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Abstract

Monocytes and macrophages (M®s) play a central role in the pathogenesis of chronic Hepatitis C
Virus (HCV) infection. The tissue microenvironment triggers monocyte differentiation into Mds
with polarization ranging within the spectrum of M1 (classical) to M2 (alternative) activation.
Recently we demonstrated that HCV infection leads to monocyte differentiation into polarized
Mds which mediate stellate cell activation via TGF. In this study we aimed to identify the viral
factor/s that mediate monocyte to M® differentiation. We performed co-culture experiments of
healthy monocytes with exosome-packaged HCV, cell-free HCV, or single-stranded (ss) HCV
RNA. Co-culture of monocytes with exosome-packaged HCV, cell-free HCV or ssHCV RNA
induced differentiation into Mds with high M2 surface marker expression and production of both
pro- and anti-inflammatory cytokines. The HCV ssRNA-induced monocyte activation and
differentiation into M® could be prevented by TLR7 or TLR8 knock-down. Furthermore, TLR7 or
TLRS8 stimulation, independent of HCV, caused monocyte differentiation and M2-M®
polarization. /n vivo, in chronic HCV-infected patients, we found increased expression of TLR7
and TLR8 in circulating monocytes that was associated with increased intracellular expression of
pro-collagen. Furthermore, knockdown of TLR8 completely, and of TLR7 partially attenuated
collagen expression in monocytes exposed to HCV suggesting the role of TLR8 and TLR7 in
induction of fibrocytes in HCV-infection. We identified TLR7/8 as mediators of monocyte
differentiation and M2 macrophage polarization during HCV-infection. Further, we demonstrated
that HCV ssRNA and other TLR7/8 ligands promote macrophage polarization and generation of
circulating fibrocytes.

Introduction

According to recent estimates by WHO, about 185 million people are chronically infected
with Hepatitis C Virus (HCV), and more than 350,000 people die annually from HCV-
related liver diseases (1, 2). HCV establishes chronicity in 50-80% of infected individuals
leading to liver inflammation and fibrosis. Recent advances in HCV treatment has led to the
development of new drugs that can achieve sustained virological response in more than 95%
patients (3, 4). During its lifecycle, HCV generates both single-stranded (ss) and double-
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stranded (ds) RNA that are ligands for pattern recognition receptors (PRRs), Toll-like
receptors (TLRs) and RNA helicase receptors, expressed by innate immune cells (5, 6).
Monocytes and macrophages sense sSRNA by TLR7 and TLR8 whereas dsRNA is
recognized by TLR3 and RIG-I localized in endosomes and cytosol (7-11).

Monocytes and macrophages are the primary mediators of the inflammatory response during
HCYV infection, where overproduction of tumor necrosis factor (TNF)a, abnormal
interleukin (IL)-1, IL-10, and transforming growth factor (TGF)p influence the natural
history of HCV infection (5, 12, 13). Macrophages possess functional plasticity mediated by
microenvironment signals and can exist in any combinatorial spectrum of classically
activated, M1 and alternatively activated, M2 populations (14-16). Classically activated
(M1) macrophages have the role of effector cells in Thl cellular immune responses. LPS and
IFN-gamma (Th1 cytokine) polarize macrophages towards the M1 phenotype which induces
the macrophage to produce large amounts of TNF, IL-12, and I1L-23 which drives antigen-
specific Thl and Th17 cell inflammatory responses (17). M1 Mds express CD86, MHC-II,
CDA40, and CD16 molecules as surface markers (18, 19). The alternatively activated (M2)
macrophages are involved in tissue repair and immunosuppression. Macrophages exposed to
the Th2 cytokine IL-4, differentiate into an M2 phenotype with production of high levels of
IL-10, IL-1RA and low expression of IL-12. M2 macrophages also express high levels of
scavenger (CD163), mannose (CD206) and galactose receptors and help with parasite
clearance, reduce inflammation, and also serve as immunoregulators by promoting tissue
remodeling and tumor progression (14, 17-19). Little is known about the role of M®
polarization in HCV infection.

During HCV infection TLR2 and TLR6-10 are up-regulated in monocytes (20, 21). HCV
core and NS proteins are important PAMPs for TLR2 and -4, whereas TLR7 and -8 sense
HCV ssRNA and TLR3, HCV dsRNA. HCV core and NS3 proteins stimulate TLR2 when
associated with TLR1 and -6 in PBMCs, particularly monocytes and macrophages (22, 23).
There is also increased TLR7 and -8 expressions on monocytes in HCV infection, thus
underscoring the importance of TLR expression in monocytes/macrophages in HCV
mediated pathogenesis (23, 24).

In the present study we investigated the viral factors responsible for monocyte differentiation
and macrophage polarization in HCV infection/n vitro and/n vivo. We evaluated changes in
the phenotype and function of healthy monocytes cultured in the presence of cell-free HCV
or exosome-packaged HCV or single-stranded viral RNA. We show that exosome-packaged
HCV or single-stranded viral RNA can mediate changes in the monocytes similar to that of
cell-free HCV. We also demonstrate that TLR7/TLR8 ligands independent of HCV can
program monocytes to differentiate into M2 polarized macrophages with features of
fibrocytes. Our results also indicate a role for TLR7/TLR8 in chronic HCV-infection in
generation of polarized macrophages as well as fibrocytes.

J Immunol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saha et al.

