
http://www.nanobe.org

Nano Biomed Eng
2019, 11(1): 44-57.  doi: 10.5101/nbe.v11i1.p44-57.

Research Article

44 Nano Biomed. Eng., 2019, Vol. 11, Iss. 1

Hepatitis C Virus Core Protein Enhances Natural 
Killer Cell Depletion of Plasmacytoid Dendritic Cells

Abstract
                         

Investigation of the bi-directional relationship between natural killer (NK) cells and plasmacytoid 
dendritic cells (pDCs) is critical in understanding antiviral immunity. In the present study, we 
determined whether the tumor necrosis factor apoptosis-inducing ligand (TRAIL) pathway was 
responsible for increased apoptosis of pDCs in hepatitis C virus (HCV) infection. We stimulated 
peripheral blood mononuclear cells (PBMCs) with recombinant HCV core protein within 12 hours to 
measure the relative expression of tumor necrosis factor apoptosis-inducing receptor 1 (TRAIL-R1) 
and TRAIL-R2 in pDCs using flow cytometry and image cytometry. We also measured the relative 
expression of TRAIL in NK cells after stimulation with recombinant HCV core protein using 
flow cytometry and image cytometry. Using flow cytometry, our results show that within 12 hours 
of stimulation, HCV core protein increases TRAIL-R1 on pDCs by 0.01%, CD56 expression by 
0.66%, and TRAIL expression by 0.66%, in NK cells as compared to unstimulated PBMCs. ELISA 
and fluorescence spectroscopy results showed that HCV core protein decreases Bcl-2 expression 
in PBMCs and in pDCs by 36% and 3%, respectively. Our results suggest that HCV core protein 
increases NK cell deletion of pDCs, independent of the Bcl-2 pathway, contributing to HCV viral 
escape from immune responses, which may result in chronic HCV infection.
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Introduction
The type of adaptive immune response against 

hepatitis C virus (HCV) infection greatly depends 
on the effectiveness of the innate immune response. 
Two important cell types that help mediate adaptive 
immunity include dendritic cells (DC) and natural 
killer (NK) cells. There are two major subtypes of 
DCs, which include myeloid DCs and plasmacytoid 
dendritic cells (pDCs). Although the population of 
pDCs makes up a small percentage (~0.1%-0.3%) of 

the total peripheral blood mononuclear cell (PBMC) 
population, pDCs are the major producers of type I 
interferon (IFN), which is critical to reducing viral 
replication within the infected host. 

It is known that HCV infection mainly targets 
hepatocytes, yet the number and function of pDCs in 
chronically HCV-infected individuals is decreased 
[1-3]. Some reports have suggested that the reduced 
number of pDC in chronic HCV infection is due 
to increased homing of pDC to the liver [1, 4-6]. 
However, few reports have investigated if the number 
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of pDCs is related to apoptotic events occurring 
because of HCV pathogenesis [2, 5]. These reports 
suggest that pDC apoptosis is mainly due to monocyte-
derived TNF-α or IL-10 [5].   

Moreover, the bi-directional communication 
between NK cells and pDCs is very important for 
both NK cell activation and pDC maturation and 
function [7, 8]. pDCs require cell-cell contact with NK 
cells for maturation [7, 9]. Through this interaction, 
pDCs increase proliferation of NK cells as well as 
increase the activity of NK cells [10]. Moreover, a 
key trait of NK cells is their ability to survey tissues 
and blood cells for the expression of self-antigens, 
which include the major histocompatibility complex 
(MHC) [10]. Particularly, NK cells scan cells for 
upregulation of MHC type I expression [11-13]. NK 
cells can differentiate tumor or infected cells due to 
the downregulation of MHC class I on these cells [10, 
12, 13]. When this recognition occurs, NK cells are 
activated and begin the process of rapidly eliminating 
these cells by the secretion of cytokines or chemokines 
[14]. NK cells must also maintain communication 
with DCs because immature DCs are able to send out 
abortive and tolerogenic signals to T cells, which can 
hinder adaptive immunity [10, 15, 16]. 

To add, containment of infection is modulated by 
pDC editing or killing by NK cells. Mature DCs have 
upregulated MHC class I and express co-stimulatory 
molecules that allow DCs the ability to migrate to 
inductive sites [7, 9]. NK cells regulate DC exposure 
to antigens by controlling the DC ratio in inductive 
sites. For example, when low levels of NK cells are 
present, DCs are induced to mature; however, when 
there are high levels of NK cells, DCs are eliminated 
by NK cells through an HLA-E-dependent mechanism 
[7, 9, 16]. Thus, editing of DCs regulated by this NK: 
DC ratio maintains homeostasis. However, it remains 
unclear how HCV alters NK cell editing of DCs.

The aim of the present study is to investigate 
whether enhanced cytotoxicity of NK cells contributes 
to cell-mediated apoptosis of pDCs in the presence 
of HCV via the TRAIL-mediated pathway. We 
hypothesized that reduced pDC frequency is caused by 
increased NK cell depletion of pDC apoptosis in HCV 
infection, providing a mechanism of escape for HCV 
from host antiviral strategies.  

