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TLR Ligand-Dependent Activation of Naive CD4 T Cells by
Plasmacytoid Dendritic Cells Is Impaired in Hepatitis C Virus
Infection1
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H

epatitis C virus (HCV)3 is the most common cause of
chronic viral hepatitis in the United States and results in
significant morbidity and mortality (1, 2). HCV-induced
abnormalities in antiviral immunity are hypothesized to contribute
to the morbidity of this disease. We and others have observed a
relative paucity of HCV-reactive cytokine-producing T cells in
freshly prepared PBMC from subjects with chronic HCV infection,
contrasting with normal frequencies of cytokine-producing T cells
reactive with other Ags in the same subjects (3–7). Although the
origin of selective dysfunction of HCV-reactive T cells is unknown, one possibility is that APC impairment associated with
chronic HCV infection limits activation and maturation of antiHCV-reactive T cells. If true, Ag-specific T cell responses primed
before HCV infection may remain intact while responses primed to
new Ags (both HCV and non-HCV) during chronic HCV infection
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would be diminished compared with uninfected controls. Consistent with this premise, HCV-infected individuals do have impaired
response to neoantigen as provided by hepatitis A, hepatitis B, and
influenza vaccination (8 –10).
Of the professional APCs, dendritic cells (DC) are a population
of bone marrow-derived leukocytes with the distinct capability of
directing the magnitude, polarity, and effector function of the naive
T cell response (11, 12). DC have been characterized by cell surface phenotype and can be divided into two main subsets (myeloid
DC (MDC) and plasmacytoid DC (PDC)) based on cell surface
marker expression patterns (13). MDC are characterized by expression of CD11c, HLA DR, GM-CSF receptor, CD13 and CD33,
and a lack of expression of IL-3 receptor (CD123) and lineage
markers that define T cells, B cells, NK cells, and monocytes. PDC
are characterized by the expression of CD123 and a lack of expression of CD11c and lineage markers.
TLR are a family of receptors that recognize motifs shared by
different classes of microbial pathogens and serve as a means for
early recognition of microbial invasion. TLR are expressed on numerous cell types, including professional APC such as MDC and
PDC, and their ligation by microbial elements is thought to be
critical in DC activation and maturation. TLR-mediated activation
of DC therefore provides an important pathway for the formation
of an adaptive pathogen-specific T cell response (14 –18).
In chronic HCV infection, peripheral MDC and PDC numbers
are decreased modestly (19 –22). The function of DC in HCV infection has been less clear, with some reports indicating an impaired ability of monocyte-derived MDC to mature or activate T
cells, while other studies using similar methods have failed to find
such defects (23–27). Discrepancies may be related to differences
in in vitro expansion conditions used in the different studies. In
addition, the ability of DC to secrete cytokines in response to TLR
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Chronic hepatitis C virus (HCV) infection is characterized by diminished numbers and function of HCV-reactive T cells and
impaired responses to immunization. Because host response to viral infection likely involves TLR signaling, we examined whether
chronic HCV infection impairs APC response to TLR ligand and contributes to the origin of dysfunctional T cells. Freshly purified
myeloid dendritic cells (MDC) and plasmacytoid DC (PDC) obtained from subjects with chronic HCV infection and healthy
controls were exposed to TLR ligands (poly(I:C), R-848, or CpG), in the presence or absence of cytokine (TNF-␣ or IL-3),
and examined for indices of maturation and for their ability to activate allogeneic naive CD4 T cells to proliferate and secrete
IFN-␥. TLR ligand was observed to enhance both MDC and PDC activation of naive CD4 T cells. Although there was
increased CD83 and CD86 expression on MDC from HCV-infected persons, the ability of MDC to activate naive CD4 T cells
in the presence or absence of poly(I:C) or TNF-␣ did not differ between HCV-infected and healthy control subjects. In
contrast, PDC from HCV-infected persons had reduced activation marker (HLA-DR) and cytokine (IFN-␣) expression upon
R-848 stimulation, and these were associated with impaired activation of naive CD4 T cells. These data indicate that an
impaired PDC responsiveness to TLR ligation may play an important role in the fundamental and unexplained failure to
induce new T cell responses to HCV Ags and to other new Ags as a consequence of HCV infection. The Journal of
Immunology, 2007, 178: 4436 – 4444.
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FIGURE 1. TLR ligand stimulation enhances
DC ability to activate naive CD4 T cells. A,
Freshly prepared, unstimulated MDC were compared with 50 g/ml poly(I:C)-stimulated MDC
ability to activate healthy control allogeneic naive
CD4 T cells to secrete IFN-␥ over 72 h. B, Unstimulated PDC were compared with 1 g/ml
R-848-stimulated PDC ability to activate healthy
control allogeneic naive CD4 T cells to secrete
IFN-␥ over 72 h. C, Freshly prepared healthy control PDC stimulated with R-848 (1 g/ml) were
used to activate healthy control allogeneic naive
CD4 T cells vs unfractionated CD4 T cells to produce IFN-␥ over 20 and 72 h of culture.