Page 3

MATERIALS AND METHODS

Biological Materials and cells

Reagents

Huh7.5 cells (a gift from Dr. Charlie Rice, Rockefeller University, New York) were
maintained in low-glucose Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum (FBS) (Hyclone, Logan, UT), 10 pg/ml ciprofloxacin, and supplemented
with nonessential amino acids (NEAA) (Gibco, Grand Island, NY). Dr. Takaji Wakita
(National Institute of Infectious Diseases, Tokyo, Japan) provided the JFH-1 (HCV)
construct. HCV viral supernatants were collected from Huh7.5 cells highly infected with
JFH1 HCVcc and determined by flow cytometry as previously described (25). The
supernatant was passed through 0.22 um filters and was concentrated 20-30 times using
Amicon Ultra-15 100K centrifugal filter unit and virus stock was preserved at —80°C
(Millipore, Billerica, MA) (25). HCV JFH-1 virus concentration in culture supernatants was
determined using NanoSight LM10 (MOI of infectious viral particles or infectious
exosomes) and by quantitative real-time PCR as previously described (26). Uninfected
Huh7.5 cell supernatant concentrate was used as controls. For exosome isolation from the
cell culture supernatant, the cells were cultured using exosome depleted FBS (System
Bioscience, Mountain View, CA). Primary human hepatocytes were obtained from the
National Institutes of Health (NIH) liver tissue cell distribution system (LTCDS;
Minneapolis, MN, USA,; Pittsburgh, PA; Richmond, VA, USA), which was funded by NIH
contract #N01-DK-7-004/HHSN2670070004C. They were maintained in hepatocytes
maintenance medium (HMM-hepatocyte maintenance medium from Lonza, Allendale, NJ).
PHH were infected with concentrated JFH-1 virions and half of the medium was changed
every 24 hours during the experiment. Cells were harvested at different time points, and
HCV RNA levels were determined. PHH infected with HCV had detectable viral RNA as
shown by Supplementary Fig 2A. Human peripheral blood was collected from healthy
donors and chronic HCV-infected patients (Table 1) with approval from the Institutional
Review Board for Protection of Human Subjects in Research at the UMASS Medical School
with written informed consent.

Poly I:C, Gardiquimod, ssSRNA40, Polyl:C/Lyovec and Lyovec (vehicle control) were
purchased from Invivogen (San Diego, CA). Human antibodies; CD16 APC, CD16 FITC,
CD14 FITC, CD40 FITC and CD86 FITC were purchased from eBioscience (San Diego,
CA). Antibodies CD14 APC, CD14 PE, CD40 PE-Cy7, CD163 PE, CD11c APC, CD68 PE,
CD206 APC, DC-SIGN-FITC and isotype control antibodies were purchased from BD
Pharmingen (Franklin Lakes, NJ). Human antibodies CD40 Alexa 700, CD68 PE-Cy7,
Brilliant violet LAP (TGFp), CD206-PE, CD16 Alexa-700 were purchased from Biolegend
(San Diego, CA). Transwell-6 system with a 0.4-um porous membrane was purchased from
BD Biosciences, Franklin Lakes, NJ. TLR3, TLR7, TLR8 siRNA and scrambled siRNA
were purchased from Ambion Life Technologies (Carlsbad, CA).

Human Monocyte isolation, co-culture and TLR stimulation experiments

Monocytes were isolated to more than 95% purity from PBMCs by using CD14 microbeads,
an MS Column and a Mini MACS separator and were confirmed by flow cytometry as
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described previously (27). Cells were cultured in RPMI 1640 medium (Gibco, Grand Island,
NY) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and
NEAA. Huh7.5 or Huh7.5/JFH1 cells (48 hr post-infection) were plated in 12-well plates
(2.5x10° cells/well) and co-cultured with monocytes (5x10° cells) in a 37°C, 5% CO,
incubator for 3—7 days. For transwell experiments, Huh7.5 or Huh7.5/JFH1 cells were
cultured on transwell inserts and monocytes were seeded on the bottom chamber of 6-well
plates. Monocytes were treated with HCV concentrate or Huh7.5 concentrate or exosomes
for 7 days. Monocytes were stimulated with poly I:C (1ug/ml), Gardiquimod (1pug/ml),
SSRNA40 (1pg/ml), Polyl:C/Lyovec (1ug/ml), Lyovec (1pg/ml) or M-CSF (50ng/ml).
Supernatants, cells and RNA were collected from all these experiments at the indicated time
points and surface markers, cytokines and gene expression were studied.

Exosome isolation and purification from cell lines and patient samples

Exosomes were isolated and purified from cell lines and patient samples as described
previously (26, 28). Huh7.5 cells and Huh7.5/JFH-1 cells were maintained in DMEM (low
glucose) supplemented with 10% exosome depleted FBS and 1% penicillin/streptomycin.
Cell culture supernatants following cell infection or not, or patient serum samples were
collected, centrifuged at 2500 rpm for 10 mins at 4°C to remove cell debris, then filtered
through a 0.2 um filter. For exosome isolation, 40 mL of filtered culture supernatant was
concentrated to a final volume of 1ml using the Amicon Ultra-15 Centrifugal Filter Unit
with Ultracel-100 membrane (Millipore, Billerica, MA). Concentrated culture supernatants
or filtered patient serum (500 uL) were mixed with the appropriate volume of Exoquick-TC
reagent or Exoquick respectively (System Bioscience, Mountain View, CA) respectively, for
exosome isolation. Samples were gently mixed and incubated for 1 hr at 4°C and exosomes
were precipitated by centrifugation at 1400 rpm for 10 mins at 4°C. The recovered exosomes
were re-suspended in 1x PBS. Positive selection of exosomes was done using anti-CD63
immuno-magnetic capturing with primary anti-CD63 antibody (Abcam, Cambridge, MA)
followed by corresponding secondary antibody coupled to magnetic beads (Miltenyi Biotec,
Cambridge, MA). MidiMACS separator was used with LD columns for exosome isolation as
previously described (26, 28).

