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Expression of the poliovirus receptor (PVR) on cells is a major host determinant of infection by poliovirus.
Previously, the only immune cell type known to express PVR was the blood-derived monocyte, which is
susceptible to infection at very low frequency. We demonstrate that professional antigen-presenting cells—
macrophages and dendritic cells, generated upon differentiation of monocytes—retain expression of PVR and
are highly susceptible to infection by type 1 Mahoney strain of poliovirus. Maximal cell-associated titers of
virus are obtained within 6 to 8 h postinfection, and cell death and lysis occurs within 24 h postinfection.
Similar kinetics are observed in cells infected with the Sabin 1 vaccine strain. Although protein synthesis and
receptor-mediated endocytosis are inhibited upon poliovirus infection of these critical antigen-presenting cells,
we demonstrate for the first time that functional presentation of antigen occurs in these infected cells via the
HLA class II pathway.

Poliovirus (PV), a prototypical member of the Picornaviridae
family, is a small, nonenveloped, positive-stranded RNA virus
whose replication is limited to specific cells and tissues that
express the PV receptor (PVR; CD155) (30, 40) on the cell
surface. Most cells of the immune system, such as T and B
lymphocytes, are not susceptible to PV infection (35, 41), as
they do not express PVR. In contrast, Freistadt et al. demon-
strated that human peripheral blood monocytes do express
PVR (22). However, monocytes are not very permissive to PV
infection; viral protein production could only be demonstrated
at very low frequency in a subpopulation of monocytes (18, 21).

Monocytes are precursor cells that are able to differentiate
into macrophages or dendritic cells (DCs) (10–12, 36, 44). In
response to pathogens, inflammatory cytokines, or necrotic
cells, DCs and macrophages play central roles in the induction
of immune responses. These antigen-presenting cells (APCs)
acquire and process antigens, displaying them in the context of
HLA class I and II molecules at the cell surface (9, 31, 43, 45).
Subsequent interaction of the HLA-antigen complexes and
costimulatory molecules on APCs with T cells in the presence
of relevant secreted cytokines induces immune responses (26).
DCs are critical APCs that, in contrast to macrophages, are
unique in being able to induce primary immune responses
from naive T cells to novel antigens in humans (6).

To better understand the interaction of PV with the immune
system, we characterized the susceptibility of monocyte-de-
rived macrophages and DCs to PV infection. We show here
that these in vitro-differentiated macrophages and DCs retain
PVR expression and can be productively infected with PV. The
kinetics of viral infection in these APCs follows that seen for
PV infection with well-characterized laboratory cell lines (7,
38) and results in cell death. Furthermore, PV-induced cyto-

pathic effects typically observed during viral infection of stan-
dard cell lines (1, 3, 37, 41, 48) are also seen here upon infec-
tion with either the Mahoney or Sabin vaccine strain. Viral
infection of DCs also alters production of inflammatory cyto-
kines. However, antigen-specific T cells lyse PV-infected DCs
presenting HLA class II-restricted peptides. Thus, PV-infected
DCs are able to functionally present antigen via the HLA class
II pathway.

MATERIALS AND METHODS

Donors. This study was approved by the Human Research Advisory Commit-
tee and the Institutional Review Board, with a minimal-risk-for-adults rating.
Adult volunteers (between the ages of 25 and 65 years) donated blood for this
study.

Cell cultures. (i) Monocyte isolation and DC culture. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from heparinized blood by centrifugation
on Ficoll-Hypaque (Bio-One Inc., Longwood, Fla.). The buffy coats were washed
twice with phosphate-buffered saline (PBS) and resuspended in RPMI 1640
medium (Invitrogen Life Technologies, Carlsbad, Calif.) supplemented with
10% fetal calf serum (FCS) (Invitrogen) and 2 mM glutamine (RPMI-10).
Monocytes from the PBMCs were allowed to adhere to plastic six-well dishes for
2 h at 37°C, 7% CO2, and nonadherent cells were subsequently removed by
aspiration. These cells were cultured for 6 days according to established proto-
cols (44, 46). Briefly, monocytes were cultivated in RPMI-10 containing granu-
locyte-macrophage colony-stimulating factor at 800 U/ml and interleukin-4
(R&D Systems, Minneapolis, Minn.) at 500 U/ml for 6 days to obtain immature
DCs. Mature DCs were generated from immature DCs by the addition of tumor
necrosis factor alpha (R&D Systems) at 1,000 U/ml and 1 mM prostaglandin E2

(Sigma Chemicals, St. Louis, Mo.) for 48 h. Monocytes were maintained in
RPMI-10 containing macrophage colony-stimulating factor (R&D Systems) at
100 U/ml for 6 days to generate macrophages. All cultures were supplemented
with fresh medium and cytokines every 3 days. Monocyte-derived cells were
always maintained at 37°C, 7% CO2.

