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Human cytomegalovirus (HCMV) infection is well controlled mainly by cytotoxic CD81 T lymphocytes
(CTL) directed against the matrix protein pp65 despite the numerous immune escape mechanisms developed
by the virus. Dendritic cells (DCs) are key antigen-presenting cells for the generation of an immune response
which have the capacity to acquire antigens via endocytosis of apoptotic cells and thus present peptides to
major histocompatibility complex class I-restricted T cells. We examined whether this mechanism could
contribute to the activation of anti-pp65 CTL. In this study, we show that infection by HCMV AD169 induced
sensitization of MRC5 fibroblasts to tumor necrosis factor alpha-mediated apoptosis very early after virus
inoculation and that pp65 contained in apoptotic cells came from the delivery of the matrix protein into the cell.
We observed that immature DCs derived from peripheral monocytes were not permissive to HCMV AD169
infection but were able to internalize pp65-positive apoptotic infected MRC5 cells. We then demonstrated that
following exposure to these apoptotic bodies, DCs could activate HLA-A2- or HLA-B35-restricted anti-pp65
CTL, suggesting that they acquired and processed properly fibroblast-derived pp65. Together, our data suggest
that cross-presentation of incoming pp65 contained in apoptotic cells may provide a quick and efficient way to
prime anti-HCMV CD81 T cells.

CD81 T-cell response is a major effector mechanism to
contain viral infections. The importance of dendritic cells
(DCs) for the initiation of CD81 T-cell responses against vi-
ruses has been recently emphasized by the description of mo-
lecular mechanisms involved in naive T-cell stimulation. It has
been suggested that CD81 T-cell expansion could first require
CD41 T-cell help through CD40 ligation on DCs and that this
step can be bypassed by direct infection of DCs by a virus (17).
Nevertheless, this finding did not fully explain how antiviral
CD81 T cells could be generated in cases where DCs were not
susceptible to infection. DCs function as sentinels of the im-
mune system and are characterized by their ability to activate
T cells through unusual pathways of antigen capture (2). Since
DCs can deliver exogenous antigens in either the soluble or
particulate form into the major histocompatibility complex
(MHC) class I pathway, it is conceivable that antiviral cytotoxic
T-lymphocyte (CTL) priming might be achieved in this way in
cases of infection by cytopathic viruses. Moreover, DCs are
able to acquire antigens through phagocytosis of infected apo-
ptotic cells and process them into the MHC class I pathway for
presentation to CD81 T cells (1). Although there is evidence
that DCs are susceptible to infection by viruses such as influ-
enza virus, human immunodeficiency virus, and measles virus
(1, 12), the extent to which each antigen capture mechanism
contributes to the activation of virus-specific immune response
is not fully known. Nevertheless, one may suggest that the
cross-presentation mechanism has direct implications in ex-
pansion of CD81 T cells targeted against noncytopathic viruses

which do not infect DCs. We then asked how this could take
part in activation of CD81 T cells against human cytomegalo-
virus (HCMV).

Infection by HCMV, a latent betaherpesvirus, is well con-
trolled by T cells mainly of the CD81 subset, whose major
target is the matrix protein pp65 (for reviews, see references 3
and 15). Indeed, very high frequencies of anti-pp65 CD81

T-cell precursors have been found in healthy blood donors
compared to other viral proteins (24). Whereas it has been
shown that HCMV is latent in DC progenitors (11), it seems
that susceptibility of either immature or mature DCs to infec-
tion is not well established and may vary according to both cell
subset and HCMV strain (18, 21). It was recently demon-
strated that HCMV infection could either induce or inhibit
apoptosis mediated by Fas, tumor necrosis factor alpha
(TNF-a) receptor 1 (TNF-R1), and TRAIL (TNF-related apo-
ptosis-inducing ligand) receptor in vitro (4, 9, 20), and that
apoptosis of infected cells in Fas and TNF-R1 knockout mice
played a pivotal role in the clearance of murine CMV in vivo
(7). In this study, we examined whether cross-presentation of
apoptotic cells by DCs could be involved in activation of anti-
HCMV-specific CD81 T cells. We showed that TNF-a could
induce apoptosis of HCMV AD169-infected MRC5 fibroblasts
very early after infection, providing a suitable source of antigen
for phagocytosis by immature DCs. We then derived immature
DCs from peripheral blood mononuclear cells (PBMC) and
demonstrated that they did not synthesize HCMV immediate-
early (IE) antigens even after prolonged incubation with the
virus. Finally, we showed that HLA-A2- and HLA-B35-re-
stricted anti-pp65 CD81 CTL were stimulated following expo-
sure of DCs to HCMV-infected apoptotic fibroblasts, suggest-
ing that DCs acquired and processed properly the matrix
protein pp65 through phagocytosis of apoptotic bodies. Thus,
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seeing that pp65 was internalized by fibroblasts immediately
after viral input without de novo synthesis, processing of this
incoming antigen by DCs may provide a quick and efficient way
to prime anti-HCMV CTL before viral replication.