Experimental 
Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were 

purchased from Interstate Blood Bank (Memphis, 
TN). PBMCs obtained from Interstate Blood Bank 
were collected in acid-citrate dextrose (ACD) from 
healthy donors negative for hepatitis C virus (HCV), 
hepatitis B virus (HBV), and human immunodeficiency 
virus (HIV). PBMCs were cryopreserved in liquid 
nitrogen for 6 to 14 days before thawing. Upon 
removal from cryopreservation, PBMCs were rapidly 
thawed in a 37 °C water bath, approximately 3 min. 
While on ice, PBMCs were transferred to a 50 mL 
centrifuge tube. The cryovial was rinsed with 1 mL 
of thawing media (1X Hank’s Balanced Salt Solution 
[HBSS], supplemented with 10% FBS), and the 
remaining contents in the cryovial were transferred 
to the centrifuge tube. Ten milliliters thawing media 
was added to the 50 mL centrifuge tube to resuspend 
PBMCs, and an aliquot was removed to determine cell 
viability. The PBMCs were centrifuged at 500 x g for 
12 min at 4 °C, and the thawing media was discarded 
from the cell pellet. The cell pellet was washed 
again with 10 mL complete media (RPMI 1640, 
supplemented with 10% FBS) and centrifuged at 500 
x g for 12 min at 4 °C. The PBMCs were re-suspended 
in 10 mL complete media. Thereafter, PBMCs were 
transferred to a T-25 cm2 flask for overnight recovery at 
37 °C with 5% CO2 until cell stimulation experiments. 

PBMC stimulation

After overnight recovery, cell viability was 
determined for recovered PBMCs using the trypan blue 
exclusion assay. The cells were seeded in 24-well or 
96-well cell culture plates at a density of 2.0×105 cells/
mL in complete media. LPS from Salmonella enterica 
serotype Minnesota (Sigma Aldrich) or recombinant 
HCV core protein (Abcam) was added to PBMCs 
at a final concentration of 10 µg/mL. PBMCs were 
incubated with antigens for either three, six, or twelve 
hours of incubation. We chose these incubation periods 
because of the short life-span of pDCs. It has been 
shown that an insignificant amount of pDCs survived 
after 2 days of culture [17]. 

Flow cytometric analysis of TRAIL, TRAIL-R1, 
and TRAIL-R2

After stimulation, PBMCs were harvested by 
centrifugation at 500 x g for 12 min at 4 °C. PBMCs 
were washed once with phosphate buffered saline 
(PBS), and centrifuged at 500 x g for 12 min at 4 °C. 
The cell pellet was re-suspended in FACS Staining 
Buffer (PBS, supplemented with 10% FBS), and 
washed twice before surface staining. PBMCs were 
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surface-stained in 5 mL FACS tubes with PE-labeled 
TRAIL, TRAIL-R1, or TRAIL-R2, FITC-labeled 
BDCA2 and APC-labeled BDCA4, or APC-labeled 
CD56 monoclonal antibodies (BioLegend, San Diego, 
CA) at room temperature in the dark for 30 min. After 
surface-staining, cells were washed extensively with 
FACS Staining Buffer before overnight fixation in 0.1% 
paraformaldehyde (PFA) in PBS. Cells were acquired 
with a BDFACS Canto II, and data were analyzed 
using the FlowJo software. A sample gating strategy 
for isolation of cells is shown in Fig. 1. 

Image cytometry analysis of TRAIL, TRAIL-R1, 
and TRAIL-R2

After stimulation, PBMCs were harvested by 
centrifugation at 500 x g for 12 min at 4 °C. PBMCs 
were washed once with PBS, and centrifuged at 500 x g 
for 12 min at 4 °C. The cell pellet was re-suspended in 
FACS staining buffer and washed twice before surface 
staining. PBMCs were surface-stained in 96-well flat 
bottom plates with PE-labeled TRAIL, TRAIL-R1, and 
TRAIL-R2, FITC-labeled BDCA2 and APC-labeled 
BDCA4, or APC-labeled CD56 monoclonal antibodies 
overnight in the dark at 4 °C. After surface-staining, 

cells were washed several times with FACS Staining 
Buffer before overnight fixation in 0.1% PFA in PBS. 
Cells were acquired on an Amnis Flowsight Imaging 
Flow Cytometer and analyzed using Ideas, version 6.2. 
The experimental design for flow cytometry and image 
cytometry analysis is displayed in Fig. 2. 
Determination of caspase-3 and Bcl-2 levels in 
PBMCs exposed to HCV core protein using an 
indirect ELISA 

After stimulation, PBMCs were harvested by 
centrifugation at 500 x g for 8 min at 4 °C. PBMC 
cell pellets were washed once with ice-cold PBS and 
centrifuged at 500 x g for 8 min at 4 °C.  The PBS 
was discarded, and the PBMCs were re-suspended in 
100 µL of NETN lysis buffer. Samples were agitated 
on ice for 30 min and centrifuged at 12,000 rpm for 
20 min. The supernatant was removed and placed 
into a new microcentrifuge tube for storage at −80 °C 
until analysis. We used the Bradford assay to quantify 
protein concentration in whole cell lysates. 