(ii) Other cells. HeLa-S3 cells were maintained in suspension (3 � 105 to 4 �
105 cells/ml) in Joklik’s modified minimal essential medium (S-MEM; Sigma)
supplemented with 7.5% horse serum (Invitrogen Life Technologies) and 1 mM
MEM sodium pyruvate (S-MEM-7.5). For monolayer growth, cells were trans-
ferred into Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen Life Tech-
nologies) supplemented with 5% FCS, penicillin at 50 U/ml, streptomycin at 50
�g/ml, and 1 mM sodium pyruvate (DMEM-5) in a 5% CO2 incubator at 37°C.

Virus stocks. PV serotype 1 strains were used for all studies. Mahoney (PVM)
and Sabin1 (PVS) viral stocks were propagated as previously described from a
plaque obtained by transfection of the infectious cDNAs into HeLa cells (47).
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UV inactivation of poliovirus (uvPV). The Mahoney strain in serum-free
RPMI (109 PFU/ml; 35-mm dish) was irradiated on ice by using the UV cross-
linker FB-UVXL-1000 (Fisher Biotech, Pittsburg, Pa.) at a distance of 10 cm for
10 min at optimal cross-linking values (1,200 U, 100 �J/cm2). These conditions
are sufficient to reduce the viral infectivity to below that detectable by plaque
assays on confluent HeLa cell monolayers (data not shown). Binding assays
showed that the UV inactivation did not alter the ability of radiolabeled virus to
bind the PVR on HeLa cells (data not shown).

MAbs, flow cytometry, and fluorescence microscopy. Monoclonal antibodies
(MAbs) directed against human surface markers CD14, CD83, HLA-DR, HLA
class I, CD86, CD1a, CD68, CD54, and CD58 (Caltag Laboratories, Burlingame,
Calif.) were used at the supplier’s recommended concentrations. All were direct
phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated antibodies.
PVR antibodies (D-171) were obtained from Neomarkers (Lab Vision Corpo-
ration, Fremont, Calif.) and used with a secondary goat anti-mouse antibody
conjugated to FITC (Caltag Laboratories).

Suspensions of monocyte-derived cells (5 � 105/200 �l) or adherent cells on
chamber slides (5 � 104/chamber) in serum-free C-RPMI (RPMI 1640 supple-
mented with 2 mM glutamine) were incubated at 4°C for 30 min with the
appropriate antibodies. Where the PVR antibody was used, cells were washed
and incubated for a further 30 min at 4°C with the secondary antibody following
primary antibody incubation. The stained cells were washed twice with cold PBS,
fixed in 2% paraformaldehyde, and analyzed by flow cytometry on a FACSCali-
bur apparatus (BD Biosciences, San Diego, Calif.) or visualized with a fluores-
cence microscope.

PV infections. Virus (PVM or PVS) was bound to monocyte-derived cells at a
high multiplicity of infection (MOI � 10) for 30 min at room temperature (RT)
in C-RPMI. Where noted, uvPV was also bound to DCs at RT for 30 min in
C-RPMI medium. The inoculum was removed by aspiration. Infection (or inter-
nalization of uvPV) was initiated with the addition of medium prewarmed to
37°C and incubating the cells at 37°C, 7% CO2. At various times postinfection
(p.i.), cells (105) were collected by scraping adherent macrophages and immature
DCs and by collecting the growth medium for nonadherent mature DCs. Cell
pellets were obtained by centrifugation. Media supernatants were stored sepa-
rately at �20°C. Cell pellets were lysed in PBS (100 �l) by three freeze-thaw
cycles. Titers of the cell pellets and supernatants were subsequently determined
by plaque assays on confluent HeLa cell monolayers.

