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Summary

Monocyte-derived dendritic cells (MoDCs) are a promising cellular adjuvant
for effector immune responses against tumours and chronic viral infections,
including hepatitis C virus (HCV). If autologous DC therapeutic approaches
are to be applied in persistent HCV infections in patients, it is important to
have an unambiguous understanding of the functional status of the cell type
used, namely MoDCs from patients with chronic hepatitis C (CHC) infection.
Because of conflicting published reports of either impaired or normal
MoDC function in CHC infection, we re-examined the ability of MoDCs
from CHC and normal healthy donors (NHD) to mature to an inflam-
matory stimulus [tumour necrosis factor (TNF)-a] and their subsequent
functional capabilities. Expression of maturation-associated phenotypic
markers [human leucocyte antigen (HLA)-DR, CD83, CD86, CD40],
allostimulatory capacity in mixed lymphocyte reactions (MLRs) and
CD40-ligand-induced cytokine and chemokine generation were compared in
CHC- versus NHD-MoDCs. TNF-a-stimulated CHC-MoDCs up-regulated
phenotypic markers, but to significantly lower levels than NHD-MoDCs. At
physiological ratios of DCs to T cells, CHC-MoDCs were less allostimulatory
than NHD-MoDCs, but not when DC numbers were substantially increased.
CHC- and NHD-MoDCs generated equivalent amounts of cytokines [TNF-a,
interleukin (IL)-1b, IL-6, IL-12p70, IL-15, IL-10] and chemokines [interferon-
inducible protein (IP)-10, macrophage inflammatory protein (MIP)-1a,
regulated upon activation, normal T expressed and secreted (RANTES)] after
CD40 ligation. Because the functional defect was not apparent at high
MoDC : T cell ratios, autologous MoDC therapy with sufficiently high
numbers of DCs could, in theory, overcome any impairment of MoDC func-
tion in CHC.
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Introduction

Hepatitis C virus (HCV) infection is a major world health
problem estimated to infect 170 million people; 3–4 million
individuals are newly infected each year, of whom about 80%
progress to chronic infection. Persistence of HCV infection
results from a combination of the mutability of the virus
genome and the ability of the virus to evade cells of the
immune system. In those individuals who clear the acute
infection a robust and, crucially, sustained CD4+ and CD8+ T
cell response to multiple HCV antigens is apparent [1]. In
contrast, although subjects who develop chronic infection
can mount early, vigorous effector T cell responses against a

variety of HCV peptide epitopes [2], these responses are
transient. Gradually, the frequency of HCV-specific CD4+

and CD8+ T cells declines and the range of peptide epitopes
recognized becomes restricted. In addition, the HCV-specific
CD4+ T cells secrete less interferon (IFN)-g and more regu-
latory cytokines [3,4] and the HCV-specific CD8+ T cells
become less cytolytic [5–7].

The prime initiators of acquired immune responses are
dendritic cells (DCs) because of their highly effective antigen
presentation to naive T cells [8]. It has been hypothesized
that the weak cellular immunity to HCV seen in individuals
with chronic HCV infection (CHC) could be due to alter-
ation of DC function by the virus leading to weak, absent or
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inappropriate T cell responses to HCV. This suggestion arose
from studies on circulating blood DCs, where the majority of
reports have observed functional impairment in myeloid
and plasmacytoid DCs in CHC infection compared with
healthy non-HCV-infected individuals [9–15], although
there are also two studies reporting no defect in plasmacy-
toid DCs [16,17] or myeloid DCs [17] from CHC subjects.
Blood DCs are scarce and cannot be expanded readily
in vitro. More appropriate for DC therapy is the easily cul-
tured monocyte-derived DC (MoDC). Similar to studies on
blood DCs, there is controversy about the presence or oth-
erwise of HCV-associated defects in MoDCs. Three groups
have reported maturational and allostimulatory defects in
MoDCs cultured from CHC compared with NHD subjects
[10,18,19], while two studies observed no such impairment
[20,21].