Materials and Methods
Study subjects and institutional review board approval
Participants were adult patients receiving care at the Cleveland Veterans
Affairs Medical Center. Chronic HCV infection was defined by the presence of serum Abs to HCV for at least 6 mo and detectable HCV RNA in
plasma. Individuals with a history of treatment for HCV infection were
excluded. Healthy controls had no serum HCV Abs. All study subjects
provided written informed consent for 100 ml of phlebotomy, and all studies were performed with approval of the institutional review board for
human studies at the Cleveland Veterans Affairs Medical Center.

Cell isolation
Freshly prepared PBMC were fractionated into PDC (by positive selection using blood DC Ag (BDCA) 2 Abs) and MDC (by depletion of
CD19⫹ cells followed by positive selection using BDCA1 Abs)
(Miltenyi Biotec). Analysis was not performed when DC product purity
was ⬍50% (this occurred for one MDC sample and two PDC samples).
Average purity of PDC and MDC populations after selection was 70 and
95%, respectively, and did not differ between study subject groups.
Naive CD4 T cells (⬎97% CD4⫹RA⫹ cells) and unfractionated CD4 T
cells (⬎95% CD3⫹CD4⫹ cells) were prepared by a negative selection
method (EasySep and RosetteSep reagents, respectively; StemCell
Technologies).

TLR-induced DC activation assay
Isolated PDC and MDC were cultured for 20 h at 37°C in complete RPMI
1640 medium (Invitrogen Life Technologies) with 1% penicillin-streptomycin, 1% L-glutamine, and 5% human AB serum (Gemini Bio-Products)
in the presence or absence of TLR ligands. MDC are known to express
TLR3, while PDC are known to express TLR7 and TLR9 (15). For TLR
ligand stimulation assays, MDC were stimulated with the TLR3 ligand

poly(I:C) (50 g/ml; Amersham Biosciences) in the presence or absence of
recombinant TNF-␣ (5 ng/ml; PeproTech), while PDC were stimulated
with the TLR7/8 ligand R-848 (imidazoquinoline compound, resiquimod,
1 g/ml; InvivoGen) in the presence or absence of the TLR9 ligand type
A CpG 2216 (10 M; Integrated DNA Technologies) and rIL-3 (10 ng/ml;
R&D Systems). Culture supernatants were analyzed for cytokines (IFN-␣
and IL-6) by ELISA (IFN-␣; BioSource International and IL-6, eBioscience). MDC were stained with anti-CD11c, anti-CD83, anti-HLA DR,
and anti-CD86 while PDC were stained with anti-BDCA-4, anti-CD83,
anti-HLA DR, and anti-CD86 for 20 min at 25°C, washed in PBS plus
0.01% BSA, fixed in 1% paraformaldehyde, then stored at 4°C until analysis. All Abs except anti-BDCA-4 were obtained from BD Biosciences,
while anti-BDCA-4 was obtained from Miltenyi Biotec. Stained cells were
analyzed by flow cytometry (FACSCalibur; BD Biosciences) using
CellQuest software (BD Biosciences).