Protein synthesis. Mock- or virus-infected DCs (approximately 5 � 105 mature
DCs in suspension or 1 � 105 adherent immature DCs/well) were incubated in
methionine-free S-MEM (Sigma) supplemented with 10% FCS. At 3 h p.i.,
[35S]methionine (50 �Ci/ml; 1,000 Ci/mmol; Amersham Biosciences Corpora-
tion, Piscataway, N.J.) was added to the mock- and virus-infected cultures. At
various times p.i., 105 cells were harvested. The cells were spun down, washed
twice with PBS, and resuspended in 50 �l of PBS. The cell pellets were lysed by
three freeze-thaw cycles, and the labeled proteins were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Endocytosis. (i) Bulk-phase endocytosis. Immature DCs were cultured on
poly-L-lysine (Sigma)-coated glass coverslips. At various times p.i., Alexa Fluor
568-conjugated 10,000-MW dextran (250 �g/ml; Molecular Probes Inc., Eugene,
Oreg.) was added to either mock- or virus-infected cells and incubated for 1 h at
37°C. The cells were washed extensively with PBS and fixed with 2% parafor-
maldehyde. To identify virally infected cells, the fixed cells were permeabilized
with a solution of 0.5% saponin plus 1% bovine serum albumin (BSA) in PBS
and stained for viral capsid proteins using polyclonal rabbit anti-PV antibody at
a 1:200 dilution for 20 min at RT. The cells were washed with 0.5% saponin–1%
BSA, and the PE-conjugated goat anti-rabbit secondary antibody (Caltag) was
added for 20 min at the recommended concentration. The cells were washed and
fixed again with 2% paraformaldehyde solution, and the coverslips were
mounted on glass slides using the Prolong antifade kit (Molecular Probes). The
cells were examined by confocal microscopy.

(ii) Receptor-mediated endocytosis. Immature DCs (105 adherent cells in
35-mm plates) were mock infected or infected with PV (MOI � 10). In addition,
separate cultures of immature DCs were treated continuously with 20 mM
ammonium chloride. BODIPY-conjugated DQ-ovalbumin (DQ-OVA; Molecu-
lar Probes), a self-quenched conjugate of ovalbumin that exhibits bright green
fluorescence upon proteolytic processing due to the released dye molecules, was
added (200 �g/ml in C-RPMI) at 6 h p.i. to all DCs for 20 min at 4°C. The cells
were washed three times with ice-cold PBS containing 2% serum to remove
unbound or nonspecifically associated DQ-OVA, and then fresh RPMI-10 was
added. The cells were incubated at 4°C for 10 min or for various intervals at 37°C.
The cells were then removed from the plates by trypsinization, washed with
ice-cold PBS, fixed with 2% paraformaldehyde, and analyzed by flow cytometry.

Apoptosis. A CaspaTag kit (Intergen Company, Purchase, N.Y.) was used
according to the manufacturer’s protocol to measure the levels of activated
caspases. Briefly, mature DCs (3 � 105) were either mock infected, infected with
PV (MOI � 10), or treated with 1 �M staurosporine (STS) for 10 h. At 0 and 6 h
p.i., the cells were incubated with CaspaTag solution for 1 h at 37°C in a 300-�l
volume/sample. The cells were washed, stained externally for CD83, washed with
PBS, and then fixed in 2% paraformaldehyde. Samples were analyzed by flow
cytometry.

In separate experiments, the levels of sub-G1 DNA in infected DCs were
determined. Cells were harvested at various times p.i., washed with PBS, and
fixed in cold 70% ethanol overnight. Following fixation, cells were pelleted by
centrifugation, washed twice with PBS, and treated with RNase (5 �g). Samples
were then stained in 200 �l of propidium iodide solution (50 �g/ml) and analyzed
by flow cytometry.

Cytotoxicity assays. (i) CD8 T cells. A CD8� cytotoxic T-lymphocyte line
specific for the HLA A2-restricted hepsin 42–51 peptide (VLLRSDQEPL; pep-
tide 19) was generated by stimulation of T cells from an HLA A2-positive healthy
adult volunteer. Mature DCs were pulsed for 1 to 2 h at 37°C with 50 �g of
peptide/ml and washed with PBS twice before culture with peripheral blood
leukocytes at a responder/stimulator ratio of 30:1. After 7 days, T cells were
collected and restimulated with peptide-pulsed DCs. For the second and third
DC stimulations, the medium was supplemented with interleukin-Z at 50 to 100
U/ml, and the culture period was extended to 14 days. After the third cycle,
CD8� T cells were recovered by positive selection with anti-CD8 magnetic beads
(Dynal Biotech Inc., Lake Success, N.Y.). Subsequent passages of CD8� T-cell
lines used peptide-loaded autologous peripheral blood leukocytes as antigen-
presenting cells.

Targets were DCs or macrophages which were mock infected or infected with
PVM. In addition, the mock- or virus-infected APCs were pulsed with peptide
19. The DCs and macrophages were pulsed with peptide (50 �g/ml) for 1 h at
37°C, 7% CO2 in 200 �l of C-RPMI. The target cells were then labeled with
chromium-51 (50 �Ci/106 cells in 200 �l of PBS; 417.1 �Ci/mg; Perkin-Elmer,
Boston, Mass.) for 1 h at 37°C, 7% CO2, washed, resuspended in RPMI-10, and
incubated in triplicate (104 target cells/well) with various ratios of autologous
CD8 T cells specific for peptide 19. The assay mixtures were harvested after 4 h
at 37°C, 7% CO2, and the supernatant activities were determined.