SiRNA experiment

Monocytes (5x106) were resuspended in 100pl (25°C) of Human Monocyte Nucleofector
Solution (MN solution) (Amaxa Biosciences, Gaithersburg, MD). Either pmaxGFP
(provided by Amaxa as a positive control) or TLR3, TLR7, TLR8 siRNA or scrambled
SiRNA (20 nM) was mixed with this 100ul cell suspension and transferred into an Amaxa-
certified cuvette. Nucleofection was performed by using Y-01 program in a Nucleofector™
Il Device (Amaxa Biosciences, Gaithershburg, MD). Following nucleofection the monocytes
were transferred to 6-well plates and incubated for 48 hr and co-cultured in the presence of
Huh and HCV concentrate for 5 days. The monocytes were harvested after 5 days and RNA
was extracted for RT-PCR.

RNAse A treatment experiment

Viral concentrate were either permeabilized with 0.1% Saponin or left untreated for 15 min
on ice. Further the viral concentrate was treated with either 1 U/ml of RNase A for 1 hr at
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37°C. The viral concentrate was washed several times and viral RNA levels were measured
by quantitative RT PCR (29).

Cytokines, TNF-a and IL-1p were quantified in cell culture supernatant using commercially
available ELISA kits from BD Biosciences (Franklin Lakes, NJ), whereas IL-10 and TGFf
were quantified by ELISA kits from eBioscience (San Diego, CA).

RNA Extraction and Quantification

RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) and 2-step real-time
polymerase chain reaction (RT-PCR) as described previously (25) (Table 2). The level of the
target gene expression was measured by Delta-Delta Ct values using the ratio of the fold
change in target gene expression versus the fold change in reference gene expression (18S).

Plasmids and Generation of HCV ssRNAs

Plasmids pBSlI-core, pBSII-E1-p7, pBSII-HCVNS- 3’ untranslated region (UTR), and
pCMV-NS5A, containing cDNA inserts of HCV-core, E1/E2/p7, a 6.6-kb insert spanning
partial NS2 through NS5B and the entire 3 UTR sequences and NS5A sequences,
respectively, were used (25) HCV ssRNAs were synthesized in vitro from linearized vectors
using T7 (for + strand RNAs of core, E1-P7, NS-3” UTR and - strand of NS5A RNA) and
T3 (for - strand RNAs of core, E1-P7, NS-3’UTR and + strand of NS5A RNA) MegaScript
kits (Ambion). The control RNA was generated from the pTRI-Xef control template which
is a linearized TRIPLEscript plasmid containing the 1.85 kb Xenopus elongation factor 1a
gene under the transcriptional control of tandem T7, and T3 promoters. 5 pg/ml of viral
ssSRNA was transfected in human monocytes by TransIT®-mRNA Transfection Kit (Mirus
Bio LLC, Madison, WI, USA).

Flow Cytometry

To analyze cell surface marker expression, monocytes were immunostained for 30 min at
4°C by using appropriate antibody or isotype control as described previously (25).
Monocytes were identified on the basis of CD14 expression and the expression of other cell
surface markers were analyzed on CD14* cells.

For fibrocytes detection, monocytes from both healthy controls and HCV-infected patient’s
peripheral blood were immune stained with anti-CD206 APC and anti-CD14 FITC. The
cells were washed, fixed and permeabilized with CytoFix/cytoperm kit (BD Pharmingen,
Franklin Lakes, NJ). Cells were then incubated with rat-anti-human pro-Col-la or isotype
control, washed and finally stained with PE conjugated secondary antibody. The samples
were acquired on the BD LSR Il (BD Bisciences, San Jose, CA) and analysis of the data was
performed with Flowjo software (Flowjo LLC, Ashland, OR).

Statistical Analysis

All values are expressed as Mean+=SEM obtained from 3 or more independent experiments.
Student’s#test and one-way or two-way ANOVA test was used to compare means of
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multiple groups. AP value < 0.05 was considered statistically significant. GraphPad Prism
software (La Jolla, CA) was used for statistical analysis.

RESULTS

HCV-infected primary human hepatocytes induce healthy monocyte differentiation into
polarized macrophages

The liver tissue environment provides a close interaction between infected hepatocytes and
immune cells. Here we evaluated the effect of co-culture of HCV-infected primary
hepatocytes on healthy monocytes and found a significant increase in the expression of
macrophage activation markers; CD14, CD68 and CD11c (Fig 1A and Supplementary Fig
1A). Furthermore, these macrophages also expressed M2 M®s (Fig 1C and Supplementary
Fig 1C) markers; CD206, CD163 and DC-SIGN but not a significant change in M1 M®
markers; CD16, CD40 and CD86 (Fig 1B and Supplementary Fig 1B) (18, 19). As shown in
the supplementary figure 1, there is no significant increase in M1 surface markers at earlier
time points when co-cultured with infected hepatocytes as compared to the uninfected
hepatocytes. This indicated that HCV-infected primary hepatocytes programmed monocytes
to differentiate into macrophages with predominantly M2 polarization (Fig 1A-C). In order
to demonstrate that the monocytes isolated from healthy controls are capable of
differentiating into M1 or M2 macrophages, we treated the monocytes with M1 or M2
differentiating agents. As shown in Supplementary Fig 1D, we observed increased
expression of M1 markers, CD16 and CD40, with LPS and IFN+y treatment. Increased
expression of CD14 and CD68 was observed with both IFN-y plus LPS and IL-4 stimulation.
IL-4 stimulation led to increased expression of M2 markers CD206 and CD163. Previous
studies indicate that M2 macrophages produce TGFp and promote tissue repair and fibrosis
that are characteristics of liver pathology in chronic HCV infection (14, 16, 27). Thus we
investigated the cytokine production profile of HCV exposed M®.