DC activation of naive CD4 T cells
Isolated MDC and PDC obtained from healthy controls and from HCVinfected patients were tested in increasing numbers (1,000, 3,000, and
10,000 cells/well) for their ability to activate allogeneic naive CD4 T cells
(3 ⫻ 105/well) obtained from three unrelated healthy controls in IFN- ␥
ELISPOT assays. Cultures were performed in the presence and absence of
TLR ligands as described above. Cells were placed into 96-well round-bottom
plates for 48 h at 37°C then transferred to ELISPOT plates (Whatman) precoated with IFN-␥ capture Ab (4 g/ml clone 2G1; Endogen) and incubated
for 20 h at 37°C. The plates were then developed and analyzed as described
previously (30, 31). In control assays that included TLR ligand and DC in the
absence of T cells, no IFN-␥ production was observed. DC-dependent naive
CD4 IFN-␥ was calculated by subtracting IFN-␥ spot-forming units (sfu) in the
absence of DC from those observed in the presence of DC (in the presence or
absence of TLR ligand). CD80/86 blockade assays were performed in the
presence of anti-CD80/anti-CD86 mAbs (clones P1.H5.A1.A1 and BU63;
Ancell) at 10 g/ml.
For analyses of induction of allogeneic naive CD4 T cell proliferation,
cells were transferred back to 96-well round-bottom plates on day 3, after
the ELISPOT assay culture was completed, for an additional 48 h (day 5).
[3H]Thymidine (0.5 Ci/well; MP Biomedicals) was added at that time,
and incorporation was measured on day 6 by liquid scintillation
spectrometry.

Statistical analysis
We used conventional measures of central tendency and dispersion to describe the data and compared continuous variables by Mann-Whitney’s U

Downloaded from http://www.jimmunol.org/ by guest on May 22, 2019

ligation has been described as both decreased and unaffected (19,
20, 22, 28, 29). In an effort to resolve these contradictory reports,
we isolated enriched and well-characterized DC subsets from peripheral blood of HCV-infected persons and healthy controls and
tested their ability, in the presence and absence of TLR ligand, to
activate naive CD4 T cells in direct ex vivo assays. Our results
demonstrate a selective defect in T cell activation by TLR ligandstimulated PDC in chronic HCV infection.
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Table I. Clinical characteristics of chronic HCV subjects

Subject

HCV1
HCV2
HCV3
HCV4
HCV5
HCV6
HCV7
HCV8
HCV9
HCV10
HCV11
HCV12
HCV13
HCV14
HCV15
HCV16
Median
a

HCV
Genotype

HCV Plasma
Level (IU/ml)

ALT
(IU/L)

Tbilia
(mg/dl)

Alb
(g/dl)

PLT
(103/mm3)

1
1b
1
1a
1b
1b
2
1
1
1
1
1
1a
1b
1b
1

1,160,000
1,280,000
2,230,000
1,960,000
5,160,000
2,550,000
417,000
3,690,000
7,000,000
2,200,000
7,000,000
7,000,000
1,380,000
119,000
278,000
311,000
2,080,000

25
48
125
107
50
31
75
106
41
78
51
61
28
67
40
67
56

0.3
0.6
0.7
1.5
0.6
0.7
0.4
0.5
0.4
0.7
1
0.3
0.3
2.7
0.3
0.4
0.6

4.6
4
4.1
3.9
4.1
4.1
4
4.7
4.7
3.8
4.5
4.1
3.5
3.3
4.3
4.7
4.1

139
206
146
166
165
206
191
194
174
178
152
302
186
84
258
232
182

INR

1.09
0.96
1.15
0.96
1.01
1.16
1.1
1.15
0.9
0.89
0.97
0.88
1.52
0.88
0.98
0.98

test or Kruskal-Wallis’ test as needed. We used Wilcoxon’s rank sum test
to compare paired variables (i.e., responses in the presence vs absence of
stimulus). We compared proportions by Fisher’s exact test. To assess associations between continuous variables, we used Spearman’s rank correlation coefficient, as well as partial correlations to control for the effect of
intervening variables when needed. All tests of significance are two-sided,
and a p value ⱕ0.05 was considered to be significant.

Results
TLR ligands enhance DC-mediated activation of naive
allogeneic CD4 T cells
We focused initial experiments on freshly isolated DC MDC and
PDC subsets using samples from healthy control subjects. We first