MATERIALS AND METHODS

Virus and cells. HCMV AD169 was propagated in MRC5 human fibroblasts
(BioMérieux, Marcy l’Etoile, France). Virus was collected when cytopathic ef-
fects were .90%. Supernatants were clarified by centrifugation at 1,500 3 g for
10 min at 4°C and were stored at 280°C until use. Virus titer was determined by
PFU titration in human foreskin fibroblasts (American Type Culture Collection)
according to standard procedures. U373MG (A0) astrocytoma cells were a gift
from S. Michelson (Institut Pasteur, Paris, France). Both MRC5 and U373MG
cells were phenotyped HLA-A2 by the Laboratoire Central d’Immunologie-
Rangueil, Pr. Ohayon, Toulouse, France). Infections with HCMV were per-
formed at a multiplicity of infection (MOI) of 3 unless otherwise stated.

Generation of DCs. DCs were prepared from PBMC using a VacCell proces-
sor as described by Goxe et al. (10). Briefly, PBMC obtained from leukapheresis
were cultured for 7 days in hydrophobic bags (Stedim, Marseille, France) in
AIMV serum-free medium (Life Technologies, Cergy Pontoise, France) supple-
mented with granulocyte-macrophage colony-stimulating factor (GM-CSF; 500
U/ml; provided by Novartis, Ruel Malmaison, France) and interleukin-13 (IL-13;
50 ng/ml; provided by Sanofi-Synthelabo, Labege, France). Fresh IL-13 was
added again after 4 days of culture. DCs were isolated on day 7 by elutriation.
DC purity was around 90%, and viability was .95%.

Immunophenotypic analysis of DCs. Flow cytometry analysis was performed
using a FACSCalibur (Becton Dickinson, San Jose, Calif.) by gating the cell
population of interest on forward scatter/side scatter. Antibodies used were
fluorescein isothiocyanate (FITC)-conjugated anti-HLA-ABC (B9.12.1), anti-
HLA-DR (B.8.12), anti-CD14 (MoP9), anti-CD64 (22), anti-CD80 (MAB104),
and anti-CD83 (HB15A), and phycoerythrin-conjugated anti-CD40 (MAB89),
anti-CD86 (HA5-B2B7), anti-CD1a (BL6), and anti-CD11c (B-ly6). All antibod-
ies were purchased from Coulter-Immunotech (Marseille, France) except for
CD14 and CD11c, which were provided by Becton Dickinson and Pharmingen,
respectively. For staining, cells were washed and resuspended in phosphate-
buffered saline (PBS) with 1% fetal calf serum (FCS) containing conjugated
antibody. After 30 min on ice, cells were washed and resuspended in PBS–1%
FCS. TOPRO-3 (Molecular Probes, Eugene, Oreg.) was added to exclude dead
cells from analysis.

Assays for detection of apoptosis. Cells were cultured in either 24- or 6-well
culture plates in RPMI 1640 (RPMI medium; Gibco, Cergy Pontoise, France)
containing 10% FCS and supplemented with Glutamax-I, sodium pyruvate, and
antibiotics including antimycoplasma OFLOCET (Roussel, Paris, France) unless
otherwise stated. MRC5 cells were either mock infected or infected with HCMV
AD169 for 6 h. Recombinant TNF-a (1,000 U/ml; R&D Systems, Abington,
United Kingdom) was added to the cells and left for 8 h in either the presence
or absence of cycloheximide (CHX; 25 mg/ml; Sigma, St. Quentin Fallavier,
France). After incubation at 37°C in the conditions specified above, cells were
washed with PBS and detached with trypsin. The presence of apoptotic cells was
detected by multiparameter flow cytometry (Coulter Epics) using propidium
iodide (PI) and FITC-conjugated annexin V (AV; Coulter-Immunotech) accord-
ing to the manufacturer’s instructions.

For Hoechst assay, cells were treated as described above except that adherent
cells were grown for 24 h on slides in RPMI medium–10% FCS, labeled with
Hoechst 33342 (10 mg/ml in PBS; Sigma) for 30 min at 37°C, and then fixed with
1% paraformaldehyde. Hoechst-stained condensed nuclei were counted, and
results were expressed according to the following formula: % specific apopto-
sis 5 (% of condensed nuclei from treated cells 2 % of condensed nuclei from
untreated cells/100 2 % of untreated cells) 3 100. The data shown are means of
four independent experiments.