Monocytes produced increased levels of TNFa and IL-1 when co-cultured with HCV-
infected hepatocytes (Fig 1D). IL-10 and TGFp levels were also significantly elevated (Fig
1E). Thus, the cytokine secretion by monocytes co-cultured in the presence of HCV-infected
hepatocytes revealed both M1/M2 cytokine secretion patterns supporting a mixed M1/M2
cytokine profile with an M2 surface marker expression phenotype.

We isolated RNA from the PHH which were infected or non-infected and studied the
expression of Type | IFN (IFN B) and Type 1 IFNs (IFN-lambdal (IL-29), IFN-lambda2
(IL28A) and IFN-lambda3 (IL-28B). Consistent with previous publications, we observed an
increased expression of Type | and Type 111 IFNs in the PHH infected with HCV
(Supplementary Fig 2B). However, in the absence of monocytes, primary hepatocyte
supernatants had low levels of M1/M2 cytokines (Fig. 1F).

Hepatocyte-derived exosomes or free HCV induce monocyte to macrophage polarization

Next to explore the mechanism of M® polarization we utilized the Huh/JFH1 system. To
evaluate potential mechanisms by which HCV-infected hepatoma cells activate monocytes to
differentiate into Mds, we evaluated whether cell-cell contact was necessary. Separation of
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Huh7.5/JFH1 cells from monocytes with transwell failed to inhibit the process of HCV-
induced macrophage differentiation and the surface marker expression or cytokine secretion
profiles of M®s indicating that the Huh7.5/JFH1 culture supernatant was sufficient for
triggering monocyte to M®s differentiation (Fig 2A).

The transwell system that we used was with a 0.4-um porous membrane (BD Biosciences,
Franklin Lakes, NJ) and this prevented both the transfer of vesicles larger than exosomes and
direct cell contact. Thus, we were interested in evaluating the contribution of HCV
containing exosomes in monocyte differentiation. Recently, we have demonstrated that
exosomes derived from HCV-infected hepatocytes contain HCV RNA and can transfer HCV
infection into naive hepatocytes (26). Here, we found that exosomes isolated from the
culture supernatant of Huh7.5/JFH1 cells or from serum of HCV-infected patients contained
HCV RNA (Fig 2B, C). Thus, we tested whether exosomes isolated from HCV-infected
patients’ or normal controls’ serum, or from Huh7.5/JFH1 cell supernatant could mediate
monocyte to M® differentiation. Exosomes isolated from HCV-infected patient’s serum or
from Huh7.5/JFH1 cell supernatants led to increased expression of both macrophage (CD14,
CD68) and M2 (CD206, CD163) markers (Fig 2D). We also observed significant IL-1p and
TGFp secretion from monocytes treated with the HCV RNA containing exosomes (Fig 2E).
These results suggested that during HCV-infection exosomes carrying the viral RNA can
induce monocyte differentiation and macrophage polarization.

In addition to exosome-packaged HCV, monocytes might also be exposed to free HCV viral
particles in the circulation and in the liver. We found that HCV viral concentrate isolated
from culture supernatants of infected hepatoma cells directly induced monocyte
differentiation into Mds with increased expression of macrophage markers CD14 and
CD68. Further, M2 M® markers, CD206 and CD163 surface expression were also
significantly higher as compared to the control (Fig 2F). Cell-free HCV induced M1/M2
mixed cytokine production indicated by increased secretion of both pro- (TNFa and IL-1p)
and anti-inflammatory (IL-10 and TGFp) cytokines from the HCV-exposed M®s (Fig 2F).
These results demonstrated that HCV viral isolates or hepatocyte-derived exosomes are
mediators of monocyte differentiation and do not require cell-cell contact with HCV-infected
hepatocytes.

HCYV triggers monocyte differentiation via TLR7/8 activation

HCV is an RNA virus, thus, we hypothesized that HCV RNA, as a PAMP, can provide
signals for monocytes to macrophage differentiation as sSSRNA via TLR7 and TLR8 or as a
dsRNA via TLR3 or RIG-I. Monocytes were treated with Lyovec (control), Poly I:C (TLR3
ligand), Gardiquimod (TLR7), ssRNA40/Lyovec (TLR8 ligand) or Polyl:C/Lyovec (RIG-I
ligand) for 7 days to assess the effect of direct PAMP stimulation on monocyte
differentiation. TLR7 and TLR8 activation with Gardiquimod and ssSRNA40/Lyovec,
respectively, increased the expression of CD14 and CD68 on monocytes along with M2
markers, CD206 and CD163 (Fig 3A, B). Polyl:C/Lyovec also increased the expression
CD68 and CD206 on monocytes, whereas Polyl:C increased the expression of CD206 (Fig
3A, B).
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Secretion of TNFa and IL-1p were increased significantly with sSRNA40/Lyovec treatment
and also with Gardiquimod (not significantly but showed an increasing trend) but not with
other TLR stimulations (Fig 3C). IL-10 and TGFp secretion was significantly elevated in the
presence of Gardiquimod or sSRNA40/Lyovec (Fig 3D). TGFp levels were also induced
with Polyl:C stimulation but the levels were not significant. These results indicated that
sustained and long-term TLR7 and TLR8 ligand activation leads to generation of Mds
independent of HCV.

