.[14] However, the linkage of this effect to HCV replication has
not yet been identified, and the mechanism(s) of HCV replication inhibition is unclear and is
probably not directly related to a binding/entry process. CCR5 binds several cognate ligands
including MIP-1 alpha and beta, as well as RANTES. These ligands are produced by hepato-
cytes in culture and are detectable in the supernatants of the cells used in these experiments
(data not shown). It seems most like that the blockade of this cell-to-cell interaction leads to
downstream effects on HCV replication. HCV replication and virion production is highly
dependent upon adaptation of fatty acid synthesis pathways that facilitate the replication
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process. [34, 35] It is possible that down-regulation of genes involved with fatty acid synthesis
which we observed inhibits HCV replication. In practical terms, HCV inhibition would be an
added benefit for use of CCR5 blockade in HCV/HIV coinfected persons, as lower HCV RNA
levels increase the chance of virologic cure. Further evaluation of CCR5 blockade in relation to
HCV replication is warranted.
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