(ii) CD4 T cells. SCCE 110 is a 30-amino-acid peptide with the following
sequence: VNDLMLVKLNSQARLSSMVKKVRLPSRCEP. This peptide after
processing is presented by HLA class II molecules and is recognized by CD4
cytotoxic T cells. Autologous DCs loaded with SCCE 110 were used to generate
a class II-restricted, peptide-specific human CD4� T-cell line. Prior to use in the
cytotoxicity assays described below, the specificity of these CD4 T cells was
tested. The cells proliferated in response to peptide-loaded DCs. In addition,
these T cells were also strongly cytotoxic against autologous HLA class II-
positive peptide-loaded targets but did not lyse peptide-free targets. Addition of
an anti-HLA class II MAb inhibited lysis of targets, indicating that the T cells
were HLA class II restricted (data not shown)

DCs were matured for 24 h and then either mock infected or infected with
PVM and incubated with SCCE 110 (100 �g/ml) at the start of infection. Alter-
natively, immature DCs were incubated with SCCE 110 (50 �g/ml) and the
maturation cytokine cocktail for 24 h and then mock infected or infected with
PVM. Following 2 h of infection, cells were labeled with chromium-51 (100
�Ci/106 cells) for 1 h at 37°C, 7% CO2, washed, resuspended in RPMI-10, and
incubated in triplicate (104 target cells/well) with various ratios of autologous
CD4 T cells specific for SCCE 110. The assay mixtures were harvested after 3 h
at 37°C, 7% CO2, and the supernatant activities were determined.

RESULTS

PVR expression on cells during culture and differentiation
of monocytes. PBMCs are precursors to DCs in vivo and can be
differentiated in vitro to DCs (10, 36, 44). To determine
whether the monocyte-derived cells retained expression of
PVR, monocytes were cultured under standard conditions to
induce differentiation first to immature DCs and then, subse-
quently, to mature DCs. The resultant cells were analyzed by
flow cytometry. Mature DCs were CD14� CD83� CD86�

CD1a� CD54� CD58� and expressed high levels of HLA-DR
and HLA class I molecules (data not shown). Coexpression of
PVR with various cell surface markers was followed by flow
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cytometry over the several days of culture as monocytes
(CD14�high; day zero) differentiated into immature DCs
(CD14� CD83�; day 6) (Table 1) and then mature DCs
(CD14� CD83�) (Fig. 1A). To confirm that mature DCs in-
deed expressed PVR, CD83� cells were sorted (with the FACS
Calibur) and then examined for the expression of PVR. All
CD83� cells were also positive for PVR expression (data not
shown). PVR expression was maintained throughout differen-
tiation of monocytes to mature DCs.

Productive infection and apoptosis of monocyte-derived
cells. To determine whether DCs were permissive for PV in-
fection, cells were infected with PVM. In contrast to mono-
cytes (18, 21), both immature and mature DCs were highly
permissive to viral infection (Fig. 1B). Virus titers increased
rapidly during the period of infection, with maximal cell-asso-
ciated titers at 6 to 8 h p.i. Maximal viral release into the
supernatant was also between 6 and 8 h p.i., although virus
titers continued to increase slightly at even later times p.i. (data
not shown). Mature DCs appeared to be more susceptible to
the infection than immature DCs. In repeated experiments,
PVM grew consistently to higher titers in cultures of fully
differentiated mature DCs than in the monocyte or immature
DC cultures (Fig. 1B and C). DCs showed a similar pattern of
susceptibility to PVS infection. PVS grew to high titers within
immature DCs and to higher titers in mature DCs, but there
was no detectable increase of viral titers in infected monocytes
(data not shown).

To determine whether productive infection by poliovirus was
associated with a specific stage during the differentiation pro-
cess, cells were infected at different days of culture. Total viral
yields from 106 cells were determined (Fig. 1C). Consistent
with previous studies (18, 21), infection of monocytes (on day
zero of culture) with PVM showed no detectable increase in
viral titers from that of the original input titer over a 6-h
infection period. In contrast, virus yields continuously in-
creased over the subsequent days of culture as the cells differ-
entiated from monocytes to DCs. Thus, cells became increas-
ingly susceptible to PVM during the culture period, with
mature DCs being the most permissive to PV infection.