We diluted whole cell lysates to 20 µg/mL. Fifty 
microliters of diluted sample were used to coat the 
wells of a 96 well ELISA microplate for 2 hours at 

Fig. 1  Sample gating strategy for multi-color FACS.
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room temperature. We removed the samples from the 
wells and blocked the coated wells with blocking buffer 
(1% BSA in PBS for 1 hour at room temperature. 
Sample wells were washed three times with 200 µL of 
PBS with 0.5% tween-20 (PBST). We added 100 µL 
of primary antibody, diluted 1:200, to each well and 
incubated the plates for 2 hours at room temperature. 
After washing, we added 100 µL of appropriate HRP-
conjugated secondary antibodies, diluted 1:5000, to 
each well and incubated the plate for 2 hours at room 
temperature. The wells were washed three times with 
200 µL of PBST, and 100 µL of o-phenylenediamine 
dihydrochloride (OPD) substrate solution (i.e., 26 mg 
OPD, 9 mL deionized water, 1 mL H2O2) was added 
to each well. Sample wells were incubated with the 
OPD substrate solution for 30 min in the dark. The 
color reaction was stopped with 2.5 M H2SO4. The 
absorbance of each well was measured at 490 nm with 
a Cary 60 UV/Vis spectrophotometer. 

Preparation of dendritic cells

DCs were depleted using negative magnetic 
bead separation (ThermoFisher) according to 
manufacturer’s instructions directly after removal from 
liquid cryopreservation. Depleted DCs were placed 
at 37 °C with 5% CO2 for overnight recovery. After 
overnight recovery, DCs were stimulated with either 
LPS from Salmonella enterica serotype Minnesota or 
recombinant HCV core protein at a final concentration 
of 10 µg/mL for three, six, or twelve hours of 
incubation. After stimulation, DCs were harvested 
by centrifugation at 1000 x g for 5 min at 4 °C. DCs 
were washed once with ice-cold PBS and centrifuged 
at 1000 x g for 8 min at 4 ºC. The PBS was discarded, 
and DCs were re-suspended in 500 µL ice-cold IP lysis 

buffer (ThermoFisher). The cell lysates were incubated 
on ice for 5 min with gentle agitation. Thereafter, cell 
lysates were centrifuged at 13,000 x g for 10 min and 
lysates were stored at −80 °C until analysis.     

Determination of Bcl-2 levels in depleted 
dendritic cells exposed to HCV core protein 
using a fluorescent immunoassay

DC lysates were quantified using the Bradford 
assay. We diluted whole cell lysates to 20 µg/mL. 
Fifty microliters of diluted sample were used to coat 
the wells of a 96-well microplate for 2 hours at room 
temperature. We removed the samples from the wells 
and blocked the coated wells with blocking buffer 
(1% BSA in PBST) for 1 hour at room temperature. 
Sample wells were washed three times with 200 µL of 
PBST. We added both APC-labeled BDCA2 (Miltenyi 
Biotec) and mouse monoclonal anti-Bcl-2 (Santa 
Cruz Biotechnology, Dallas, TX), both diluted 1:250 
to each well for 2 hours at room temperature. Sample 
wells were washed three times with 200 µL of PBST. 
We added Alexa Fluor 488-labeled goat anti-mouse 
secondary antibody (1:5000) to each well for 2 hours 
at room temperature. Sample wells were washed three 
times with 200 µL of PBST. Fluorescent intensity was 
measured using a Cytation 5 Cell Imaging Multi-Mode 
Reader.      

Statistical Analysis 

We examined the relative differences in the average 
protein expression level using SigmaPlot, version 
12.5. Protein expression measured after overnight 
recovery from cryopreservation serve as baseline 
protein expression levels. We also determined whether 
protein expression varied according to incubation time 

Fig. 2  Experimental design for FACS detection of TRAIL in NK cells and TRAIL-R1 and TRAIL-R2 in pDCs.
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or the type of antigenic stimulation using an analysis 
of variance (ANOVA) test. To determine which groups 
differed, we applied the Holm-Sidak method for 
multiple pairwise comparisons. Pairwise comparisons 
were made against protein levels of unstimulated 
PBMCs or unstimulated DCs as control protein levels. 
The relative percent change was also determined 
between each incubation period for caspase-3 and 
Bcl-2 expression. Error bars display the standard 
deviation. A p value < 0.05 was considered statistically 
significant.

Results and Discussion 
Plasmacytoid dendritic cell frequency

In chronic HCV infection, several have observed 
that pDC frequency and function has been diminished. 
One research group has suggested that the decrease 
in peripheral blood pDC numbers is due to increasing 
migration of pDCs to the liver, where HCV infection 
predominates [4]. Although this is a plausible 
explanation for the decrease in pDC frequency, this still 
does not explain why pDC function is altered during 
chronic HCV infection. Therefore, we investigated if 
the increase in TRAIL, TRAIL-R1, and TRAIL-R2 that 
we observed in the total PBMC population (data not 
shown) correlated with pDC death receptor expression. 

To begin our analysis, we determined if recombinant 
HCV core protein altered the number of pDCs. 
We used pDC markers, BDCA2 and BDCA4, to 
immunophenotype pDCs. pDCs are the only cells 
within the PBMC population to express BDCA2 and 
BDCA4. As Fig. 3(a) displays, there was a ~0.02% 
change between baseline pDC numbers and pDCs after 

three hours of incubation. Furthermore, after six hours 
of incubation, unstimulated PBMCs displayed similar 
(~0.02% difference) numbers of pDCs compared to 
baseline and unstimulated PBMCs after three hours 
of incubation. This difference was also similar to the 
differences (~0.03% cells) between pDCs measured 
after three hours of incubation compared to six hours 
of incubation. Moreover, although very small, PBMCs 
stimulated with either LPS or recombinant HCV core 
protein showed a ~0.01% increase in the number 
of pDCs after six hours of incubation compared to 
baseline pDCs. Similarly, there was only a slight 
difference (~0.03%) between pDCs measured after 
twelve hours of incubation compared to baseline 
pDCs (Fig. 3(a)). To add, pDCs measured after twelve 
hours of incubation only showed a ~0.05% increase 
in the number of pDCs compared to those measured 
after six hours. Interestingly, the number of pDCs 
for both unstimulated and stimulated PBMCs was 
increased by approximately 0.06% after twelve hours 
of incubation compared to pDCs after three hours of 
incubation. Nevertheless, pDCs stimulated with either 
LPS or recombinant HCV core protein displayed a 
reduction in the number of pDCs (~0.02%) compared 
to unstimulated pDCs after twelve hours of incubation. 

