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We have recently developed a candidate human immunodeficiency virus type 1 (HIV-1) vaccine model based
on HIV-1 Pr55gag virus-like particles (HIV-VLPs), produced in a baculovirus expression system and presenting
a gp120 molecule from a Ugandan HIV-1 isolate of clade A (HIV-VLPAs). The HIV-VLPAs show the induction
in BALB/c mice of systemic and mucosal neutralizing antibodies as well as cytotoxic T lymphocytes, by
intraperitoneal as well as intranasal administration. In the present article, the effects of the baculovirus-
expressed HIV-VLPs on human immature monocyte-derived dendritic cells (MDDCs) have been evaluated. The
HIV-VLPs efficiently induce maturation and activation of MDDCs and are incorporated into MDDCs prefer-
entially via an actin-dependent macropinocytosis and endocytosis. The HIV-VLP-activated MDDCs show
enhanced Th1- and Th2-specific cytokine production, and the effects of HIV-VLPs on MDDCs are not mediated
through Toll-like receptors 2 and 4 (TLR2 and -4) signaling. Finally, HIV-VLP-loaded MDDCs are able to
induce a primary and secondary response in autologous human CD4� T cells in an ex vivo immunization assay.
Our results on the interaction and processing of baculovirus HIV-VLPs by MDDCs give an insight into the
mechanisms underlying the immune response induced by HIV-VLPAs in vivo.

Virus-like particles (VLPs) represent a novel form of sub-
unit vaccine based on viral capsid proteins which show the
ability to self-assemble into highly organized particulate struc-
tures (21, 35). VLPs closely resemble immature virus particles
but are both replication and infection incompetent, lacking
regulatory proteins as well as infectious genetic material. VLPs
can be employed to deliver additional antigenic structures,
such as whole proteins or specific individual epitopes, and have
been shown to generally induce more effective humoral and
cellular immune response than their soluble counterparts. In
fact, while endogenous antigens (Ags) efficiently fuel the major
histocompatibility complex (MHC) class I pathway, exogenous
antigens, including inactivated virus, cannot reach the MHC
class I pathway and fail to induce cytotoxic T-lymphocyte
(CTL) responses (3, 5). On the contrary, VLPs are highly
complex exogenous antigens and efficiently reach the MHC
class I pathway in the absence of infection or intracellular
replication (4, 41, 42).

Considering these properties, VLPs represent a highly at-
tractive vaccine approach and have been produced from a
broad spectrum of enveloped and nonenveloped viruses, re-
gardless of whether the particle structure is based on single or
multiple capsid proteins (37).

The VLPs developed in our laboratory are based on the
human immunodeficiency virus type 1 (HIV-1) Pr55gag precur-

sor protein (HIV-VLPs) and display an entire gp120 molecule,
anchored through the transmembrane (TM) portion of the
Epstein-Barr virus gp220/350. The heterologous TM increases
the expression and stability of the glycoprotein on the HIV-
VLP surface, without affecting its oligomerization (7). The
gp120 glycoprotein selected for these HIV-VLPs (HIV-
VLPAs) is derived from a Ugandan HIV-1 isolate of the A
clade (6, 8), which represents the second most prevalent HIV-1
subtype worldwide (approximately 25%) and is predominant in
many developing countries.

The HIV-VLPAs show strong immunogenicity in BALB/c
mice, without adjuvants, and HIV-1-specific CD4� and CD8�

T-cell responses as well as cross-clade neutralizing antibodies
have been detected in immunized animals (9). Moreover, the
intraperitoneal and intranasal administration of HIV-VLPAs
in mice induces antibody responses at systemic as well as mu-
cosal (vaginal and intestinal) levels (10).

Immature monocyte-derived dendritic cells (MDDCs) are
professional antigen-presenting cells (APCs) that specialize in
the uptake of antigen in the periphery and play a crucial role
in the initiation of immune responses. Different pathways have
been described for the Ag uptake by APCs, such as phago-
cytosis, clathrin-mediated uptake, caveolae-mediated uptake,
macropinocytosis, and non-clathrin, non-caveola-mediated up-
take (16, 45).