Monocytes are also precursors of macrophages (11, 12).
Following in vitro differentiation, the macrophages were
CD14high CD1a� CD68� (data not shown) and retained ex-
pression of PVR (Fig. 2A). Macrophages were also produc-
tively infected by PVM, with infected macrophages yielding a
rapid increase in viral titer over a 12-h period of infection (Fig.
2C).

Viral infection of DCs and macrophages results in cell death
and lysis (data not shown) between 12 and 24 h p.i., similar to
that observed with established PV-sensitive cell lines. Of note
is that cell death occurred irrespective of the PV strain (PVM
or PVS) used to infect DCs and macrophages. Cell death by
apoptosis is known to allow antigen presentation on HLA class
I (4, 20) and class II (19) molecules following uptake by unaf-
fected cells and to induce stimulation of antigen-specific CD8
and CD4 T cells. Thus, the potential hallmarks of apoptosis
were analyzed in infected DCs (Fig. 3). CaspaTag (FAM-
VAD-FMK) is a carboxyfluorescein (FAM) derivative of
zVAD-FMK and a potent inhibitor of caspase activity that
binds irreversibly to the active site of activated caspases 1 to 10
and 12. Consistent with the ability of STS to induce apoptosis
(33), flow cytometric analyses of CaspaTag-stained, STS-
treated, uninfected DCs showed increased staining above the
background levels of control untreated cells, indicating caspase
activation. CaspaTag staining of PVM-infected DCs showed
that, at even early times of infection, caspase activation was
comparable to levels seen in STS-treated cells and that the
levels of activated caspases continued to increase as infection
progressed (Fig. 3A). In addition, at late stages of infection
there was an associated increase in the number of terminal

FIG. 1. Monocyte-derived DCs express PVR and are permissive
for PV infection. (A) Mature DCs were double stained for the expres-
sion of CD83 and PVR and analyzed by flow cytometry. (B) Single-
cycle growth curves of PV infection in immature and mature DCs.
Immature (F) and mature (■ ) DCs were infected with PVM, and the
titers of cell-associated virus were determined at various times p.i.
(C) Permissivity of cells to PV infection over days 0 to 9 of DC culture.
On each day, monocyte-derived cells (106) were infected with PVM. At
6 h p.i., cells were harvested and the titers of cell-associated virus were
determined. The dashed line indicates input titer.

TABLE 1. PVR expression on cells during culture of monocyte-
derived DCs

Day of culture Surface moleculea MFIb

0 PVR 20
CD14 1,608
PVR/CD14 27/1,612

2 PVR 16
CD14 561
PVR/CD14 15/454

4 PVR 17
CD14 158
PVR/CD14 18/39

6 PVR 19
CD14 31
PVR/CD14 20/34
CD83 —

a Cells were either singly or doubly stained with the indicated antibody.
b MFI, Mean fluorescence intensity. —, negative.
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deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling-positive cells (data not shown) and a shift in DNA
content to sub-G1 levels (Fig. 3B). Together these data suggest
that DCs undergo apoptosis as a result of PV infection.

Effects of viral infection on DC cellular processes. (i) Pro-
tein translation. Protein synthesis in DCs is important for
aspects of antigen acquisition and processing and the produc-
tion of immune cytokines necessary for induction of immune
responses. PV infection of laboratory cell lines causes shut-off
of host transcription, translation (32), and the secretory path-
way (16, 17) within the first few hours of infection. As inhibi-
tion of host translation and secretion may potentially inhibit
the ability of these cells to induce immune responses, the
effects of virus infection on DC biology were studied. Protein
synthesis was examined at different times p.i. in mature DCs
infected with PVM or PVS (Fig. 4). The pattern of radiola-
beled proteins was that expected for viral infection in other
standard cell lines, with visible synthesis of both nonstructural

and capsid proteins. Host protein synthesis was inhibited by
approximately 3 h p.i. in infected DCs. Analysis of PVS-in-
fected mature DC lysates showed similar patterns of viral pro-
tein synthesis and inhibition of host translation. In addition,
host translation is similarly inhibited in infected immature DCs
and macrophages (data not shown). Interestingly, although the
virus yields from infected DCs and HeLa cells are similar, the

FIG. 2. PV infects monocyte-derived macrophages. (A and B)
Macrophages stained with PVR antibody (A) or with only secondary
antibody as a control (B) and visualized with a fluorescence micro-
scope (right panel). Magnification, �20. (C) Single-cycle growth curve
of PVM infection in macrophages. Macrophages were infected with
PVM, and the titers of the cell-associated virus were determined at
various times p.i.