FIGURE 2. TLR ligand-dependent, DC fraction-mediated activation of allogeneic naive CD4 T cells from one healthy donor. Freshly prepared MDC
and PDC from HCV-infected (n ⫽ 15) and healthy control (n ⫽ 13) subjects were used in titrated numbers (x-axis) to activate one healthy control subject’s
allogeneic naive CD4 T cells to produce IFN-␥ in a 72-h culture performed in the absence of TLR ligand (MEDIA), presence of TLR ligand (poly(I:C)
for MDC or R-848 with or without CpG for PDC), or presence of TLR ligand and DC-activating cytokine (TNF-␣ for MDC or IL-3 for PDC).
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Tbili, Total bilirubin; Alb, albumin; PLT, platelet count; INR, International Normalized Ratio.
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investigated TLR ligand (poly(I:C)) enhancement of MDC activation of allogeneic naive CD4 T cells (97% CD4⫹RA⫹ cells). As
shown in Fig. 1A, poly(I:C) enhanced dramatically the MDC-dependent activation of naive CD4 T cells. PDC also were capable of
activating naive CD4 T cells in these assays in a TLR liganddependent fashion (Fig. 1B). This response derived from the naive
CD4 T cell fraction and required ⬎20 h (Fig. 1C). Additional
studies identified R-848 as a single agent capable of enhancing
PDC activity in this system, while the combination of R-848, class
A CpG 2216, and IL-3 further enhanced PDC-dependent naive
CD4 T cell activation (2- to 3-fold, data not shown). Poly(I:C) was
identified as an single agent capable of enhancing MDC-dependent
naive CD4 T cell activation, while TNF-␣ further enhanced this
activity (1.5- to 2.5-fold, data not shown).
TLR ligand-dependent PDC activation of naive allogeneic CD4
T cells is impaired in HCV infection
We next purified MDC and PDC from the blood of 19 healthy
controls and of 16 chronically HCV-infected subjects who had
never been treated for HCV infection. Clinical characteristics of
the HCV-infected subjects are shown in Table I. We obtained 2.3–
8.6 ⫻ 105 MDC/108 PBMC and 0.8 – 4.9 ⫻ 105 PDC/108 PBMC
from healthy controls, and 1.8 – 6.6 ⫻ 105 MDC/108 PBMC and
0.5– 4.0 ⫻ 105 PDC/108 PBMC from HCV-infected subjects. Although MDC and PDC yields tended to be lower in HCV-infected
persons samples than in healthy controls’ samples, this did not
reach statistical significance ( p ⫽ 0.052 and p ⫽ 0.19), a finding
that is consistent with earlier reports of diminished numbers of
circulating MDC and PDC in HCV infection (19 –22).