Western blotting. Cells were pelleted, washed with PBS, and sonicated in
water. Total proteins were quantified using a MicroBCA assay (Bio-Rad), and
samples were boiled for 5 min in 5% b-mercaptoethanol reducing Laemmli
sample buffer. Aliquots were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) in 10% denaturing polyacrylamide gels
and transferred to nitrocellulose membranes (Hybon C; Amersham). Blots were
stained with Ponceau red to visualize total proteins contained in each slot and
then probed with a mouse monoclonal antibody (MAb) directed against HCMV
IE proteins (IE1 [UL122] and IE2 [UL123], hybridoma supernatant provided by
M. Mazeron, Paris, France) at 1:10 dilution. Antibody fixation was revealed using
peroxidase-conjugated anti-mouse antibodies at 1:1,000 dilution (ECL detection
kit; Amersham).

Metabolic labeling and immunoprecipitation. Cells were infected with HCMV
in 25-cm2 culture flasks and treated or not with the TNF-a–CHX mix. At
different times postinfection (p.i.), cells were washed in PBS, incubated in me-
thionine- and cysteine-free medium (Gibco) for 1 h, and then labeled with
[35S]methionine-[35S]cysteine (500 mCi/ml; NEN) for 2 h. Cells were treated with
trypsin (Gibco), washed, and either stored at 220°C or immediately lysed by
incubation for 45 min on ice in lysis buffer (5 mM EDTA, 150 mM NaCl, 1 mM
MgCl2, 0.05 mM phenylmethylsulfonyl fluoride, 50 mM Tris [pH 7.6]) containing

2% NP-40. After an overnight preclearing with protein G-conjugated Sepharose
beads (Pharmacia), antibody was added to the lysate and the mixture was incu-
bated for 2 h at 4°C. Mouse anti-pp65 antibodies (gift from G. Gerna, Milan,
Italy) were used. Protein G-conjugated beads were then added, and incubation
continued for an additional 2 h at 4°C. After washing, the beads were pelleted
and boiled for 5 min in reducing Laemmli sample buffer containing 5% b-mer-
captoethanol. Samples were separated by SDS-PAGE (10% gel). Gels were
fixed, incubated in Amplify (Amersham), vacuum dried, and exposed to Hyper-
film-MP (Amersham).

Immunofluorescent intracellular labeling of pp65. One day before the labeling
experiment, MRC5 cells were seeded on Labtek chamber slides (Nunc, Naper-
ville, Ill.) at 1.5 3 105 cells per well. DCs were cytocentrifuged (2 3 105 cells/
spot) at 900 rpm for 3 min (Cytospin; Shandon, Pittsburg, United Kingdom).
Cells were fixed for 10 min in PBS containing 2% saccharose and 5% formal-
dehyde and then permeabilized with 10% saccharose, 0.5% NP-40, and 1% SVF
in PBS for 5 min. After washing with PBS–1% FCS, cells were incubated (30 min,
37°C) with a mouse MAb directed against pp65 (clone 58/2; gift from S. Mich-
elson, Paris, France) at 1/100 dilution. Cells were then washed three times in PBS
and incubated with a 1:100 dilution of FITC-labeled goat anti-mouse immuno-
globulin (GAM-FITC; Sigma) for 30 min. Slides were washed three more times,
mounted, and examined on a Leitz fluorescence microscope. For flow cytometry
analysis, the cell pellet was sequentially incubated with 1% formaldehyde (Sig-
ma) for 15 min at 4°C, washed once in PBS, resuspended in cold 80% methanol,
and kept at 220°C overnight. Cells were washed and incubated for 45 min at
37°C with a mouse MAb directed against pp65 (clone 9530; gift from S. Mich-
elson). GAM-FITC (Sigma) was used as a second step reagent before flow
cytometry analysis. Labeling with GAM-FITC alone served as a control in both
cytometry and microscopy. All incubation and washing steps were done in PBS
supplemented with 20% human AB serum.

Purification of apoptotic cells. MRC5 cells were either infected or not with
AD169 and treated overnight with a mixture of recombinant TNF-a (1,000 U/ml)
and CHX (25 mg/ml). In these conditions, we showed that most (consistently
.90%) of the cells underwent apoptosis using detection assays as described
above. Then cells were magnetically labeled with AV microbeads (Miltenyi
Biotech) for 15 min at room temperature and passed through a MACS column
placed in the magnetic field of a MACS separator according to the manufactur-
er’s instructions. Apoptotic cells were eluted in RPMI medium and then labeled
with AV and PI as previously described, and their phenotypes were determined
by flow cytometry. Samples were then used in coculture experiments as described
below.