In light of the conflicting results obtained in previous
investigations, the aim of the present study was to
re-evaluate the maturational and functional capabilities of
MoDCs from CHC patients compared with NHD subjects,
with particular emphasis on cytokine and chemokine prod-
ucts of these cells. Autologous MoDCs are being used as
cellular adjuvants in clinical trials for the treatment of
tumours [22], and recently in experimental therapy of
chronic HIV-1 infection [23]. A recent review concluded that
DC vaccination could be effective in CHC infection pro-
vided that the MoDCs are appropriately antigen-loaded
and matured ex vivo [24]. Encouraging results have been
obtained in a mouse model of DC vaccination where cul-
tured, bone marrow-derived DCs, pulsed with recombinant
HCV core antigen and injected into naive mice induced
anti-core CD8+ T cell responses. The cellular response
was associated with enhanced protection against implanted
melanoma tumours expressing HCV core protein [25]. If
such cell therapy approaches are to be applied in CHC infec-
tions in patients, it is important to have an unambiguous
understanding of the functional status of the cell type used
in DC therapy, namely MoDCs, during chronic HCV
infection.

Materials and methods

Human subjects

Ethical approval was obtained from Southampton and
South-west Hampshire Joint Research Ethics Committee
and all patients gave informed consent in writing prior to
participating in the study. A total of 23 patients with chronic
hepatitis C virus infection (CHC, 19 male and four female,
median age 47 years, range 29–71 years) were recruited from
the hepatology clinics run by Southampton University Hos-
pitals National Health Service Trust. All patients had detect-
able HCV RNA (13 genotype 1a/b, 10 non-genotype 1),
which was quantified in 17 individuals using the Cobas
Amplicor HCV Monitor test (version 2·0; Roche Molecular

Systems, Branchburg, NJ, USA). Nineteen of 20 patients with
a known risk factor for HCV acquired the infection via intra-
venous drug use. In 17 of 23 patients tested, viral loads
ranged from 1·9 ¥ 104 to 2·3 ¥ 107 IU/ml (median 4·6 ¥ 106

IU/ml). The median alanine aminotransferase level in CHC
donors was 60·0 (range 20·0–265·0). Patients were excluded
if they had received treatment for HCV infections 6 months
or less prior to the study or tested positive with hepatitis B
virus or HIV. Twenty uninfected normal healthy donors
(NHD, 13 male and seven female, median age 49 years, range
26–79 years) with no known risk factors for blood-borne
virus infection consented to give blood for this study. When
DC numbers were limited, DCs could not be used in all
assays; however, 10 of 13 NHD and 10 of 10 CHC donor
MoDCs were used in both mixed lymphocyte reaction and
phenotyping experiments.

Culture of MoDC

Fifty ml of freshly drawn blood was obtained from NHD
subjects (n = 20) or CHC patients (n = 23). Blood was col-
lected into K3-ethylenediamine tetraacetic acid (EDTA) and
separated immediately by centrifugation over Lymphoprep
(Robbins Scientific, Solihull, UK). Peripheral blood mono-
nuclear cells (PBMCs) were recovered and monocytes then
isolated using the MACS CD14+ isolation kit (Miltenyi
Biotec, Bisley, UK), according to the manufacturer’s recom-
mended protocol. CD14+ cells were positively selected from
PBMC using an AutoMACS machine (Miltenyi Biotec).
Monocytes (106 cells/ml) were cultured in six-well plates
(Greiner Bio-One, Stonehouse, UK) in 3 ml per well of com-
plete RPMI medium [RPMI-1640 without phenol red (Invit-
rogen, Paisley, UK), with 2 mmol/l l-glutamine, 100 U/ml
penicillin, 100 mg/ml streptomycin (Sigma, Poole, UK) and
10% heat-inactivated fetal calf serum (FCS) (Hyclone,
Perbio Science UK Ltd, Tattenhall, UK)], containing
50 ng/ml recombinant human granulocyte–macrophage
colony-stimulating factor (rhGM-CSF) and 1000 IU/ml
rhIL-4 (both from R&D Systems, Abingdon, UK). After 2·5
days and 5 days 0·5 ml of culture medium was replaced with
fresh cytokines. On day 5, half the immature DCs (iDCs)
were additionally given 50 ng/ml rhTNF-a (R&D Systems),
resulting in mature DCs (mDCs) 2 days later. The purity of
DCs after 7 days was typically 95–97%, as assessed by fluo-
rescence activated cell sorter (FACS) analysis for human leu-
cocyte antigen D-related (HLA-DR+), CD1a+, CD3–, cells
(anti-human CD1a; Dako, Ely, UK; anti-human CD3, HLA-
DR; BD Biosciences, Cowley, UK).