Chattergoon et al have demonstrated the role of TLR7 in inflammasome activation in
monocytes during HCV infection (30). Another study has shown the role of TLR8 in
recognizing HIV ssRNA by macrophages (31). Thus, we evaluated the functional role of
TLR7 and TLR8 in HCV mediated monocyte differentiation. We studied the expression of
TLR3, TLR7 and TLR8 mRNA levels in the monocytes cultured in the presence of HCV
concentrate and observed increased expression of all 3 TLRs (Fig 4A). Next, we tested
whether inhibiting TLR3, TLR7 or TLR8 could prevent the effect of HCV on monocyte
differentiation. Knockdown of a particular TLR did not significantly affect the levels of
other TLRs and transfection of TLR3-, TLR7- or TLR8-specific SIRNA, respectively,
knocked-down their expression in monocytes (Supplementary Fig 3). We found that TLRS,
and not TLR3 or TLR7, siRNA transfection decreased the expression of CD68 and CD206
(Fig 4B). Monocyte transfection with TLR8 siRNA prevented HCV-induced increases in
TNFa, IL-1pB, IL-10 or TGFp production (Fig 4C, D). TLR7 siRNA transfection led to
partial but significant reduction in the cytokine secretion as compared to TLR8 knockdown
(Fig 4C, D). However, TLR3 siRNA transfection had no significant effect on the HCV-
induced cytokine secretion (Fig 4C, D). These data suggested first, that TLR7/8 activation is
a central mechanism by which HCV triggers differentiation of monocytes into macrophages
and, second, that TLR7/8 activation triggers monocytes to differentiate into a M2
macrophage surface phenotype with a mixed M1/M2 cytokine secretion profile.

HCV ssRNA triggers monocyte differentiation

As ssSRNA40, a synthetic TLR8 ligand mediated monocyte differentiation; we reasoned that
HCV ssRNA would have the same effect. To test this hypothesis, we generated HCV ssRNA
of various lengths and transfected those into healthy monocytes (Supplementary Fig 4A).
We studied the expression level of TLR7, TLR8 and RIG-I in response to transfection of in-
vitro generated ssSRNA. As shown in Supplementary Fig. 4B, we observed the increased
expression of TLR-7 and TLR-8 and not RIG-I in the presence of HCV RNA and not control
RNA. In figure 4B we show that sSiRNA knockdown of TLR8 prevented HCV-induced
phenotypic changes in monocytes. While this experiment does not rule out additional
potential role of RIG-I, it does support our observations on the role of TLR8-mediated
modulation of monocytes by HCV.

We also observed that HCV ssRNA induced the expression of CD14 and CD68 (Fig 5A).
We also observed an increased expression of M2 markers CD206 and CD163 (Fig 5A).
Further, monocytes responded to HCV ssRNA by producing increased levels of TNFa,
IL-1B and TGFp (Fig 5B). As shown in Fig 5A and 5B, we do not observe a significant
change in the phenotype and cytokine secretion of monocytes transfected with control RNA
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compared to unstimulated non-transfected (medium) cells. These observations identified
HCV ssRNA as the PAMP that leads to TLR7/8 activation and monocyte to macrophage
differentiation.

In order to ascertain that the RNA from the viral concentrate was responsible for the
monocyte differentiation and polarization, we co-cultured monocytes with viral concentrate
that was treated with RNAse in the presence or absence of permeabilization buffer. RNase
treatment destroys free RNA in the cell free virus concentrate and isolated exosomes from
HCYV infected Huh 7.5 cells, but RNAse along with permeabilization will lead to RNA
degradation of exosome packaged and HCV virus packaged RNA also (Figure 5C).
Permeabilization of the virus along with RNAse treatment resulted in undetectable levels of
viral RNA as shown in the quantitation graph (Fig 5D) (26, 29). We evaluated the
macrophage marker expression in the co-culture experiments and observed a significant
reduction in the expression of CD14, CD68 and M2 markers CD163 and CD206 in the
RNAse and permeabilized viral concentrate as compared to untreated HCV concentrate (Fig
5E). We also found a reduction in both the pro-inflammatory (TNFa, IL-1B) and anti-
inflammatory (IL-10, TGFp) secretion from the M® that were cultured in the presence of
RNAse-treated and permeabilized viral concentrate as compared to HCV concentrate alone
(Fig 5F). These results demonstrate that HCV ssRNA is the trigger for monocyte to
macrophage differentiation and polarization.

TLR7 and TLR8 expression is increased in circulating monocytes with high collagen levels
in HCV-infected patients

Ourin vitro results demonstrated the role of HCV ssRNA as a PAMP that mediated
monocyte to M® differentiation and M2 marker expression via TLR7/8. Thus, we were
interested in investigating whether TLR expression and M2 polarization also correlated with
fibrocyte expression during HCV-infection. We observed that there was a significant
increase in the expression of TLR7 and TLR8 levels and to a lesser extent of TLR3 in HCV
patient monocytes as compared to that of healthy controls (Fig 6A-C).

To investigate whether TLR activation plays a role in generation of fibrocytes we evaluated
the levels of collagen-1a in monocytes which were knocked down for TLR3, TLR7 or
TLR8 and co-cultured with HCV or Huh concentrate. We observed that TLR7 knockdown
partially and TLR8 knockdown completely abrogated the expression of collagen in the
monocytes which were exposed to HCV (Fig 6D). This suggested that TLR7/8 activation
plays a role in generation of fibrocytes during HCV infection. Furthermore, we observed a
significant increase in the percentage of fibrocytes in HCV-infected patients who had
increased TLR7 and TLR8 expression (Fig 6E). TLR7 and TLR8 expression did not
correlate with fibrocyte levels in chronic HCV patients (Fig 6F). Together these results
demonstrate that during HCV-infection, viral RNA induces the generation of polarized
macrophages and fibrocytes via TLRS.