The  d i ffe rence  in  the  number  of  pDCs in 
unstimulated PBMCs and stimulated PBMCs was 
not confirmed by two-way ANOVA (Fig. 3(b)). We 
examined if there were any differences in the number 
of pDCs according to incubation time or the type of 
antigenic stimulus. Two-way ANOVA showed that the 
statistically significant differences in the number of 
pDCs was associated with incubation time (p = 0.016). 
We performed post-hoc multiple pairwise comparisons 

Fig. 3  (a) Number of plasmacytoid dendritic cells (pDCs). Bar graphs represent the average number of pDCs from three replicates 
in 3, 6, and 12 hours. Error bars show the standard deviation (SD). (b) Two-way analysis of variance (ANOVA) for number of pDCs, 
followed by multiple pairwise comparisons using the Holm-Sidak method for the different incubation periods (i.e., 3, 6, or 12 hours).
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and observed that pDCs measured after three hours of 
incubation differed significantly from pDCs measured 
after twelve hours of incubation (p = 0.019). There 
were no significant differences in pDCs stimulated 
with either LPS or recombinant HCV core protein 
between unstimulated pDCs (p = 0.918). Therefore, 
recombinant HCV core protein stimulation does not 
have a direct effect on the number of pDCs in the 
PBMC population. 

TRAIL-R1 and TRAIL-R2 expression in 
plasmacytoid dendritic cells using multicolor 
FACS

We investigated whether recombinant HCV core 
protein caused increased TRAIL-R1 or TRAIL-R2 
expression on pDCs, which may increase their 
susceptibility to apoptosis via the TRAIL pathway. We 
incubated PBMCs with recombinant HCV core protein 
for various time periods (i.e., three, six, or twelve 
hours). PBMCs incubated with LPS and unstimulated 
PBMCs served as control samples. We also determined 
the level of TRAIL-R1 and TRAIL-R2 expression 
directly after an overnight recovery period from 
cryopreservation to serve as baseline. Fig. 4 displays 
representative density plots for pDCs expressing 
TRAIL-R1 and TRAIL-R2 after three hours of 
incubation. 

We examined the number of pDCs (identified as 
either BDCA2+ or BDCA4+) expressing TRAIL-R1 
or TRAIL-R2 expression. Overall, we observed that 
PBMCs stimulated with either LPS or recombinant 
HCV core protein caused an increase (~0.02% cells) 
in TRAIL-R1 expression on pDCS after three hours 
of incubation in BDCA2+ cells in comparison to 
unstimulated PBMCs (Fig. 5(a)). We observed this 
increase only in BDCA2+ cells. TRAIL-R1 expression 
was similar (~0.002%) for all BDCA4+ cells after 
three hours of incubation, except the number of 
BDCA4+TRAIL-R1+ cells in PBMCs stimulated 
with LPS was lower (~average 0.001% cells) than the 
number of BDCA4+TRAIL-R1+ cells in unstimulated 
PBMCs and PBMCs stimulated with recombinant 
HCV core protein (Fig. 5(a)). BDCA4+ cells at 
baseline did not have any TRAIL-R1 expression. 
Moreover, TRAIL-R2 expression was not comparable 
to the trend in TRAIL-R1 expression after three hours 
of incubation. TRAIL-R2 expression in BDCA2+ cells 
was lower (~0.03% cells) than TRAIL-R1 expression 
in BDCA2+ cells after three hours of incubation. 
For BDCA4+ cells, TRAIL-R2 expression was 
approximately the same (~0%) on all pDCs, regardless 

of stimulation after three hours of incubation. 
Nevertheless, PBMCs stimulated with recombinant 
HCV core protein displayed the highest (~0.01% 
difference) number of pDCs with either TRAIL-R1 or 
TRAIL-R2 expression after three hours of incubation 
compared to unstimulated PBMCs. 

Interestingly, TRAIL-R1 expression decreased 
~0.02% cells in both BDCA2+ and BDCA4+ cells 
in PBMCs stimulated with recombinant HCV core 
protein after six hours of incubation. We observed a 
decrease (~0.03% cells) in TRAIL-R1 expression in 
BDCA2+ cells in PBMCs stimulated with LPS after 
six hours. However, for BDCA4+ cells, TRAIL-R1 
expression remained constant (~0.001% cells) between 
three hours and six hours of incubation. Contrarily, 
unstimulated PBMCs exhibited a ~0.01% cells increase 
in the number of BDCA2+TRAIL-R1+ cells after six 
hours of incubation. Similarly, TRAIL-R1 expression 
in BDCA4+ cells remained constant (~0.001% cells) 
between three hours and six hours of incubation for 
unstimulated PBMCs. TRAIL-R2 expression also 
showed a similar pattern compared to TRAIL-R1 
expression after six hours of incubation. There was a 
~0.01% cells increase in TRAIL-R2 expression in both 
BDCA2+ and BDCA4+ cells in both unstimulated 
PBMCs and PBMCs stimulated with LPS. However, 
TRAIL-R2 expression in BDCA2+ and BDCA4+ cells 
decreased (~0.002% cells) in PBMCs stimulated with 
recombinant HCV core protein (Fig. 5(a)).  