Phagocytosis assay. MRC5 cells were dyed red with PKH26 (Sigma) as spec-
ified by the manufacturer, infected with HCMV, and then induced to undergo
apoptosis as described above. Apoptotic red cells were then cocultured with
immature DCs (one DC for five apoptotic cells) in RPMI medium supplemented
with GM-CSF and IL-4 for 10 h at either 4 or 37°C. DCs were labeled with a
mouse anti HLA-DR antibody (clone L243; American Type Culture Collection)
and then with GAM-FITC (Sigma). Labeling with GAM-FITC alone served as a
control. Qualitative and quantitative phagocytosis of apoptotic cells by DCs was
determined by flow cytometry and fluorescence microscopy.

Expansion of anti-pp65 CD81 T cells from HCMV-seropositive donor PBMC.
HLA typing was performed by the Laboratoire Central d’Immunologie. PBMC
(2 3 106 cells/ml) from HCMV-seropositive healthy donors with the haplotypes
HLA-A2 (donors P and V) and HLA-B35 (donor M) were cultured in 24-well
plates in RPMI medium containing 10% human AB serum, 1% minimal essential
medium with no essential amino acids (Gibco), and 10 mM HEPES (Gibco).
pp65-derived peptides corresponding to known CTL epitopes (8, 23) that are
recognized in the context of HLA-A2 (NLVPMVATV, N9V) and HLA-B35
(IPSINVHHY, I9Y) were obtained from Neosystem (Strasbourg, France). The
restimulation procedure was based on the incubation of PBMC with a mixture
containing the appropriate peptide and recombinant fusion protein IE1-pp65 to
provide CD41 T-cell help (unpublished data). Briefly, at day 1 cells were stim-
ulated with a mixture containing either N9V or I9Y (5 mg/ml) and IE1-pp65 (5
mg/ml) associated with a nanoparticulate carrier (SMBV; a gift from Biovector
Therapeutics, Labege, France). At days 3 and 7, recombinant human IL-7 (a gift
from Sanofi-Synthelabo) was added at a final concentration of 25 ng/ml. Alter-
natively, after 9 to 15 days of culture, cell lines were incubated with beads coated
with a mouse anti-human CD8 antibody (Dynabeads M450 CD8; Dynal) for 50
min at 4°C. Rosetted cells were isolated magnetically and cultured for 16 to 20 h
at 37°C. Purity (.90%) of the isolated CD81 cell subset was determined by dual
staining with anti-CD4 and anti-CD8 antibodies (Coulter-Immunotech) and flow
cytometry analyses. Activation of anti-pp65 CTL was assessed through quanti-
tation of secreted gamma interferon (IFN-g) by enzyme-linked immunosorbent
assay (ELISA) as described below.

Assay for cross-presentation of apoptotic cells. Immature DCs (5 3 105

cells/well) obtained from either HLA-A2 or HLA-B35 donors were cocultured in
six-well plates for 24 h in medium supplemented with GM-CSF (100 ng/ml;
Novartis) and IL-4 (50 ng/ml; gift from J.-P. Marolleau, Paris, France) in the
presence of purified apoptotic cells (1:1 ratio) raised from either HCMV-in-
fected or uninfected MRC5 cells. Cells were washed 24 h later, plated in dupli-
cate in a 96-well plate (at 104 cells/well), and incubated for 24 h in the presence
of an anti-pp65 T-cell line at different effector-to-DC ratios in a final volume of
200 ml. Alternatively, DCs were used either unlabeled or pulsed overnight with
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1 mM N9V or I9Y peptide in the presence of TNF-a (50 ng/ml) or infected with
AD169 (MOI of 3) for 24 h.

51Cr release assay and ELISA for IFN-g secretion. HLA-A2-positive
U373MG (A0) cells were either infected with HCMV (MOI of 1) or mock
infected for 6 h and divided into two parts. One half was left unlabeled for IFN-g
secretion assay, and the other was labeled with [51Cr]Na2CrO4 (313 mCi/mg;
ICN) for 51Cr release assay as follows. Cells were labeled at 100 mCi per 2 3 106

for 2 h and washed three times in RPMI medium-FCS. The effector cells were
incubated with 5 3 103 target cells at various effector-to-target ratios in duplicate
using 96-well U-bottom microtiter plates and then incubated for further 5 h.
Percent specific 51Cr release was calculated as follows: [(cpm experimental re-
lease 2 cpm spontaneous release)/(cpm maximal release 2 cpm spontaneous
release)] 3 100. Spontaneous release was always less than 25% of the maximal
value. ELISA for IFN-g secretion by activated CTL was performed as follows.
Ninety-six-well plates (Nunc) were coated overnight at 4°C with primary anti-
IFN-g MAb (Biosources), washed, and blocked for 2 h at 37°C with provided
buffers (Medgenix screening line). Diluted (1:10) supernatants from CTL expan-
sion experiments were added to precoated wells in duplicate and supplemented
with secondary antibody (biotin-conjugated anti-IFN-g MAb; Biosources) for
2 h. After washing with PBS–1% FCS, streptavidin-bound peroxidase was added
(Coulter-Immunotech) and left for 30 min at room temperature. Plates were
then washed and incubated for 5 min in chromogen buffer (Biosources). Optical
density was counted on an ELISA apparatus (Dynatech Laboratories).