We next investigated TLR-dependent DC activation of allogeneic naive CD4 T cells obtained from one healthy control. Fig. 2
shows the ability of MDC and PDC to activate allogeneic naive
CD4 T cells to produce IFN-␥ in the presence or absence of TLR
ligand, or TLR ligand and cytokine. Results show variability
within each group and indicate no significant differences between
the groups in the ability of MDC to activate naive CD4 T cells
under these conditions ( p ⬎ 0.2 for comparisons between groups
at each DC number). In contrast, PDC prepared from HCV-infected subjects appear to be impaired in their ability to activate
allogeneic naive CD4 T cells (CD4 T cells tended to be less frequently activated to produce IFN-␥ in response to R-848 and
R-848 plus CpG plus IL-3-treated PDC from HCV-infected subjects at 3,000 and 10,000 PDC, respectively; p ⫽ 0.09 for each
comparison).
To increase the breadth of HLA and other alloantigenic mismatches in our assay system and to minimize the possibility of
unanticipated bias in matching stimulators and responders that
might confound interpretation of our results, we evaluated each
DC preparation in separate experiments for the ability to activate
allogeneic naive CD4 T cells prepared from three unrelated
healthy controls. This allowed us to separately analyze three potential allogeneic responses for each DC preparation and to assess
the maximum of three tested naive CD4 cell responders for each
DC fraction. Naive CD4 T cell fractions were less frequently activated to produce IFN-␥ in response to R-848 plus CpG plus IL3-treated PDC from HCV-infected subjects ( p ⫽ 0.003, p ⫽ 0.01,
and p ⫽ 0.09 for each responder at 10,000 PDC) (Fig. 3A). When
evaluating the maximum T cell response (of three tested) for each
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FIGURE 3. Decreased TLR-dependent PDC activation of naive CD4 T cells to secrete IFN-␥ in
HCV infection. A, R-848 plus 2216 plus IL-3-stimulated PDC (10,000 cells/well) activation of allogeneic naive CD4 T cells from three unrelated healthy
control subjects to secrete IFN-␥. DC-dependent
IFN-␥ sfu were calculated for each healthy control
allogeneic CD4 T cell fraction (R1 ⫽ f, R2 ⫽ Œ,
R3 ⫽ F) by subtracting IFN-␥ sfu in the absence of
DC from those observed in the presence of DC. Statistical analysis for data with each healthy control
allogeneic naive CD4 cell fraction are shown. B,
Same stimulation of PDC as in A, while data are
represented here as maximum (of three healthy control naive CD4 T cell fractions) response to each
TLR-activated PDC. C, Poly(I:C) plus TNF-␣-stimulated MDC (10,000 cells/well) activation of allogeneic naive CD4 T cells from three unrelated
healthy control subjects to secrete IFN-␥. IFN-␥ sfu
shown for each healthy control allogeneic CD4 T
cell fraction (R1 ⫽ f, R2 ⫽ Œ, R3 ⫽ F). D, Same
stimulation of MDC as in C, while data are represented here as maximum (of three healthy control
naive CD4 T cell fractions) response to each TLRactivated MDC.
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DC stimulator, we observed a decreased ability of PDC from
HCV-infected subjects to activate naive CD4 T cells under conditions designed to optimize PDC function ( p ⬍ 0.001 for 10,000
PDC/well in the presence of R-848 plus CpG plus IL-3, Fig. 3B),
and under submaximal PDC activating stimulus ( p ⫽ 0.04 for
3,000/well in the presence of R-848). Similar results were obtained
when the median (of three possible) T cell responses were evaluated ( p ⫽ 0.01 at 10,000 PDC/well under optimized PDC activating condition). In contrast, MDC from patients and controls were
comparable in their ability to drive naive CD4 T cells to produce
IFN-␥ (Fig. 3, C and D, p ⬎ 0.2 for all comparisons).
When analyzing T cell proliferation, we observed a decreased
ability of PDC from HCV-infected subjects to activate naive CD4
T cells ( p ⫽ 0.01; Fig. 4, A and B). There were no detected differences in responses to MDC (Fig. 4, C and D, p ⬎ 0.3 for all
comparisons). DC ability to activate naive CD4 T cell proliferation
and IFN-␥ are directly related for MDC (r ⫽ 0.5, 0.7, and 0.9, p ⫽
0.03, ⬍0.001, and ⬍0.001 for each of the three CD4 T cell responders when MDC were activated with poly(I:C) and TNF-␣),
while for PDC the relation was not as strong ( p ⬍ 0.05 for only
one CD4 T cell responder at one DC activating condition, while all
other comparisons were not significant).

shown in Fig. 5A, MDC from a representative healthy control subject expressed high levels of CD11C and HLA-DR, intermediate
levels of CD86, and low levels of CD83. PDC from the same
subject expressed high levels of BDCA2 and HLA-DR and low
levels of CD83 and CD86. When maturation markers were compared between healthy control and chronic HCV-infected groups,
we found higher CD83 and CD86 expression on MDC from HCVinfected subjects ( p ⫽ 0.003 and p ⫽ 0.01; Fig. 5B). In the PDC
compartment, HLA-DR expression was lower in HCV-infected
subjects (mean fluorescence intensity (MFI, median 805 vs 1,303,
p ⫽ 0.04). Expression of MDC HLA-DR, PDC CD83, and PDC
CD86 did not differ between groups ( p ⫽ 0.6, p ⫽ 0.3, and p ⫽
0.6, respectively). When we evaluated associations among clinical
indices (aspartate aminotransferase, alanine aminotransferase
(ALT), HCV level, bilirubin, albumin, platelet count), we found a
trend toward a correlation between MDC CD83 expression and
serum ALT levels (r ⫽ 0.49, p ⫽ 0.06) and between MDC CD83
expression and aspartate aminotransferase (r ⫽ 0.48, p ⫽ 0.06),
indicating a relation between degree of liver inflammation and circulating MDC maturation state.

There is evidence of heightened in vivo DC maturation in
chronic HCV infection

Because our functional studies indicated that PDC in HCV infection have diminished stimulatory capacity after TLR ligation, we
next examined the effects of TLR ligation on the induction of cell
surface markers on MDC and PDC. Fig. 6 shows expression of
CD83, CD86, and HLA DR on MDC and PDC after overnight

To provide insight into the basis of the defect in PDC function in
HCV infection, we evaluated freshly isolated MDC and PDC for
maturation marker (CD83, CD86, and HLA-DR) expression. As