The trend in death receptor expression was different 
for cells incubated for twelve hours. In BDCA2+ cells, 
TRAIL-R1 expression remained constant (~0.006% 
cells) for both unstimulated PBMCs and stimulated 
PBMCs. Nonetheless, unstimulated PBMCs displayed 
a larger number (~0.01% cells) of BDCA2+ cells 
with TRAIL-R1 expression. Furthermore, TRAIL-R1 
expression in BDCA4+ cells in PBMCs stimulated 
with LPS or recombinant HCV core protein was 
higher (~0.003% cells) compared to unstimulated 
PBMCs. The number of BDCA4+TRAIL-R1+ cells 
was also increased ~0.002% after twelve hours of 
incubation relative to six hours in both PBMCs 
stimulated with LPS and recombinant HCV core 
protein. TRAIL-R2 expression in BDCA2+ cells for 
both unstimulated PBMCs and PBMCs stimulated 
with recombinant HCV core protein were similar 
(~0.010% and ~0.003%, respectively) between six 
hours and twelve hours of incubation. In contrast, 
the number of BDCA2+TRAIL-R2+ cells increased 
(~0.01% cells) in PBMCs stimulated with LPS after 
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twelve hours of incubation. Moreover, BDCA4+ 
cells presented a different trend after twelve hours of 
incubation. The number of BDCA4+TRAIL-R2+ cells 

decreased (~0.003% cells) in unstimulated PBMCs. 
However, the number of BDCA4+TRAIL-R2+ cells 
in PBMCs stimulated with recombinant HCV core 

Fig. 4  Density plots of multicolor FACS analysis of (a) TRAIL-R1 and (b) TRAIL-R2 in unstimulated and stimulated pDCs 
after three hours of incubation. Baseline was the time control (t = 0). Cells were examined for BDCA2, BDCA4, TRAIL-R1 and 
TRAIL-R2 expression. The numbers in each box represent the percentage of positive cells. Abbreviations: U.PBMCs, unstimulated 
PBMCs; LPS, lipopolysaccharide; rHCV, recombinant HCV core protein.
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protein increased (~0.002% cells) after twelve hours 
of incubation. There was no change in the number 
of BDCA4+TRAIL-R2+ cells in PBMCs stimulated 
with LPS after twelve hours of incubation. A heatmap 
representation of death receptor expression in pDCs is 
shown in Fig. 6.   

Because of the differences observed in TRAIL-R1 
and TRAIL-R2 expression on BDCA2+ and BDCA4+ 
cells, we determined if the level of protein expression 
varied according to incubation time or the type of 
antigenic stimulation. We performed a two-way 
ANOVA to investigate these differences. We did not 
observe any statistically significant differences in 
either TRAIL-R1 or TRAIL-R2 expression on either 
BDCA2+ or BDCA4+ cells (Fig. 5(b)). 

TRAIL-R1 and TRAIL-R2 expression in 
plasmacytoid dendritic cells using image 
cytometry

A benefit of using an image cytometer is that 
a fluorescent image can be obtained for each cell 
expressing the marker of interest. We examined the 
expression of TRAIL-R1 and TRAIL-R2 in pDCs 

(identified as BDCA2+ or BDCA4+ expression) 
after various incubation periods (i.e., three, six, or 
twelve hours). Interestingly, BDCA4+ cells did not 
display any death receptor expression in any of the 
PBMCs (Fig. 7). This observation was similar to 
multicolor FACS (Fig. 6 and 7). Death receptors 
were co-localized on BDCA2+ cells. TRAIL-R1 
was higher in PBMCs stimulated with recombinant 
HCV core protein compared to unst imulated 
PBMCs after three hours of incubation. TRAIL-R2 
expression was similar in both unstimulated PBMCs 
and PBMCs stimulated with recombinant HCV core 
protein after three hours of incubation. Furthermore, 
the fluorescent images showed that there was 
a decrease in both TRAIL-R1 and TRAIL-R2 
expression in BDCA2+ cells in PBMCs stimulated 
with recombinant HCV core protein after six hours 
of incubation, relative to unstimulated PBMCs. 
However, the fluorescent images displayed that 
there was an increase in TRAIL-R1 and TRAIL-R2 
expression after twelve hours of incubation for 
PBMCs stimulated with recombinant HCV core 
protein compared to unstimulated PBMCs. 