RESULTS

HCMV infection sensitizes fibroblasts to TNF-a-mediated
apoptosis very early after infection. TNF-a has been shown to
exert its antiviral activity through induction of apoptosis in
HCMV-infected human foreskin fibroblasts (20). We investi-
gated the sensitivity of MRC5 cells to TNF-a-mediated apo-
ptosis using two different approaches: AV-PI double labeling
coupled with flow cytometry analysis, and microscopic analysis
of Hoechst-stained nuclei. As shown in Fig. 1A, treatment of
MRC5 cells with TNF-a did not significantly modify the per-
centage of both apoptotic (AV1 PI2) and necrotic or late
apoptotic (AV1 PI1) cells. However, infection with HCMV
resulted in sensitization of cells to apoptosis, since after 6 h of
infection followed by an 8-h treatment with TNF-a, cell via-
bility (AV2 PI2 cells) decreased to 26%, compared to 66% in
uninfected cells. Infection with HCMV did not significantly
modify the amount of double-positive cells (21% versus 14%).
Histograms of condensed nuclei observed in four independent
experiments are shown in Fig. 1B. Infection with HCMV for
6 h prior to TNF-a treatment induced apoptosis in about 40%
of MRC5 cells. Sensitization of MRC5 cells in the absence of
infection was observed when cells were incubated with TNF-a
in the presence of CHX, an inhibitor of protein synthesis
known to suppress the antiapoptotic effect of NF-kB (5). In
these conditions, 90% of nuclei were apoptotic in both unin-
fected and HCMV-infected samples. These data demonstrate
that infection with HCMV initiated the apoptotic process in
MRC5 cells through TNF-R1 signaling at a very early stage
after infection.

Immature DCs are not permissive to HCMV but internalize
HCMV-infected apoptotic fibroblasts. Infection of DCs by vi-
ruses may have opposite functional consequences: it could be
a prerequisite for the induction of primary antiviral responses,
but it could also contribute to viral pathogenesis (12). We first
derived DCs from peripheral blood monocytes in vitro as de-
scribed in Materials and Methods. Immunofluorescent staining
and flow cytometry analysis revealed that the nonadherent
population consisted mainly of immature DCs characterized by
the phenotype HLA-ABC1 HLA-DR1 CD401 CD801 CD861

CD1a1 CD11c1 CD642 CD832 CD142 (Fig. 2A). We then
examined whether DCs could acquire viral proteins through
direct infection with HCMV. To this end, DCs were infected
for 48 h in the same conditions as MRC5 cells (MOI of 3) and
checked for the expression of HCMV IE proteins. Western
blotting experiments showed that in contrast to infected MRC5

cells, IE proteins were not detected in immature DCs even at
48 h p.i. (Fig. 2B). Since it was previously established that in
permissive fibroblasts the matrix protein pp65 from the viral
inoculum could be delivered into the cytosol (14), we examined
whether this could occur in DCs. In contrast to MRC5 cells
exhibiting a typical nuclear staining with anti-pp65 antibodies
as soon as 6 h p.i., DCs exhibited no fluorescent labeling even
after 48 h of incubation with the virus (Fig. 2C). Since it had
been shown that immature DCs could acquire antigens
through an efficient phagocytosis of apoptotic cells (1), we
investigated whether this could occur with HCMV antigens
contained in apoptotic MRC5 cells. We therefore tested
whether immature DCs could engulf apoptotic HCMV-in-
fected MRC5 cells. To this end, MRC5 cells were infected with
HCMV for 6 h and then treated for 8 h with TNF-a, in the
presence of CHX to recover a large amount of apoptotic cells.
To further characterize the content of these apoptotic cells, we
checked for the expression of pp65 using intracellular staining.
Flow cytometry analysis of purified apoptotic cells showed that