FIG. 3. PV infection induces apoptosis in DCs. (A) Caspases are
activated in infected DCs. Mock-infected, STS-treated uninfected ma-
ture DCs or virus-infected DCs were harvested at 0 and 6 h p.i. and
stained with CaspaTag for 1 h at 37°C. Cells at 1 and 7 h p.i. were
analyzed by flow cytometry. Black line, unstained cells; grey fill, FITC
CaspaTag. (B) Cellular DNA is fragmented in infected DCs. Infected
DCs were stained with propidium iodide at various times p.i. Arrows
indicate cellular DNA in the G1, G2, and sub-G1 phases.
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amount of viral proteins produced in DCs is much less than
that seen with equivalent numbers of infected HeLa cells (data
not shown).

(ii) Endocytosis. Antigen acquisition in immature DCs oc-
curs primarily through endocytosis and is critical to the immu-
nological function of these cells. To determine whether bulk-
phase endocytosis is affected, uninfected and infected
immature DCs were incubated with fluorescent dextran beads
and examined by confocal microscopy (Fig. 5). Immature DCs
were able to endocytose high levels of dextran beads, as can be
seen by the large number of fluorescent vesicles within each
cell (Fig. 5A and C). Although the level of fluorescence varied
from cell to cell, there was punctate staining at even late stages
of infection, indicating continued uptake of dextran beads into
endocytic vesicles (Fig. 5D to G, upper panels). Staining for
viral capsid proteins increased over time (Fig. 5C to E, lower
panels), confirming that these cells were indeed infected.
Staining for viral proteins decreased at 5 to 6 h p.i. (Fig. 5F and
G, lower panels) due to release of viral particles from the
infected DCs. These data suggest that bulk-phase endocytosis
remains relatively unaffected by PV infection.

Although bulk-phase endocytosis appears unaffected in in-
fected cells, previous studies had suggested that receptor-me-
diated endocytosis was inhibited in PV-infected cells (15). To
determine whether this pathway was similarly inhibited in in-
fected immature DCs, receptor-mediated uptake was analyzed
at late stages of infection by using ovalbumin labeled with the
pH-insensitive fluorescent dye BODIPY (DQ-OVA). The
DQ-OVA conjugate is endocytosed via the mannose receptor,

FIG. 4. Host translation is inhibited in PVM- and PVS-infected
DCs. Mature DCs were mock infected (lane 1) or infected with PVS
(lanes 2 to 5) or with PVM (lanes 6 to 9) and continuously labeled with
[35S]methionine. Cell lysates were prepared at 3.5 h p.i. (lanes 2 and 6),
4 h p.i. (lanes 3 and 7), 5 h p.i. (lanes 4 and 8), and 6 h p.i. (lanes 5 and
9). Samples normalized for cell equivalence were resolved by SDS-
PAGE on a 12% acrylamide gel and exposed to film. The positions of
the molecular weight markers and labeled viral proteins are indicated.

FIG. 5. Bulk-phase endocytosis is unaffected in PVM-infected immature DCs. Alexa Fluor 568-conjugated dextran was incubated with either
mock-infected (A) or infected (B to G) cells at 4 or 37°C for 1 h at various times p.i. Cells were also stained with rabbit anti-PV capsid antibodies
and examined with a confocal microscope. (A) Mock-infected DCs and dextran at 37°C. (B) Dextran uptake (left panel) and PVM staining (right
panel) of infected DCs at 4°C at 0 h p.i. (C to G) Dextran uptake (upper panels) and PVM staining (lower panels) of infected DCs at 2 (C), 3
(D), 4 (E), 5 (F), or 6 (G) h p.i. Magnification, �100.
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after which the levels of fluorescence detected are proportional
to the extent of DQ-OVA processing (13, 45), and this is a
measure of the extent of receptor-mediated internalization
within the cell (42). Uninfected (Fig. 6A) and infected (Fig.
6B) cells were incubated with DQ-OVA, and the extent of
ovalbumin processing was followed by flow cytometry. Unin-
fected DCs were able to endocytose and process DQ-OVA at
high levels. Although the levels of DQ-OVA processing varied
in infected cells, the percentage of positive cells in infected
cultures was significantly decreased. Thus, PV-infected DCs
are able to process DQ-OVA but at reduced levels in compar-
ison to the uninfected DCs. Confocal imaging also showed
decreased uptake of transferrin into infected DCs (data not
shown). These data indicate that receptor-mediated uptake is
inhibited in infected DCs.