DISCUSSION

Innate immune responses are important in the control and resolution of acute HCV infection
and contribute to chronic inflammation (5, 32). Here we show that co-cultures of human
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monocytes and HCV infected hepatoma cells or cell-free HCV can differentiate monocytes
to M®s with mixed M1/M2 cytokine production and M2-polarized surface marker
expression. We demonstrate that cell-free HCV and HCV containing exosomes induce
macrophages that are characterized by high pro- and anti-inflammatory cytokine production
and surface expression of M2 phenotypic markers. In our previous work we had shown that
the M2 M®-derived TGFp acts as a mediator of hepatic stellate cell activation leading to
liver fibrosis (27). In the present study, we identified HCV ssRNA and TLR7/8 activation as
triggers for differentiation of monocytes to polarized macrophages. Based on our results in
the monocyte stimulation experiments with HCV and TLR7/8 agonist we conclude that the
mixed M1/M2 phenotype may be due to activation of TLR7 and TLR8 by HCV. We showed
that the absence of TLR7 or TLR8 is associated with inhibition of collagen expression in
HCV-exposed monocytes. Further in chronic HCV-infected patients, high levels of TLR7/8
expression in monocytes were associated with the high percentage of collagen expressing
fibrocytes suggesting that TLR7/8 may be involved in generation of fibrocytes (Fig 6F).

It is known that peripheral blood monocytes constantly enter the liver and interact with
HCV-infected hepatocytes and also to replenish liver macrophages (33). We performed co-
culture experiments to reveal the mechanism by which HCV-infected hepatocytes interact
with monocytes. We reasoned that this would mimic the/n vivo environment, where
monocytes entering the liver come in contact with the HCV-infected hepatocytes, cell-free
virus or virus containing exosomes. Consistent with previous studies, we showed that in the
presence of HCV, monocytes are differentiating into M2 polarized macrophages with mixed
M1/M2 cytokine profile (12, 27, 34). Our present study using primary human hepatocytes
infected with HCV and co-cultured with the healthy monocytes also showed similar effects
on monocyte phenotype and function demonstrating that this is a HCV-specific effect. It is
also unlikely that interferons or cytokines produced by HCV-infected hepatocytes mediate
the effects on monocytes, as we observe minimal secretion of these factors from the infected
hepatocytes. Further, isolated HCV virus, exosome-packaged HCV and ssHCV RNA
independently had similar phenotypic and functional effect on monocyte differentiation and
macrophage polarization.

Pathogens such as HCV are recognized by innate immunity via their PAMPs. Given that
cell-cell contact was not necessary for HCV to induce monocyte differentiation, we
investigated the role of RNA sensing PRRs. We show that the TLR7 or TLR8 agonist,
Gardiquimod or ssSRNA40 induced monocyte differentiation to Mds. This suggests that
TLR7/8 ligands other than HCV can induce monocyte differentiation. The role of TLR7/8
was supported by the observation that the monocyte to macrophage differentiation by HCV
was blocked by TLR7 or TLR8 knock-down and not by TLR3 knockdown in monocytes,
indicating that TLR7/8 mediates the effect of HCV. We also demonstrated that HCV ssRNA
induced monocyte differentiation, suggesting that HCV ssRNA plays an important signaling
role in changing the monocyte/macrophage phenotype. This is important in HCV-host
interaction because TLR induced differentiation of monocytes into either macrophages or
DCs has been shown to crucially influence effective host defenses (35). Our in vivo results
show that during HCV infection there is a significant increase in the expression of TLR7 and
TLRS8 levels in monocytes and also high expression of pro-collagen. Knockdown of the
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TLR7/8 also abrogated the increased expression of collagen in the monocytes exposed to
HCV, demonstrating the role of TLR7/8 in fibrocytes generation.

Exosomes from HCV patients contain ssHCV RNA that can transfer HCV infection (26,
36). Exosomal transfer of HCV RNA from infected hepatoma cells can stimulate
plasmacytoid DCs to secret IFN-a (37). Here we show that exosomes derived from infected
hepatocytes can also modulate monocyte differentiation. Thus, the present study describes a
new role of HCV containing exosomes in mediating immune effects during HCV infection.
In a recent study we evaluated changes in the phenotype and function of healthy human
monocytes cultured in the presence of HCV-infected hepatoma cells and cell-free HCV (27).
We demonstrated that HCV induces circulating monocytes to differentiate into macrophages
with a M2 surface phenotype and mixed M1/M2 cytokine production. We further showed
that chronic presence of HCV programs monocytes that induce hepatic stellate cell
activation via TGFp in HCV infection (27). The present study and the previous study
underscore that during human diseases rather than distinct M1 and M2 macrophage
populations, macrophages often coexist and the resultant mixed phenotype depends on the
balance of activatory and inhibitory factors and the tissue environment.

Studies have shown that CD14+ human monocytes can patrol blood vessels and exert
specific effector functions in response to viruses and nucleic acids which is mediated by
TLR7 and TLR8 (11). The difference between pDC activation and monocyte activation with
viral infection has also been demonstrated by a study by Chattergoon et al, where they
demonstrate that innate sensing of virus/viral particles leads to in type I interferon (IFN)
production in pDCs and inflammasome activation in monocytes during HCV and HIV
infection (30). This study shows that even though pDC and monocyte sense virus through
TLRs, the TLRs involved are different and the responses are elicited by HCV in different
cell types. Studies from our group demonstrate that exosomes secreted by HCV-infected
hepatocytes contain HCV viral RNA along that is associated with miR-122 and Ago-2 and
these exosomes are taken up by uninfected cells (26). We have also shown that the exosomes
from hepatocytes are taken up by monocytes as demonstrated by the presence of miR-122 in
monocytes upon exosome uptake of hepatocyte derived exosomes(38). Thus, our study
shows that in the presence HCV virus and HCV-containing exosomes, monocytes
differentiates into M2 macrophages.