FIG. 1. HCMV sensitizes MRC5 fibroblasts to TNF-a-mediated apoptosis
very early after infection. MRC5 cells were either mock infected (n.i [not infect-
ed]) or infected for 6 h with HCMV AD169 at an MOI of 3. Then cells were not
treated (NT) or treated with CHX, with TNF-a alone (TNF), or with TNF-a
supplemented with CHX (TNF 1 CHX) for an additional 8 h. The indicated
times correspond to the total time p.i. including TNF-a and/or CHX treatment.
The presence of apoptotic cells was detected by flow cytometry analysis using PI
and FITC-conjugated AV (A) or by fluorescence microscopy using Hoechst
33342 staining to reveal condensed nuclei (B). Histograms show mean values
(6standard deviation) of the percentages of condensed nuclei from four inde-
pendent experiments.
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most (75%) of the cells expressed the matrix protein pp65 at
14 h p.i. (Fig. 3A). We then assessed whether pp65 contained
in apoptotic MRC5 cells was synthesized de novo or derived
from viral input as previously found (14). To this end, lysates
from [35S]Methionine-[35S]cysteine-labeled MRC5 cells were
immunoprecipitated with anti-pp65 antibody, submitted to
SDS-PAGE, and exposed to autoradiography. Figure 3B shows
that 14 h p.i. no pp65 synthesis occurred, since immunopre-
cipitate clearly appeared only from 48 h p.i. Taken together,
these data demonstrate that 14 h p.i., pp65 stemmed from the
viral inoculum and that apoptosis occurred prior to de novo
pp65 synthesis.

To quantify the uptake of apoptotic cells by DCs, MRC5
cells were sequentially labeled with PKH26, infected with
HCMV, killed by incubation with TNF-a in the presence of
CHX, washed, and then cocultured with DCs at a DC/apopto-
tic cell ratio of 1:5. After incubation at 37°C for 10 h, quanti-
fication of phagocytosis was deduced from the amount of
HLA-DR1 PKH261 cells by flow cytometry analysis. Figure
3C shows that 80% of DCs were PKH261, suggesting that
apoptotic MRC5 cells had been engulfed by DCs through an
active process. No PKH261 cells were observed at 4°C. To
further confirm that flow cytometry data reflected internaliza-
tion of apoptotic cells by DCs, samples were analyzed by flu-
orescence microscopy. Figure 3D shows that HLA-DR labeling
appeared mainly on the DC surface, whereas PKH26 staining
was localized in the cells except in the nucleus area (dark
zone), suggesting that apoptotic cells had been internalized by
DCs. Thus, the above results demonstrated that contrary to

FIG. 2. Immature DCs are not permissive to HCMV AD169. DCs were
derived from peripheral blood monocytes after 7 days of differentiation in AIMV
medium supplemented with GM-CSF and IL-13. Filled histograms represent
labeling with specific antibody against the indicated surface marker; dotted lines
represent staining with the control isotype antibody (A). MRC5 cells and imma-
ture DCs were not infected (n.i) or infected with HCMV AD169 (MOI of 3) for
the indicated times p.i. Viral IE protein expression was detected by Western
blotting using a mouse anti-IE MAb (B), and the matrix protein pp65 was
visualized by intracellular staining with anti-pp65 antibody under a Leitz fluo-
rescence microscope (C). Results are representative of two experiments.
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MRC5 cells, which expressed the inoculum-derived pp65, DCs
did not contain detectable levels of pp65 even after prolonged
infection but internalized apoptotic HCMV-infected MRC5
cells.

Immature DCs pulsed with HCMV-infected apoptotic fibro-
blasts induce activation of anti-pp65 CTL. It has been shown
that antigen acquired from apoptotic cells could be the target
for CD81 CTL (1). Since the above results suggest that DCs
acquire pp65 from apoptotic HCMV-infected MRC5 cells, we
assessed presentation of pp65-derived peptides to anti-pp65
CD81 CTL. Antipeptide CTL from HCMV-seropositive
HLA-A2 and HLA-B35 donors were expanded from PBMC.
Both 51Cr release and IFN-g secretion assays showed that
these CTL were stimulated by U373MG cells pulsed with N9V
peptide or infected with HCMV at an MOI of 1 for 6 h (Fig.
4A). pp65 presentation by DCs was monitored by quantifica-
tion of IFN-g secretion using ELISA. Immature HLA-B35
DCs were pulsed at a 1:1 cell ratio for 24 h with apoptotic cells
raised from HCMV-infected MRC5 cells and then incubated
with HLA-B35-restricted CTL lines at different stimulator-to-
responder ratios. Alternatively, DCs were used either alone or
pulsed with the relevant peptide I9Y. Figure 4B shows that
DCs pulsed with apoptotic infected MRC5 cells specifically
induced the activation of antipeptide CTL from donor V at a
level close to that observed with I9Y-pulsed DCs. DCs pulsed
with apoptotic bodies from mock-infected MRC5 cells were
completely inactive. To exclude the possibility that IFN-g was
secreted by anti-IE1-pp65 CD41 T cells which could have been
expanded from PBMC, we prepared DCs from an MHC class
II-mismatched donor (donor M). This was confirmed by ex-
periments using HLA-A2 DCs incubated with purified HLA-
A2-restricted anti-N9V CD81 T cells from donor P (Fig. 4C).
To further exclude the possibility of direct stimulation by
HLA-A2-positive apoptotic MRC5 cells which have not been
internalized by DCs, we tested the activation of T cells by
apoptotic cells alone (Fig. 4C). Furthermore, that DCs which
had been preincubated with HCMV did not stimulate anti-
pp65 CTL corroborates the absence of pp65 staining on mi-
crographs as shown above (Fig. 2C). Both N9V-pulsed DCs
and DCs incubated with pp65-positive apoptotic bodies stim-
ulated HLA-A2-restricted anti-pp65 CTL. Taken together,
these data show that apoptotic cell-derived pp65 was processed
by DCs and that peptides were presented by HLA-A2 or HLA-
B35 to allow activation of CD81 T cells.