Infection does not affect cell surface levels of HLA molecules
or T-cell recognition. The inhibitory effects of the virus on
cellular processes of the DCs suggest that the ability of the
DCs to load and present antigen at the cell surface may be
compromised. It is known that inhibition of secretion by the
nonstructural protein 3A also inhibits transport of new HLA

class I molecules from the endoplasmic reticulum (ER) to the
Golgi and, thus, to the cell surface. These molecules are syn-
thesized and loaded with antigen within the ER, and the ab-
sence of antigen-loaded HLA molecules on the cell surface
inhibits lysis of infected target cells by cytotoxic T lymphocytes
specific to the new antigen (14). Similar inhibition in APCs
would inhibit cell surface expression of new HLA molecules
and potentially alter the ability of DCs to induce T cells. The
cell surface levels of both HLA class I and class II molecules
were examined, as these are the molecules that present antigen
to CD8 and CD4 T cells, respectively. At different times p.i.,
DCs and macrophages were examined by flow cytometry for
the surface levels of HLA class I and class II molecules. The
levels remained unchanged over a 6-h period of infection (Fig.
7A and C). Thus, the HLA molecules already present on the
surface of the DCs or macrophages remained unaffected by PV
infection, indicating that PV does not actively downregulate
cell surface HLA molecules as a mechanism of immune eva-
sion.

To determine whether antigen presented by infected DCs or
macrophages could be recognized by CD8� cytotoxic T cells,
infected DCs or macrophages were loaded with an HLA class
I peptide (peptide 19) and incubated with cytotoxic T cells
(Fig. 7B). Peptide-specific CD8� T cells were able to kill pep-
tide-loaded, infected targets, indicating that exogenously
loaded peptides could be functionally presented by cell surface
HLA class I molecules on infected APCs.

Antigen presentation via the HLA class II molecules is de-
pendent upon cellular uptake of exogenous protein by phago-
cytosis or endocytosis. The protein is then processed into
smaller peptides and loaded onto HLA class II molecules
stored within the CIIV compartment of APCs. Immature DCs
are known to express low levels of surface HLA class II mol-
ecules but have high levels of intracellular HLA class II mol-
ecules. Conversely, mature DCs express high levels of HLA
class II molecules on the cell surface (5, 26). To examine
whether the class II pathway was intact in infected DCs, im-
mature DCs were pulsed with the large SCCE 110 peptide and
matured overnight prior to the start of infection and incuba-
tion with SCCE-specific CD4 T cells (Fig. 7D, right panel).
Under these conditions, sufficient time is provided for peptide
processing and presentation on HLA II molecules prior to the
start of infection. The CD4 T cells lysed uninfected and in-
fected peptide-pulsed DCs at similar levels, demonstrating that
viral infection did not interfere with the overall levels or turn-
over of peptide-loaded HLA class II complexes at the surface
of target cells. To further examine whether PV infection af-
fected the ability of DCs to process and present antigens in the
class II pathway, mature DCs were infected and pulsed with
the SCCE 110 peptide at the same time (Fig. 7D, left panel).
The SCCE 110-specific CD4 T cells recognized and lysed in-
fected, peptide-pulsed DCs at levels similar to that of unin-
fected, peptide-pulsed DCs. The low levels of lysis observed in
Fig. 7D (left panel) are consistent with the short time available
to the mature DCs to process and present antigen at the cell
surface and with the fact that mature DCs are less efficient at
uptake and processing of antigen. Nevertheless, PV infection
does not appear to affect the HLA class II presentation path-
way.

FIG. 6. Receptor-mediated endocytosis is inhibited in PVM-in-
fected immature DCs. BODIPY-conjugated DQ-OVA was bound to
uninfected, infected, or NH4Cl-treated DCs at 4°C and subsequently
incubated at 37°C for 10 or 25 min. The fluorescence intensities were
measured by flow cytometry. Grey fill, DQ-OVA at 37°C for 25 min;
dashed line, DQ-OVA at 37°C for 10 min; black line, DQ-OVA at 4°C
for 10 min. (A) Uninfected immature DCs; (B) infected DCs at 6 h p.i.;
(C) NH4Cl-treated uninfected cells.
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DISCUSSION

We found that DCs and macrophages express PVR but,
unlike monocytes, they are highly permissive for PVM and
PVS infection. Susceptibility to PV increases as the cells dif-
ferentiate from monocytes to DCs. Virus yields are greatest
from mature DCs compared to cells at earlier stages of differ-
entiation. The low susceptibility of monocytes to PV, demon-
strated in this paper, is consistent with previous work (18, 22,
39) and the view that the PVR is not the sole determinant of
cell susceptibility to infection by PV. Several trans-acting cel-
lular proteins have been identified that bind to specific stem-
loop structures within the internal ribosome entry site of PV
RNAs and are required for efficient translation (8, 23, 25, 51).
Expression of these factors or others may account for the
increased permissivity to PV infection as monocytes differen-
tiate into DCs or macrophages.