Fig. 5  Time trend analysis of death receptor expression in pDCs. Each point represents the average number of cells expressing 
TRAIL-R1, TRAIL-R2, or TRAIL determined by FACS. Time 0 is the level of either TRAIL-R1, TRAIL-R2, or TRAIL expression 
after overnight recovery from cryopreservation. Time 0 represents the time control. Unstimulated PBMCs represent control samples.
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Determination of relative expression of TRAIL 
in NK cells using multicolor FACS

Because of the bi-directional relationship of NK 
cells and pDCs and the mechanism of NK cytolysis, 
we determined if there was an increase in TRAIL 
expression on NK cells (identified as CD56+ cells). We 
hypothesized that increased pDC apoptosis was due 
to increased NK cell deletion of pDCs via the TRAIL-
mediated pathway. We examined the number of 
CD56+ cells in unstimulated and stimulated PBMCs. 
Interestingly, after three hours, all cells displayed 
a lower (~0.34%) number of NK cells compared to 
baseline (Fig. 8(a) and (b)). To add, after three hours 
of incubation, there was 0.07% less TRAIL expression 

in NK cells relative to baseline. Nonetheless, 
CD56+TRAIL+ expression was similar (~0.01%) in 
unstimulated and stimulated PBMCs. 

After six hours of incubation, there was a 0.66% 
increase in the number of CD56+ cells in PBMCs 
stimulated with recombinant HCV core protein 
compared to unstimulated PBMCs. This increase 
also correlated in the number of CD56+TRAIL+ 
cells in PBMCs stimulated with recombinant HCV 
core protein. Unstimulated PBMCs and PBMCs 
stimulated with LPS also displayed ~0.35% increase 
after six hours of incubation, just not as high as 
PBMCs stimulated with recombinant HCV core 
protein. Moreover, the number of CD56+ cells after 

Fig. 6  Heat map representation displaying average FACS percentages of TRAIL-R1 and TRAIL-R2 expression in pDCs. 
Unstimulated PBMCs were used as control PBMCs. Baseline is the time control (t = 0). Each color matrix represents the average 
percentage of cells expressing either TRAIL-R1 or TRAIL-R2 from three replicates in 3, 6, and 12-hour PBMCs. 

Fig. 7  Fluorescent images of co-localization of death receptors or TRAIL in pDCs and NK cells using image cytometry. Unstimulated 
PBMCs were used as control samples. Baseline was the time control (t = 0). Cells were examined for BDCA2, BDCA4, TRAIL-R1/
DR4, TRAIL-R2/DR5, and TRAIL expression. Abbreviations: U. PBMCs, unstimulated PBMCs; LPS, lipopolysaccharide; rHCV, 
recombinant HCV core protein. 
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twelve hours of incubation remained consistent 
with that observed after six hours of incubation for 
both unstimulated PBMCs and stimulated PBMCs. 
However, the percentage of CD56+TRAIL+ cells 
decreased (~0.17%) for both unstimulated PBMCs 
and PBMCs stimulated with LPS. However, PBMCs 
stimulated with recombinant HCV core protein 
experienced the most significant level of decrease 
(~0.65%) in CD56+TRAIL+ expression (Fig. 8 (a) and 
(c)). 

Determination of relative expression of TRAIL 
in NK cells using image cytometry

Notably, there was a clear difference in the 
level of CD56+ and CD56+TRAIL+ expression in 
unstimulated PBMCs and stimulated PBMCs using 
image cytometry. Fig. 7 displays the fluorescent 
images for the co-localization of TRAIL on NK cells. 
We observed that PBMCs stimulated with recombinant 
HCV core protein exhibited higher fluorescent intensity 
for CD56+TRAIL+ expression than unstimulated 
PBMCs after three hours and six hours of incubation 
(Fig. 8(a) and (c)). Using multicolor FACS, we 
observed increases in the number of CD56+TRAIL+ 
cells in PBMCs stimulated with recombinant HCV 
core protein after six and twelve hours of incubation. 
Image cytometry showed similar TRAIL expression in 

CD56+ cells after twelve hours of incubation for both 
unstimulated PBMCs and PBMCs stimulated with 
recombinant HCV core protein (Fig. 7). 

Determination of relative expression of 
caspase-3 and Bcl-2 in total PBMC and 
dendritic cells

Because of increased death receptor expression 
in pDCs and increased TRAIL in NK cells, we 
determined if HCV core activates the Bcl-2 pathway. 
Notably, we did not observe a consistent trend in 
caspase-3 activity in either of the PBMC samples using 
ELISA (Fig. 9(a) and (d)). Caspase-3 activity did not 
significantly differ based on the time or the type of 
antigenic stress (Table 1).  Moreover, in total PBMCs, 
Bcl-2 expression was similar for all PBMC samples 
(Fig. 9(b)). However, using ELISA, PBMCs stimulated 
with recombinant HCV core protein displayed the 
highest (~4%) level of Bcl-2 expression after three 
hours of incubation relative to unstimulated PBMCs 
(Fig. 9(e)). Both PBMCs stimulated with LPS and 
recombinant HCV core protein displayed higher levels 
(~4%) of Bcl-2 expression in all incubation periods 
relative to unstimulated PBMCs, except after six 
hours of incubation. To add, there was a ~36% in Bcl-
2 expression in all PBMC samples after six hours of 
incubation (Fig. 9(b)). However, after twelve hours 

Fig. 8  (a) Heat map representation displaying average FACS percentages of CD56 and TRAIL expression. Unstimulated PBMCs 
were used as control PBMCs. Baseline is the time control (t = 0). Each color matrix represents the average percentage of cells 
expressing either CD56 or TRAIL from three replicates in 3, 6, and 12-hour PBMCs. Expression of CD56 and TRAIL by FACS 
analysis. Time trend of (b) CD56+ and (c) CD56+TRAIL+ expression. Each point represents the average percentage of cells 
expressing CD56 and TRAIL determined by FACS. Time 0 is the level of either CD56 or TRAIL expression after overnight recovery 
from cryopreservation. Time 0 represents the time control. Unstimulated PBMCs represent control samples.
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of incubation, there was a ~5% increase in Bcl-2 
expression in PBMCs (Fig. 10). 