Studies have shown that CD14" peripheral blood monocytes can differentiate into cells that
express collagen, called fibrocytes, which are attracted to the sites of tissue injury and
mediate tissue repair and fibrosis (39, 40). Fibrocytes have features of both macrophages and
fibroblasts and express both markers of hematopoietic cells and collagen I and 111 (39, 41).
Increased number of fibrocytes are reported in diseases which are characterized by chronic
inflammation and has been reported in animal models of liver, kidney and lung fibrosis (40,
42). Collagen producing monocytes are detected in the blood of the patients with systemic
sclerosis and are important in progression of lung fibrosis (43). In our previous study we
showed collagen expression in the monocytes co-cultured with HCV-infected hepatocytes. In
addition to the presence of circulating fibrocytes in chronic HCV infected patients (27), we
also identified a unique population of circulating monocytes with M2-marker and collagen
expression that correlated with the presence of liver fibrosis in chronic HCV infected
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patients (27). In the present study we show the role of TLR7 and TLR8 in induction of
fibrocytes in HCV-infection. Our study suggests that HCV infection can stimulate the
generation of fibrocytes which in turn can be important in the process of liver fibrosis.
However, further work needs to be done to directly link fibrocytes and liver fibrosis during
HCV infection.

Inflammation is a major component of the pathogenesis during chronic HCV infection and
macrophages are the prominent inflammatory cells in the liver. Increased TNFa and IL-1f
expression is observed in the Kupffer cells in the liver during chronic HCV infection(g, 7,
12, 13). Proinflammatory cytokines have been implicated in the process of liver fibrosis (44,
45). We have shown that IL-1p promotes TGFp secretion during chronic HCV infection
leading to macrophage polarization to M2 phenotype. IL-6 and TNFa play significant role
in chronic HCV infection as demonstrated by studies in HCV transgenic mice (46, 47).
Further studies on HCV transgenic mice has shown that M2 macrophages increase in the
liver and these M2 macrophages secrete pro-inflammatory cytokines, 1L-6 and TNFa that
leads to chronic inflammation in the liver (48). Based on our results it can be speculated that
an increase in the M2 macrophages secreting pro-inflammatory cytokines, will increase in
the inflammation in the liver and on the other hand, secretion of cytokines like TGFB will
lead to fibrosis.

In summary, our data illustrate the role of TLR7/8 activation in monocytes during HCV
infection which leads to monocyte differentiation and macrophage polarization. These
results identified a novel role of TLR7/8 in fibrocytes generation during HCV infection and
underscore the importance of TLR8 activation in liver fibrosis in chronic hepatitis C
infection.
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Figure 1. Monocytes co-cultured with HCV-infected primary human hepatocytes (PHH)
differentiated into polarized macrophages

Monocytes were isolated from healthy donors and were co-cultured with HCV-infected or
uninfected PHH. Cells were harvested and immunophenotyped for macrophage markers by
flow cytometry. The graphs represent expression of (A) macrophage markers CD14, CD68
and CD11c (B) M1 macrophage markers CD16, CD40 and CD86 and (C) M2 macrophage
markers CD206, CD163 and DC-SIGN. The cell culture supernatant was measured for the
various cytokines (D-E) The levels of TNFa, IL-1B, IL-10 and TGF in the cell-culture
supernatants of infected or uninfected PHH with the healthy monocytes were measured. (F)
The data shows the levels of TNFa, IL-1f, IL-10 and TGFp in the HCV-infected or
uninfected PHH. The data is representative of 3 independent experiments, *P < 0.05.
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Figure 2. Exosomes packaged HCV RNA induce monocyte differentiation and macrophage
polarization

Monocytes were co-cultured with Huh7.5 or Huh7.5/JFH1 cells either with or without
transwell for 7 days. (A) Expression levels of CD14, CD68, CD206 and CD163 were
determined by flow cytometry. TNFa, IL-1p, IL-10 and TGFp levels were measured in the
culture supernatant. (B, C) Exosomes were isolated from Huh7.5 or Huh7.5/JFH1 culture
supernatant, or serum from control or naive HCV-infected patients. The viral RNA levels
were determined by quantitative RT-PCR method is shown. (D) Monocytes were cultured in
the presence of exosomes (exo) isolated from Huh7.5 or Huh7.5/JFH1 culture supernatant,
or serum from control or naive HCV-infected patients. Cells were harvested after 7 days and
CD14, CD68, CD206 and CD163 levels were measured by flow cytometry. (E) IL-1p and
TGFp levels were measured in the culture supernatant. (F) Monocytes were cultured in the
presence of Huh 7.5 culture supernatant concentrate or HCV concentrate for 7 days and
immunostained for CD14, CD68, CD206 and CD163. TNFa, IL-1B, IL-10 and TGFp levels
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were measured by ELISA from culture supernatant. The data is represented as mean+SEM,
n=4-6, *P < 0.05.
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Monocytes were treated with M-CSF, Lyovec, Poly I:C, Gardiquimod, ssRNA 40/Lyovec or
Poly I:C/Lyovec for 7 days. Differentiated monocytes were immunophenotyped for (A)
CD14 and CD68, (B) CD206 and CD163. (C) TNFa, IL-1p, (D) IL-10 and TGF levels
were measured in culture supernatants by ELISA. The data is shown as mean+SEM, n=3-5,
* 8p<0.05, where *Pis compared to the medium control and éPis compared to the Lyovec

(vehicle control).
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Figure 4. Knockdown of TLR7 and TL R8 affects HCV-mediated monocyte differentiation and
macrophage polarization
Monocytes were treated with Huh7.5 or Huh7.5/JFH1 concentrate or were left untreated.