After TLR ligation, HLA-DR expression is lower on HCVinfected subject PDC
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FIGURE 4. TLR-dependent PDC activation
of naive CD4 T cell proliferation is defective in
HCV infection. A, R-848 plus 2216 plus IL-3stimulated PDC (3000 cells/well) activation of
allogeneic naive CD4 T cells from three unrelated healthy control subjects to proliferate. DCdependent cpm shown for each healthy control
allogeneic CD4 T cell fraction (R1 ⫽ f, R2 ⫽
Œ, R3 ⫽ F), and statistical analysis of data with
each control CD4 fraction are shown. B, Same
stimulation of PDC as in A, while data are represented here as maximum (of three healthy control naive CD4 T cell fractions) response to each
TLR-activated PDC. C, Poly(I:C) plus TNF-␣stimulated MDC (3000 cells/well) activation of
allogeneic naive CD4 T cells from three unrelated healthy control subjects to proliferate. cpm
shown for each healthy control allogeneic CD4
T cell fraction (R1 ⫽ f, R2 ⫽ Œ, R3 ⫽ F). D,
Same stimulation of MDC as in C, while data are
represented here as maximum (of three healthy
control naive CD4 T cell fractions) response to
each TLR-activated MDC.
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culture with TLR ligands (poly(I:C) for MDC, or R-848 for PDC).
HCV infection was not associated with impairment in induction of
CD83 or CD86 on MDC after incubation with these TLR ligands.
There was a nonsignificant trend toward lower levels of HLA-DR
expression on MDC after TLR ligand stimulation ( p ⫽ 0.1). In
contrast, after TLR ligand stimulation, there were significantly
lower levels of HLA-DR on PDC obtained from HCV-infected
subjects than on PDC obtained from controls (MFI ⫽ 1,025 vs
1,787, p ⫽ 0.02).
We next examined the associations between TLR-dependent DC
maturation and the ability to activate naive CD4 T cells. CD86
expression on poly(I:C)-stimulated MDC directly correlated with
their ability to induce IFN-␥ production by naive CD4 T cells in
both healthy controls and HCV-infected subjects (r ⫽ 0.77, p ⫽
0.001 and r ⫽ 0.64, p ⫽ 0.02, respectively). In support of CD86
playing a role in T cell activation, Ab blockade of CD80/CD86
inhibited TLR ligand-dependent MDC and PDC activation of naive CD4 T cells to produce IFN-␥ by ⬎95% (data not shown).
There was also a direct correlation between levels of PDC
HLA-DR expression after R-848 stimulation and the ability of
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FIGURE 5. Maturation state of
freshly isolated DC subsets. A, Freshly
prepared enriched MDC and PDC subset surface phenotype is shown for a
representative healthy control subject.
HLA-DR, CD83, CD86, and CD11C
(for MDC), or BDCA-2 expression
(MFI) is represented on the y-axis. B,
Maturation state of freshly isolated
MDC and PDC from HCV-infected and
healthy control subjects.

these PDC to prime naive CD4 T cells in both healthy controls and
HCV-infected subjects (r ⫽ 0.88, p ⫽ 0.001 and r ⫽ 0.97, p ⬍
0.001, respectively). Conceivably the defect in the priming of naive CD4 T cells by TLR-stimulated PDC is related to their diminished expression of HLA-DR.
TLR ligand-induced IFN-␣ production is reduced in PDC of
HCV-infected persons
Cytokines that are secreted by DC are also known to influence the
strength of the T cell response. We therefore tested for differences
in production of cytokines by TLR-stimulated DC obtained from
healthy controls and from HCV-infected patients. As shown in Fig.
7, R-848 plus 2216 plus IL-3-stimulated PDC from HCV-infected
patients produced significantly less IFN-␣ ( p ⫽ 0.008) and IL-6
( p ⫽ 0.03) than did PDC from healthy controls. Although the
number of samples analyzed for cytokine secretion was limited,
there was a direct correlation between R-848-stimulated PDC
IFN-␣ secretion and activation of naive CD4 T cells when PDC
from both HCV and healthy control groups were analyzed together
(r ⫽ 0.70, p ⫽ 0.04).
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FIGURE 6. In HCV infection,
PDC HLA-DR MFI is decreased after
culture with TLR ligand (R-848).
Freshly isolated MDC and PDC
(30,000 cells/well) were cultured in
the presence of TLR ligand (poly(I:C)
for MDC and R-848 for PDC) for
20 h. Expression of CD83, CD86, and
HLA-DR on TLR ligand-stimulated
cells is represented for HCV-infected
and healthy control subjects.