  Two-way ANOVA showed that Bcl-2 expression 
differed significantly between the different incubation 
periods (p ≤ 0.001). However, we did not find any 
significant difference in Bcl-2 expression between 
unstimulated and stimulated PBMCs (p = 0.22). 
Using the Holm-Sidak method, there were significant 
differences between three hours and six hours of 
incubation as well as between three hours and twelve 
hours of incubation (Table 1). 

On the other hand, the trend in Bcl-2 expression in 
depleted DCs was not the same as the one observed 
in total PBMCs. For example, there was a slight 
increase (~1%) in Bcl-2 expression with time in all 
DCs, except DCs stimulated with recombinant HCV 
core protein using fluorescence (Fig. 10). After three 
hours of incubation both DCs stimulated with LPS 
or recombinant HCV core protein displayed higher 
(~4% and 5%, respectively) Bcl-2 expression than 
unstimulated DCs (Fig. 9(c) and (f)). DCs stimulated 
with recombinant HCV core protein decreased ~4% 
between three hours and six hours of incubation 
(Fig. 10). Nonetheless, DCs stimulated with LPS and 
recombinant HCV core protein remained higher (~5% 
and 2%, respectively) than unstimulated DCs after 

six hours of incubation (Fig. 10). Furthermore, DCs 
stimulated with either LPS or recombinant HCV core 
protein exhibited higher (~5% and 2%, respectively) 
Bcl-2 levels than unstimulated DCs after twelve hours 
of incubation (Fig. 9(c) and (f)). To add, there was ~2% 
increase in Bcl-2 expression in all DCs after twelve 
hours of incubation (Fig. 10). 

Two-way ANOVA showed that Bcl-2 expression 
did not differ significantly according to time. Bcl-2 
expression was also only marginally significant for the 
type of antigenic stimulation (p = 0.046). However, 
after performing multiple pairwise comparisons, there 
was no significant difference in Bcl-2 expression 
between the different samples (Table 1).  

A major issue regarding the defect in pDCs is 
whether HCV infection directly inhibits pDC function 
because HCV is not known to establish infection in 
pDCs. We investigated if recombinant HCV core 
protein caused increased TRAIL-R1 or TRAIL-R2 
expression on pDCs and increased TRAIL in NK cells. 
Overall, we did not observe a significant difference in 
the number of pDCs between unstimulated PBMCs 
and PBMCs stimulated with recombinant HCV core 
protein. A possible explanation for this observation 
could be that HCV core protein does not have a 
direct effect on pDC frequency. Other HCV-related 

Fig. 9  Caspase-3 and Bcl-2 expression in total PBMCs and depleted dendritic cells. Semi-quantitative analysis using an indirect 
ELISA method to determine (a) caspase-3 or (b) Bcl-2 in total PBMC whole cell lysates. Semi-quantitative analysis using a 
fluorescent immunoassay method to determine (c) Bcl-2 in depleted dendritic cell whole cell lysates. Bar graphs represent the average 
absorbance of OPD product formation at 490 nm or mean fluorescent intensity. Error bars show the standard deviation. Stacked 
proportion graphs indicating the relative percent change in (d) caspase-3 and (e) Bcl-2 in total PBMC whole cell lysates and (f) Bcl-2 
in depleted dendritic cells. U. PBMCs are set as the reference group = 1.
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proteins may have a direct effect on the number of 
pDCs observed in those with HCV infection. To add, 
several investigators have found that pDC frequency 
is reduced in those with chronic HCV infection [1-3]. 
There is also evidence that this decrease may be due to 
pDC apoptosis in those with chronic HCV infection [5]. 
Such evidence was based upon increased expression 
of TNF-α and IL-10 in monocytes [5]. However, this 
observation does not explain the increased expression 

of TRAIL-R1 or TRAIL-R2 on pDCs. Thus, our 
research group is also carrying out studies on pDC 
frequency in HCV infection to investigate the impact 
of TRAIL-mediated apoptosis of pDCs in the absence 
of monocytes and determine if TNF-α or IL-10 plays a 
role in the induction of this pathway. We hypothesize 
that free HCV core protein causes the upregulation 
of TRAIL-R1 and TRAIL-R2 in immature peripheral 
pDCs, causing these pDCs to be susceptible to TRAIL-

Fig. 10  Percent difference in the expression of caspase-3 and Bcl-2 in total PBMCs and depleted dendritic cells between three, six, 
and twelve hours of incubation in unstimulated and stimulated PBMCs. Abbreviation: ELISA, enzyme-linked immunosorbent assay; U. 
PBMCs, unstimulated PBMCs; LPS, lipopolysaccharide; rHCV, recombinant HCV core protein. 
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Table 1  Two-way ANOVA: Bcl-2 and caspase-3 expression. Two-way ANOVA for caspase-3 and Bcl-2 expression in total PBMCs 
and depleted DCs, followed by multiple pairwise comparisons using the Holm-Sidak method. Abbreviation: PBMCs, peripheral 
blood mononuclear cells; U.PBMCs, unstimulated PBMCs; LPS, lipopolysaccharide; rHCV, recombinant HCV core protein. P value 
<0.05 was considered statistically significant. Bold and underlined print indicates a significant P value.