Immunostaining MoDCs following maturation with
rhTNF-a

Fifty ml of peripheral blood was collected into heparin from
10 CHC and 10 NHD subjects. To identify MoDCs and their
cell surface phenotype, MoDCs were stained for two-colour
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flow cytometry. For each condition, 5 ¥ 105 MoDCs were
incubated on ice for 30 min in 50 ml wash buffer [phosphate-
buffered saline (PBS)/0·05% NaN3/0·5% bovine serum
albumin (BSA)] containing 100 mg/ml human Fcg fragments
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) (‘blocking buffer’). Next, cells were incubated on ice
for 30 min with 50 ml of antigen-presenting cell (APC)-
labelled anti-human CD83, CD86 or CD40 (BD Biosciences)
or fluorescein isothiocyanate (FITC)-labelled anti-human
HLA-DR (BD Biosciences), all diluted to their optimal con-
centrations in blocking buffer or APC- or FITC-labelled
isotype controls (murine IgG1 and IgG2b; BD Biosciences)
at equivalent dilutions. Cells were washed three times in
wash buffer, then fixed in 1% formaldehyde and stored on ice
in the dark pending analysis.

Flow cytometric analysis of MoDCs

Events were acquired using a FACSCalibur dual laser flow
cytometer (BD Biosciences) and analysed using CellQuest
software (BD Biosciences). In MoDC cultures, MoDCs were
identified as large cells having strong labelling for HLA-DR.
Using two-colour analysis, the presence of the surface
markers, HLA-DR, CD83, CD86 and CD40 on immature
and mature MoDCs was determined by collecting � 40 000
events in the total cell population. All positive staining was
compared with appropriate isotype controls.

Allogeneic mixed lymphocyte reaction (MLR)

Responder CD4+ T cells were purified by negative selection
from 10 allogeneic normal healthy donors using a CD4+ T
cell Isolation Kit II (Miltenyi Biotec), according to the manu-
facturer’s recommended protocol. All the T cell donors gave
blood on more than one occasion to give a total of 23 MLR
tests of MoDC function (13 NHD, 10 CHC). Purified CD4+

T cells were then incubated for 10 min at 37°C with 5 mM
5-(and-6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE; Molecular Probes Inc., Eugene, OR, USA). Incorpo-
ration of CFSE was stopped by addition of 5 volumes of
ice-cold complete RPMI-1640 medium and excess CFSE was
removed by washing the cells three times in the same diluent.
CFSE-labelled responder T cells (2 ¥ 105) were mixed with
serial dilutions of mDCs or, for comparison, iDCs in
U-bottomed 96-well plates in complete RPMI-1640. After
6 days, cells were harvested, fixed in 1% formaldehyde and
analysed by flow cytometry. As a measure of T cell prolifera-
tion, the percentage of CD4+ T cells in which CFSE fluores-
cence had decayed was determined.

Stimulation of MoDCs using CD40 ligand-transfected
cells

To measure cytokine and chemokine release in response to
CD40 ligation, 2 ¥ 105 washed immature or TNF-a-matured

MoDCs were added to 2 ¥ 105 human CD40 ligand-
transfected Chinese hamster ovary cells (hCD40L-CHO) or
wild-type cells (wt-CHO) (both gifts from Professor M.
Glennie, Tenovus Laboratories, Southampton, UK) adhering
to the wells of 48-well cell culture plates in a final culture
volume of 0·5 ml complete RPMI-1640 medium. Further
wells contained MoDCs, hCD40L-CHO or wt-CHO cells
alone. After 24 h, supernatants were harvested and centri-
fuged for 10 min at 2500 g, then frozen pending further
analysis.

Quantifying cytokine production

Multiple cytokines [TNF-a, IL-1b, IL-12p70, IL-10, IL-6,
IL-15, regulated upon activation, normal T expressed and
secreted (RANTES), macrophage inflammatory protein
(MIP)-1a and interferon-inducible (IP)-10 (CXCL10)] were
measured in culture supernatants from MoDCs using
Beadlyte® reagents and Luminex xMAP instrumentation
(Upstate, Dundee, UK).

Statistical analysis

Unpaired t-tests and, where appropriate (data in Fig. 2),
Mann–Whitney tests were used to compare means. Analyses
were performed using Prism version 4·0 for Windows
(GraphPad Software, San Diego, CA, USA).