DISCUSSION

In this study we showed that although immature DCs did not
express HCMV antigen after incubation with infectious virus,
they could internalize the matrix protein pp65 contained in
infected apoptotic fibroblasts. Apoptosis of fibroblasts was in-
duced by TNF-a very early after infection, providing starting
material for cross-presentation to anti-pp65 CD81 CTL. This
pathway of pp65 delivery into DCs allowed processing of rel-
evant peptides and presentation to HLA-A2- and HLA-B35-
restricted anti-HCMV cytotoxic CD81 T cells.

Apoptosis is a critical mechanism in many physiological pro-
cesses, including eradication of cells infected with viruses. It
has been suggested that viruses may interfere with apoptosis
for their own survival through both inhibition to allow viral
replication to continue and induction in the later stages of
infection, allowing viral progeny to spread to neighboring cells.
In contrast, apoptosis triggered by ligands of the TNF-a family
may contribute significantly to the clearance of an acute infec-
tion (22). Recent findings showing that DCs may acquire an-
tigen through phagocytosis of apoptotic bodies, and thus play

a critical role in priming of antigen-specific immune responses,
raised the idea that it could be an efficient way to prime an
antiviral response against viruses which do not replicate in
DCs. Our data showing stimulation of established anti-pp65

FIG. 3. Apoptotic cells containing incoming HCMV pp65 protein are inter-
nalized by immature DCs. MRC5 cells either infected (14h pi) or not infected
(n.i) were induced to undergo apoptosis (Apop) by treatment with TNF-a plus
CHX (T1C). The expression of pp65 in purified apoptotic cells was detected by
intracellular staining with mouse anti-pp65 MAb and flow cytometry analysis
(A). Lysates from [35S]methionine-[35S]cysteine-labeled MRC5 cells that had
been infected with HCMV as indicated were immunoprecipitated with anti-pp65
antibody, submitted to SDS-PAGE, and exposed to autoradiography (B).
PKH26-dyed red apoptotic infected MRC5 cells (Apop MRC5 14h pi) were
cocultured with immature DCs for 10 h at 4 or 37°C at a DC/apoptotic cell ratio
of 1:5. Uptake of apoptotic MRC5 by HLA-DR1 DCs was analyzed by flow
cytometry where dot plots were gated on FL1 high positive cells (DCs), thus
excluding the uncleared apoptotic material (C). Internalization of PKH26-la-
beled apoptotic cells was visually confirmed by fluorescence microscopy using
flow cytometry samples as starting material (D). Similar results were obtained in
three independent experiments.
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CTL in the presence of apoptotic cells indicate that this could
be the case for the generation of an anti-HCMV immune
response. The fact that infected fibroblasts were sensitized to
TNF-a apoptosis very early after infection, before viral repli-
cation, emphasized the importance of cross-presentation for
efficient and rapid induction of CTL. It had been demonstrated
that TRAIL was inducible after infection of fibroblasts with
HCMV AD169 and then allowed sensitization of infected cells
to apoptosis (20). This finding suggests that apoptosis may
occur through an autocrine mechanism providing starting ma-
terial for phagocytosis by DCs at local sites of infection. Im-
portantly, our data showing that pp65 was derived from the
immediate delivery of the viral matrix into fibroblasts suggest
that any cell able to interact with the virus and sensitive to
apoptosis could serve as a pp65 source of antigen for DCs. At
this stage, one may ask why this process was inefficient in DCs
since semipermissive U373MG cells stimulated anti-pp65 CTL
after 6 h of infection. We cannot exclude that pp65 from the
viral inoculum was delivered into DCs but in amounts much

lower than those required for CTL stimulation. We have to
consider recent data showing that permissivity of immature
DCs may depend on laboratory strains used in in vitro exper-
iments and that with the AD169 strain, pp65 visualization
required an MOI of 50 (18). The in vivo relevance of these
observations remains to be determined, and the in vitro use of
clinical strains may provide additional information. Neverthe-
less, the failure of DCs to replicate HCMV could be consid-
ered a protective effect against the blockade of antigen pre-
sentation through expression of the viral US proteins (16).