Total peripheral blood
mononuclear cells Total peripheral blood mononuclear cells Depleted dendritic cells

Caspase-3:
Two-way ANOVA Bcl-2: Two-way ANOVA Pairwise comparisons Bcl-2: Two-way ANOVA Pairwise comparisons

Variable P value Variable P value Variable P value Variable P value Variable P value

Time 0.957 Time < 0.001 3 hr. v. 6 hr. < 0.001 Time 0.313 U.DCs v. LPS 0.039

Type of antigenic
stimulation 0.281 Type of antigenic 

stimulation 0.220 3 hr. v. 12 hr. < 0.001 Type of antigenic 
stimulation 0.046 U.DCs v. rHCV 0.067

6 hr. v. 12 hr. 0.255
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mediated death induced by NK cells. We note that 
the investigation of pDC frequency in HCV infection 
currently underway and will be reported in due course.

Both TRAIL-R1 and TRAIL-R2 were more 
prominent on BDCA2+ cells compared to BDCA4+ 
cells in all pDCs, regardless of stimulation. The 
approximate 0.03% cell difference observed in the 
level of BDCA2 or BDCA4 expression and the level 
of death receptor expression on either BDCA2 or 
BDCA4+ cells may be attributed to the function of 
BDCA2 and BDCA4. BDCA2 is a calcium-dependent 
type II lectin receptor involved in antigen capture 
and in the regulation of type I IFN production [18]. 
BDCA4, on the other hand, is important for initiating 
immune responses and directing pDCs to lymphatics 
[19, 20]. Thus, the lack of addition of Fms-related 
tyrosine kinase 3 ligand to PBMC cultures may 
contribute to impaired pDC development, increasing 
co-localization of death receptors on BDCA2+ cells 
versus BDCA4+ cells.  

Furthermore, we did not observe a similar trend 
in TRAIL-R2 expression in pDCs compared to 
TRAIL-R1 expression in pDCs. There was a difference 
of approximately 0.03% cells that were TRAIL-R1+ 
versus TRAIL-R2+ for all pDCs (i.e., baseline, 
unstimulated PBMCs, PBMCs stimulated with LPS, 
and PBMCs stimulated with recombinant HCV core 
protein. Because the density of TRAIL-R1 on pDCs 
is higher than TRAIL-R2, we conclude that induction 
of the TRAIL pathway in pDCs is most likely via 
engagement of TRAIL with TRAIL-R1.  

It is also interesting to note that after six hours 
of incubation, both CD56+ expression and TRAIL 
expression on CD56+ cells increased approximately 
0.53% in PBMCs stimulated with recombinant HCV 
core protein relative to unstimulated PBMCs. CD56 
is typically used as a phenotypic activation marker, 
whereby upon the activation of NK cells, there is 
increased CD56 expression. Notably, we observed 
a substantial increase in CD56 expression (average 
of ~0.66% cells) and in TRAIL expression (average 
of ~0.86% cells) on CD56+ cells after six hours of 
incubation in PBMCs stimulated with recombinant 
HCV core protein. Hence, HCV core protein increases 
cytolytic activity of NK cells within twelve hours of 
exposure. In conjunction with an increase in death 
receptor expression on pDCs within twelve hours, 
increased cytotoxic activity in NK cells makes pDCs 
susceptible to NK deletion by the TRAIL pathway. 
While our data show that pDCs may be vulnerable to 

NK cell-mediated apoptosis via the TRAIL pathway, 
it is important to determine if pDC maturation plays 
a role in this mechanism. Our research group is also 
investigating the role of pDC maturation in NK cell-
mediated apoptosis and the results will be reported in 
due course.

The extrinsic and intrinsic pathways of apoptosis can 
be activated either concurrently or separately in target 
cells [21-23]. To add, Bcl-2 protein is shown to be 
essential for pDC survival [24]. Thus, we investigated 
whether increased TRAIL-R1 or TRAIL-R2 expression 
occurred with decreased Bcl-2 expression in pDCs 
stimulated with HCV core protein. Herein, we report 
that HCV core protein did not significantly alter Bcl-
2 expression in pDCs within 12 hours, suggesting that 
the intrinsic pathway of apoptosis is not activated with 
increased TRAIL-R1 or TRAIL-2 expression in pDCs. 
However, it is important to note that activation of the 
intrinsic pathway may involve other Bcl-2 family 
proteins. Therefore, our research group is investigating 
the relationship between increased TRAIL-R1 or 
TRAIL-R2 in pDCs and decreased expression of anti-
apoptotic proteins of the Bcl-2 family after exposure to 
HCV core protein.  

Conclusions
In this study, we demonstrated that HCV core 

protein increases the number of pDCs expressing 
TRAIL-R1 and TRAIL-R2, in particularly TRAIL-R1 
expression within twelve hours of exposure (~0.01%). 
We also show that HCV core protein increases ~0.86% 
NK cell cytotoxic activity, which enhances pDC 
susceptibility to TRAIL-mediated apoptosis. Our 
results suggest that increased TRAIL expression on 
NK cells and increased death receptor expression on 
pDCs may alter the bi-directional relationship between 
NK cells and pDCs. Alteration to the bi-directional 
relationship between NK cells and pDCs may prevent 
a robust innate immune response against HCV, 
contributing to viral persistence within HCV-infected 
individuals.  
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