Results

MoDCs from CHC donors mature less well than
NHD-MoDCs in response to TNF-a

Before conducting any functional studies on MoDCs from
CHC donors, it was first important to determine whether
the cells were able to respond appropriately to a DC matu-
ration stimulus (TNF-a 50 ng/ml). A moderate maturation
stimulus was chosen rather than a potent one [e.g.
lipopolysaccharide (LPS)] that might have masked any
subtle defects in the responses of CHC MoDCs. Using
FACS analysis, we measured expression of surface mol-
ecules that are characteristically up-regulated in normal
DCs after treatment with TNF-a (CD83, HLA-DR, CD40,
CD86, Fig. 1). To normalize variations between FACS
analyses performed over several months, and because we
were comparing the ability to mature between NHD- and
CHC-MoDCs, MoDC maturation was expressed as the
fold-increase in mean fluorescence intensities (MFIs)
pre- and post-treatment with TNF-a. Prior to maturation,
there were no significant differences in the MFIs of
phenotypic markers between NHD- and CHC-MoDCs
[mean � standard deviation (s.d.) of MFIs of NHD-
MoDCs versus CHC-MoDCs were as follows: CD83,
2·3 � 0·6 versus 3·1 � 0·9; HLA-DR, 2·4 � 0·3 versus
1·7 � 0·1; CD40, 18·8 � 2·3 versus 19·5 � 5·4; CD86,
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21·8 � 6·6 versus 57·5 � 16·2]. MFI values are net
amounts, after subtraction of the MFI of the relevant
isotype control.

Although MFIs of all four phenotypic markers that we
tested after TNF-a treatment increased in both NHD- and
CHC-MoDCs, the increase in expression of the markers was
significantly lower (P < 0·05) in CHC-MoDCs compared
with NHD-MoDCs. Representative examples of phenotypic
marker expression by NHD- and CHC-MoDCs pre- and
post-TNF-a treatment are shown in Fig. 1. There were no
significant differences in the percentages of TNF-a-matured
CHC versus NHD MoDCs positive for HLA-DR (100%
versus 100%), CD86 (mean � s.d. = 94·4 � 2·5% versus
96·3 � 1·6%), CD83 (89·6 � 7·9% versus 90·7 � 11·3%) or
CD40 (96·9 � 1·0% versus 85·5 � 10·8%).

MoDCs from CHC donors are less allostimulatory than
NHD-MoDCs at low DC : T ratios

Up-regulation of MHC class II and co-stimulatory mol-
ecules such as CD86 and CD40 following exposure to
endogenous inflammatory stimuli such as TNF-a is criti-
cally important for effective antigen presentation by DCs to
naive CD4+ T cells. We used the mixed lymphocyte reaction
(MLR) assay as one way of assessing the antigen-presenting
(in this case allogeneic antigens) capacity of NHD- versus

CHC-MoDCs. Results of the MLR experiments indicated
that, at higher DC : T ratios, CHC-MoDCs did not show
any defect in their ability to stimulate proliferation of allo-
geneic CD4+ T cells (Fig. 2). Immature DCs from both CHC
and NHD groups were equally active in stimulating alloge-
neic T cell proliferation except at the lowest DC : T cell ratio
(1 : 2187). After maturation with TNF-a, there was no sta-
tistical difference in the allostimulatory capacities of NHD-
and CHC-MoDCs at five of seven DC : T cell ratios tested
(1 : 3–1 : 243). At the optimal DC : T ratios for CD4+ T cell
proliferation (1 : 9–1 : 27) in the MLR assays, there was no
difference between the allostimulatory capacities of TNF-a-
matured MoDCs from either study group. However, at
DC : T ratios of less than 1 : 81, at what could be regarded
as more physiologically relevant numbers of DCs [26,27],
there was a distinct trend for weaker allostimulation by
CHC- compared with NHD-MoDCs which was statistically
significant at DC : T cell ratios of 1 : 729 and 1 : 2187
(P < 0·05).

MoDCs from CHC donors are fully competent at
generating cytokines and chemokines in response to a
physiological stimulus

In order to assess whether CHC-MoDCs are defective in
cytokine or chemokine production, we compared the ability
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of immature and TNF-a-matured MoDCs from CHC and
NHD subjects to generate a range of key proinflammatory
and regulatory cytokines and chemokines in response to
ligation with CD40 ligand (CD40L). Specifically, we mea-
sured amounts of: (1) a cytokine implicated in T helper 1
(Th1) differentiation (IL-12 p70); (2) chemokines that
attract Th1 cells (IP-10, MIP-1a, RANTES); (3) a cytokine
involved in inducing CTL and natural killer (NK) cell
responses (IL-15); (4) cytokines associated with the
induction of tolerance or regulatory T cells (IL-10 and IL-6);

and (5) proinflammatory cytokines (e.g. IL-1b, IL-6 and
TNF-a).