Impaired DC function during chronic HCV infection may contribute to the origin of the apparent selected defect in HCV-specific
effector T cells and in the pathogenesis of HCV-related disease. To
explore the range of DC responsiveness and function, we examined the ability of DC, in the unstimulated state and after incubation with selected TLR ligands, to activate naive T cell responses.
After TLR ligand exposure, DC were ⬎10-fold more active than
unstimulated DC in their ability to activate naive CD4 T cells. We
previously demonstrated diminished numbers of PDC and impaired TLR ligand-induced PDC IFN-␣ production in chronic
HCV infection (19). In the present work, we found that in HCV
infection, TLR ligand-stimulated PDC were impaired in their ability to activate naive CD4 T cells, while TLR ligand-stimulated
MDC were not impaired. This defect was associated with reduced
HLA-DR expression and diminished secretion of IFN-␣ and IL-6
following stimulation with TLR ligand, providing potential explanations to account for the differences in T cell activation.
PDC are known to secrete large amounts of IFN-␣ in response
to TLR7 and 9 activation (15), and when activated are capable of
activating naive T cells (32, 33). Moreover, PDC are known to
traffic to lymph nodes, where they can participate in T cell activation (34). The role of PDC in T cell activation during response

to pathogens is yet to be determined in humans. We have confirmed here, using purified cell populations, that the TLR7-dependent activation of PDC to produce IFN-␣ is impaired in chronic
HCV infection. In addition, we have demonstrated a diminished
expression of HLA-DR on TLR7-activated PDC in HCV infection.
Because both IFN-␣ and HLA-DR expressions were found to be
associated with naive CD4 T cell activation, these factors may well
underlie the impairment in naive CD4 T cell activation that we
have shown here in PDC of HCV-infected persons. Importantly,
because the TLR ligand was present throughout the period of ex
vivo culture, we cannot exclude the possibility that TLR ligands
interact directly with T cells in this system (in a DC-dependent
fashion). However, the association between the effects of TLR
ligation on PDC activation and subsequent T cell activation suggests that these activities are linked, and that the defect is primarily
in TLR ligand-dependent activation of DC, which in turn have an
impairment in the ability to activate naive CD4 cells. Previous
studies investigating TLR ligand-dependent PDC IFN-␣ have been
mixed with regard to whether there is a defect on a per cell basis
during chronic HCV infection (19 –22, 29, 35–37). Differing results may be attributable to method of analysis, ranging from different TLR ligand stimuli (R-848 vs CpG, and differing CpG),
analysis of enriched PDC vs unfractionated PBMC, and different

FIGURE 7. TLR ligand-induced
PDC IFN-␣ and IL-6 production is reduced in HCV infection. Freshly prepared PDC (30,000 cells/well) were
cultured in the presence of TLR ligand or TLR ligand and activating cytokine (R-848 or R-848 plus 2216
plus IL-3) for 20 h. A, Culture supernatants were analyzed for IFN-␣ by
ELISA. B, Culture supernatants were
analyzed for IL-6 by ELISA.
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ity to activate naive T cells suggests that the dominant portion of
the defect we observe is in the PDC compartment.
Viruses have evolved to use multiple means for subversion of
the immune system, including interference with cell surface expression of the MHC-Ag complex by many different mechanisms,
and altered cell surface expression of coreceptors (45). In general,
microbes can evade host surveillance by interfering with DC generation, survival, maturation, Ag processing/presentation, and ability to activate or prime T cells (46). Infection with a number of
viruses other than HCV, including Ebola, HIV, Lassa, HSV, and
dengue and measles viruses, has also been shown to alter DC number or function (47–53). Our data in this study indicate during
chronic HCV infection that there is a defect in the PDC’s ability to
respond to the TLR7 ligand, resulting in an inability to activate
naive CD4 T cells. Although the role of PDC in T cell activation
is not well described, the results presented here suggest that defects
in PDC function may contribute to an ineffective host response to
neoantigen and/or TLR ligand-expressing pathogens. Consistent
with this notion is the observation of impaired HCV-infected host
responsiveness to neoantigen in the form of vaccine (8 –10). Future
studies investigating the role of DC function as it relates to HCVinfected host responsiveness to neoantigen and/or TLR ligand-expressing pathogen are indicated to further define the role of DC
function in HCV infection.
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