After 7 days, the total RNA was isolated and cDNA synthesized. PCR was performed for
TLR3, TLR7 and TLRS8. (A) The graphs show the mRNA levels of TLR3, TLR7 and TLR8.
(B-D) Monocytes were transfected with scrambled or TLR3, TLR7 or TLR8 siRNA for 48
hours and the transfected monocytes were stimulated for 5 days with Huh7.5 or Huh7.5/
JFH1 concentrate and (B) cell surface expression of CD68, CD16 and CD206 were
performed by flow cytometry. (C-D) Cell culture supernatant collected was assayed for
TNFa, IL-1pB, IL-10 and TGFB by ELISA. The data is shown as mean+SEM, n=3-5, *P <
0.05.
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Figure 5. HCV ssRNA mediates monocyte differentiation
Healthy monocytes were transfected with 5pg/ml of different regions of HCV ssRNA or

control RNA and cultured for 7 days. (A) Cell surface expression of CD14, CD68, CD206
and CD163 were measured by flow cytometry. (B) TNFa, IL-1p, IL-10 and TGFp levels
were measured in culture supernatants by ELISA. (C) Viral concentrate consists of free
HCV, ssHCV RNA and exosome-containing HCV. RNAse treatment can degrade the ss viral
RNA, but not the enveloped HCV RNA in a dose dependent manner. Permeabilization and
RNAse treatment of viral concentrate degrades both enveloped and non-enveloped viral
RNA. (D) Viral concentrate was treated with 1U/ml of RNAse in the presence or absence of
permeabilization buffer. The viral RNA levels were determined by quantitative RT-PCR
method. The graph is represented as viral RNA copies/ul. (E) Monocytes were cultured in
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the presence of viral concentrate with or without treatment. Cell surface expression of
CD14, CD68, CD206 and CD163 were measured by flow cytometry. (F) TNFa, IL-1B,
IL-10 and TGFp levels were measured in culture supernatants by ELISA. The data is
represented as mean+SEM, n=3.
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Figure6. TLR7 and TLR8 expression associated with collagen expression in monocytes during
chronic HCV infection

(A-C) CD14" monocytes from controls and HCV-infected patients were isolated and the
levels of TLR3, TLR7 and TLR8 were determined by PCR. The data is representative of n=5
(Controls) and n=8 (HCV). (D) Monocytes transfected with scrambled or TLR3, TLR7 or
TLR8 siRNA for 48 hours and the transfected monocytes were stimulated for 5 days with
Huh7.5 or Huh7.5/JFH1 concentrate. The levels of collagen mRNA was measured in the
monocytes (E) PBMCs isolated from the controls and HCV-infected patients were
immunophenotyped for the presence of fibrocytes (CD14+ pro-Collagenla+). The data is
representative of n=5 (Controls) and n=8 (HCV). (F) Correlation of TLR7 and TLR8
expression with circulating fibrocyte levels of HCV-infected patients (G) Working model of
HCV mediated monocyte differentiation and polarization. HCV-infected hepatocytes release
virus which interacts with monocytes to induce differentiation into Mds. These M2-like
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macrophages secrete both pro- and anti-inflammatory cytokines. Early secretion of IL-1
facilitates the secretion of TGFB, which leads to HSC activation. In vivo data reveals the
presence of M2 marker expressing monocytes in circulation of HCV-infected patients and
collagen expressing fibrocytes.
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Table 1

Clinical Characteristics of the HCV-infected patients

S.No | Genotype | Viral Load (IU/ml) | Fibrosis Stage
1 la 23683 NA

2 4 193056 Grade 4/4

3 la 3295884 Grade 3/4

4 la NA Grade 4/4

5 la 492468 Grade 3/4

6 la 505346 NA

7 la 2508472 Grade 2/4

8 la 275850 Grade 1/4
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Primer sequences for Real time PCR

Table 2

Gene symbol Forward primer (5°-3")
TLR-3 GTGCCAGAAACTTCCCATGT
TLR-7 AATGTCACAGCCGTCCCTAC
TLR-8 TGTGATGGTGGTGCTTCAAT

COLIA GGCGGCCAGGGCTCCGAC
RIG-/ GCATATTGACTGGACGTGGCA
IL-28A AGGGCCAAAGATGCCTTAGA
IL-28B TAAGAGGGCCAAAGATGCCTT
IL-29 GCCCCCAAAAAGGAGTCCG
IFNB ATGACCAACAAGTGTCTCCTCC
18s GTAACCCGTTGAACCCCATT

Reverse primer (5’-3")
TCCAGCTGAACCTGAGTTCC
GCGCATCAAAAGCATTTACA
ATGCCCCAGAGGCTATTTCT
AATTCCTGGTCTGGGGCACC

CAGTCATGGCTGCAGTTCTGTC
TCCAGAACCTTCCAGCGTCAG
CTGGTCCAAGACATCCCCC
AGGTTCCCATCGGCCACATA
GCTCATGGAAAGAGCTGTAGTG
CCATCCAATCGGTAGTAGCG
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