Amounts of five of the nine key products assayed are
shown in Fig. 3. There were no significant differences in
IL-10, IL-12p70, IL-15, IL-6 or IP-10 generation by CHC- or
NHD-MoDCs after CD40 ligation. TNF-a, IL-1b, MIP-1a
and RANTES generation were also equivalent between both
groups (data not shown). Wild-type CHO cells did not
stimulate measurable cytokine or chemokine secretion from
MoDCs (data not shown).
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Discussion

The results presented here suggest that monocyte-derived
DCs cultured from patients with chronic HCV infection are
significantly defective in their capacity to mature in response
to a relatively weak stimulus (50 ng/ml TNF-a) in terms of:
(1) up-regulating the expression of surface molecules
involved in antigen presentation (HLA-DR, CD86, CD40)
and a classical marker of DC activation (CD83) and (2) at
physiological ratios of DCs to T cells, their ability to present
antigen in MLR assays. However, after a strong stimulus
(cell-bound CD40L), CHC-MoDCs were as competent as
NHD-MoDCs at generating a broad repertoire of effector
cytokines and chemokines.

Previous studies of NHD- versus CHC-MoDC activity
have shown either a significantly impaired allostimulatory
activity of CHC-MoDCs [18,19] or no significant defect
[20,21] at all ratios of DC : T cells tested. Unlike both the
latter analyses, we used purified CD4+ T cells as responders in
the MLR assay and also the FACS-based CFSE method rather
than tritiated thymidine incorporation to measure cell pro-
liferation of that specific cell type. These differences in meth-
odology could account for the subtle distinction in our MLR
findings. However, in support of our data, Longman et al.
[20] showed a trend, although not statistically significant, for
lower allostimulatory activity of CHC- versus NHD-MoDCs
at the lowest ratios of DC : purified T cells used (1 : 270 and
1 : 810). Imaging studies in intact mouse lymph nodes
suggest that an antigen-loaded DC can interact with some-
where between 500 [26] and 5000 [27] T cells in 1 h.

In the present study, although there was a significant
defect in the allostimulatory activity of TNF-a-matured
CHC-MoDCs when DC numbers were limited, the defi-
ciency was restored at higher DC : T cell ratios when, pre-
sumably, higher densities of DC co-stimulatory molecules
were achieved This is encouraging for cell therapeutic
approaches that would administer in vitro-cultured autolo-
gous MoDCs to CHC patients in order to restore defective
T cell immunity to HCV because it suggests that T cell
responses could be driven provided enough DCs are present,
although we did not test HCV-specific responses in the
present study.

Our data suggest that despite evidence of an impaired
allostimulatory capacity at low DC : T cell ratios, CHC-
MoDCs are fully capable of generating a range of proinflam-
matory cytokines and chemokines that are critical for
Th1-induced viral clearance (IL-12p70, IL-15, IP-10) and,
furthermore, have no evidence of enhanced immuno-
suppressive (IL-10) or Th2-inducing (IL-6) cytokine
production. There were no statistical associations between
amounts of MoDC cytokines and chemokines and the viral
loads or disease severity of the donors (data not shown). The
weakened cellular immunity to HCV antigens described pre-
viously in chronic HCV infection [3–7], therefore, is not
attributable to any defect in Th1-inducing (IL-12p70) or

enhanced immunosuppressive (IL-10) cytokine production
by antigen-presenting cells as represented by cultured
MoDCs. We have measured a wider range of MoDC prod-
ucts than in previous studies and also used CD40 ligation as
a stimulus rather than LPS. However, with respect to equiva-
lent IL-12p70 generation by CHC versus NHD MoDCs, our
data are consistent with those of Bain et al. [19] and Piccioli
et al. [21], and also our finding of comparable IL-10 and
TNF-a production between MoDCs cultured from both
study groups [21].

In conclusion, our data suggest that if CHC-MoDC func-
tion is defective, rather than the gross impairment of func-
tion reported in some other studies [10,18,19], the defect is
subtle and can be overcome by increasing DC numbers
(as shown in the MLR assay) or by the magnitude of the
maturational stimulus (as shown by cytokine release after
stimulation by cell-bound CD40L). Indeed, consistent with
the lack of a gross defect in DC function, patients with
chronic HCV infection show no evidence of being less able
to clear other infections compared with non-HCV-infected
individuals. Our results bode well for the possible use of
auologous MoDC therapy for chronic HCV infection where
large numbers (several millions) of DCs are given that can be
preactivated by suitable maturation factors before adminis-
tration to the patient.
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