Infection in DCs follows a typical course, with rapid growth
of the virus eventually causing cell death and lysis. The ob-
served cytopathic effects are similar to those previously docu-
mented in other susceptible cell types (1, 37, 48). Cell death as
well as the inhibition of intracellular protein trafficking would
be predicted to perturb the immunological functions of the
APCs and to affect the ability of these cells to initiate and
stimulate immune responses to PV in vivo. Although the Sabin
strains are growth attenuated in certain cell lines (27, 28, 34),
the kinetics of virus production and induction of cytopathic
effects in PVS-infected DCs are similar to those in PVM-
infected cells. Therefore, the immune function of PVS-infected
DCs may be predicted to be comparably perturbed in vivo. In
addition, the production of inflammatory cytokines is altered
during both PMV and PVS infection (data not shown). There-
fore the question arises, how do individuals develop the strong
and lasting immunity (29, 50, 52) associated with the Sabin
vaccine? Several models can be hypothesized.

Antigen acquisition in immature DCs occurs primarily
through bulk-phase and receptor-mediated endocytosis. Al-
though receptor-mediated endocytosis is inhibited in infected
cells, bulk-phase endocytosis appears to be unaffected. If the
bulk-phase endocytic pathway is unaffected, then processing of
such acquired antigens and presentation of viral antigens on
HLA class II molecules may occur. The facts that presentation
of antigen via the class II pathway appears to be unaffected in
DCs, as demonstrated in Fig. 7D, and that PV-specific helper
T cells are observed in vaccinated individuals (24, 49) are
consistent with the possibility that the class II antigen presen-
tation pathway remains relatively intact in infected APCs.

Another potential model is that immune stimulation of T
cells occurs due to presentation of PV antigens by uninfected
APCs. The data suggest that PV-infected DCs undergo apo-
ptosis, which may allow viral proteins to be taken up along with
the apoptotic bodies by uninfected APCs. The immune re-
sponse would be induced by uninfected APCs that have ac-

FIG. 7. PVM infection does not affect cell surface levels of HLA
molecules or T-cell recognition. Levels of HLA class I (A) and class II
(C) molecules on the surface of virus-infected mature DCs were mea-
sured by flow cytometry at 0 and 6 h p.i. The percentages of positive
cells and mean fluorescence intensities (MFI) are indicated. (B) Ma-
ture DCs and macrophages were exogenously loaded with peptide 19
and then mock infected or infected with PVM. The cells were then
incubated with peptide 19-specific CD8 T cells in a standard chromium
release assay. }, DCs or macrophages alone; �, infected DCs or
macrophages; F, DCs or macrophages plus peptide 19; ■ , infected
DCs or macrophages plus peptide 19. (D) Cytotoxicity assays with
SCCE 110-loaded DCs. (Left) DCs were simultaneously incubated
with SCCE 110 and either mock infected or infected with PVM for 3 h
prior to addition of peptide-specific CD4� T cells in a standard chro

mium release assay. (Right) DCs were loaded with SCCE 110 for 24 h
and then mock infected or infected with PVM. Peptide-specific CD4�

T cells were added at 3 h p.i. in a standard chromium release assay. },
DCs alone; �, infected DCs alone; F, DCs plus SCCE 110; ■ , infected
DCs plus SCCE 110.
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quired viral antigens and can, therefore, present antigens in the
context of HLA class II (19) and HLA class I (2, 2, 4, 20)
molecules at the cell surface.

Finally, the data in this paper as well as previous studies
indicate that PV does not appear to actively downregulate
HLA molecules from the surface of cells (Fig. 7). Although
processes required to present antigen via the class I pathway
(protein synthesis and transport from the ER to the plasma
membrane) are inhibited at late stages of infection, during the
early stages of viral infection significant amounts of viral anti-
gens may be processed, bound to HLA molecules, and trans-
ported to the cell surface. As the half-life of HLA molecules on
mature DCs is relatively long, viral antigens that are presented
at the cell surface can be displayed over the 12 to 24 h that the
cells are intact. This may be sufficient for specific T cells to
interact with the viral antigens in the context of the appropri-
ate HLA molecules and become activated by the infected cells.
Furthermore, it must be noted that our results were obtained
following synchronized infection of all cells in culture at a high
MOI. In vivo, PV is unlikely to infect all APCs at the same
time, and certainly the MOI is likely to be very low, allowing
processing and presentation of viral peptides and interaction of
specific T cells. Therefore, the efficiency of induction of im-
mune responses to PV by professional APCs in vivo may not be
compromised.
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