Regarding interference of HCMV with apoptotic processes,
it was reported that ectopic expression of IE1 and IE2 proteins
in HeLa cells suppressed TNF-a-mediated apoptosis (25) and
that UL37-encoded protein functioned as a mitochondrion-
localized inhibitor of apoptosis involving Fas and TNF-R1 (9).
These processes may act respectively in the IE and early-late
phases of HCMV infection, thus providing an escape mecha-
nism allowing viral replication and spread. This emphasizes the
importance of both the very immediate delivery of pp65 in

FIG. 4. Immature DCs cross-present incoming pp65 contained in apoptotic cells. Anti-pp65 CTL lines were raised as described in Materials and Methods. Specific
stimulation was assayed through either 51Cr release or IFN-g secretion in the presence of HLA-A21 U373MG (A0) cells either pulsed with HLA-A2 binding peptide
(N9V) or irrelevant peptide (I9Y) or infected with HCMV at an MOI of 1 for 6 h (A0 6h pi) (A). E/T, effector-to-target ratio. MRC5 (HLA-A2) cells infected (14h
p.i) or not infected (ni) with HCMV were induced to undergo apoptosis by TNF-a–CHX treatment. Apoptotic (apop) purified cells were fed to immature DCs at a
ratio of 1:1. After 24 h of incubation, DCs were collected and cocultured with an HLA-B35-restricted anti-pp65 CTL line from donor V (B) and HLA-A2-restricted
purified CD81 CTL from donor P (C) at different stimulator-to-responder ratios (S/R). Alternatively, HCMV-pulsed DCs (DC AD 24h, MOI of 3), and purified
apoptotic MRC5 cells either uninfected (apop ni) or infected (apop 14h p.i) were used as stimulator cells. Additional controls consisted of immature DCs which either
had or had not been pulsed with the HLA-A2 (N9V) and HLA-B35 (I9Y) peptides at 1 mM. Stimulation of CTL was assayed by secretion of IFN-g using ELISA. Results
shown are representative of two to four independent experiments.
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infected cells and sensitization to apoptosis before synthesis of
these HCMV inhibitors. Altogether, these observations argue
in favor of cross-presentation of the incoming pp65 as a major
mechanism for priming of CTL directed against pp65 and
could explain why CTL are mainly directed against this major
matrix protein (24). It was recently shown that optimal cross-
presentation of antigen from dead tumor cells required a mat-
uration signal in DCs provided by the uptake of necrotic cells
(19). In our experiments, apoptosis was induced through
interaction of TNF-a with its receptor on fibroblasts. Such an
interaction is usually considered a starting event toward apo-
ptosis, which further moves to secondary necrosis in long-term
culture. Such necrotic cells are likely contained in the AV1

PI1 cell population shown in Fig. 1. In cross-presentation ex-
periments, infected fibroblasts were treated with TNF-a in the
presence of CHX to provide a large amount of dead cells.
Microscopic examination showed that cells were completely
fragmented, arguing in favor of a secondary necrotic pheno-
type. Thus, in these conditions, we suggest that cross-presen-
tation of pp65 occurred through internalization of secondary
necrotic cells according to the data obtained by Sauter et al.
(19). Moreover, since late after infection fibroblasts die
through the cytopathic effect of HCMV even in the absence of
proapoptotic ligand, we speculate that derived cell fragments
could serve as an antigen source for cross-presentation by DCs.
We are currently investigating whether this late cross-presen-
tation of pp65 may be relevant. Nevertheless, we have no clues
as to how necrotic cells are able to provide antigen to DCs only
for anti-pp65 CTL activation or to induce DC maturation as
reported recently (19). In conclusion, our data show that very
early after infection, incoming pp65 can be cross-presented to
CTL through uptake by DCs of infected fibroblasts which have
been previously made apoptotic following TNF-a-mediated
signaling but do not exclude that other mechanisms may par-
ticipate in cross-presentation by DCs. Whether this could take
place in vivo for priming of anti-HCMV CTL is not known, but
in vitro CTL priming experiments from seronegative donors
PBMC may provide more relevance to this hypothesis. More-
over, one may speculate that targeting of DCs with apoptotic
cells containing HCMV antigens could allow expansion of
CD41 T cells, which are known to play a significant role in
providing help for the expansion of CD81 T cells (13) and in
the direct control of viral replication (6). Finally, cross-presen-
tation of HCMV antigens contained in apoptotic cells might be
useful in design of anti-HCMV cellular immunotherapy based
on adoptive transfer of CD41 and CD81 T cells (23).
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