During the maturation induced by the antigen, DCs upregu-
late costimulatory molecules such as CD40, CD80, CD83, and
CD86, necessary for efficient T-cell activation. This effect is
elicited by the recognition and binding of pathogen-associated
molecular patterns (PAMPs) to pathogen-recognition recep-
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tors (PRRs) expressed on the DCs, including Toll-like recep-
tors (TLRs) and C-type lectins (47, 50, 51).

The priming of T-cell responses depends on the presentation
of Ag-derived peptides by MHC molecules. In particular,
MHC class I-restricted CD8� cytotoxic T-cell responses have
been generally thought to be triggered only by Ags synthesized
by the APC (endogenous pathway), either when infected by a
live pathogen or when targeted by a DNA vaccine. However, it
is now established that some exogenous Ags, besides the “clas-
sical” MHC class II pathway, may “cross over” to the endog-
enous pathway to gain access to MHC class I, a phenomenon
defined as “cross-presentation” or “cross-priming,” inducing
CD8� cytotoxic T-cell responses (23, 36).

Most VLP models, developed in the last few years, have
been shown to be highly effective at stimulating CD4 prolifer-
ative responses and CTL responses in addition to humoral
immunity (37), and ours is no exception. Nonenveloped human
papillomavirus-based VLPs have been reported to induce ac-
tivation and maturation of DCs through the TLR4 (28, 29, 52).
Similarly, yeast-derived HIV-VLPs have been shown to acti-
vate DCs partially through the TLR2 signaling pathway (49).
Our enveloped HIV-VLPs are produced in a baculovirus ex-
pression system, presenting a whole gp120 molecule on the
surface within a cell membrane environment which may influ-
ence the mechanisms of interaction between VLPs and APCs
and the pattern of secreted Th-polarizing cytokines.

The results showed that, indeed, baculovirus-expressed
HIV-VLPs are able to induce maturation and activation of
MDDCs and that this effect is not mediated by the surface
TLRs 2 and 4. The HIV-VLP-activated MDDCs produce a
pattern of cytokines indicative of both Th1 and Th2 pathways
and induced primary and secondary responses in autologous
human CD4� T cells in an ex vivo immunization assay. Finally,
the uptake of HIV-VLPs by DCs appears to be mainly medi-
ated by a cytochalasin D-sensitive pathway.

MATERIALS AND METHODS

Cell culture medium. DC culture medium consisted of RPMI 1640 medium
(Life Technologies, Carlsbad, Calif.) supplemented with 2 mM L-glutamine
(Sigma), 1% nonessential amino acids (Life Technologies), 1% sodium pyruvate
(Life Technologies), 50 �M 2-mercaptoethanol (Sigma), 50 �g of gentamicin
(Life Technologies) per ml, and 10% fetal calf serum (Life Technologies).

MDDC preparations. All human specimens were obtained under informed
consent, as approved by the University of Maryland—Baltimore Institutional
Review Board. MDDCs were generated as described previously (43), with minor
modifications. Briefly, human peripheral blood mononuclear cells were isolated
by Ficoll-Hypaque density gradient centrifugation and were enriched for CD14�

monocytes by negative selection with a cocktail of monoclonal antibodies
(MAbs) from StemCell Technologies (Vancouver, British Columbia, Canada),
according to the instructions of the manufacturer. Typically, greater than 80% of
the cells were CD14� after enrichment, as verified by flow cytometry. The
isolated monocytes were allowed to adhere to plastic by plating in six-well plates
at 1 � 106 cells per ml in RPMI 1640 medium for 2 h. Adherent monocytes were
washed with RPMI 1640 medium and were then cultured for 6 days in DC
culture medium supplemented with 50 ng of recombinant granulocyte-macro-
phage colony-stimulating factor (rGM-CSF; R&D Systems, Minneapolis, Minn.)
per ml and 1,000 U of recombinant interleukin-4 (rIL-4; R&D Systems, Minne-
apolis, Minn.) per ml.

Cell treatments. Agonists and inhibitors were added directly to MDDC cul-
tures in individual wells. MDDCs were pulsed with either 10 �g/ml of HIV-VLPs
or 1 �g/ml of lipopolysaccharide (LPS). As negative controls, MDDCs were
treated with several regimens. In particular, during the development/optimiza-
tion of the experimental assay, the absence of MDDC activation following
treatment with phosphate-buffered saline (PBS), supernatant of SF9 cell culture

transfected with baculovirus expression vector (mock baculovirus supernatants),
and heat-denatured VLP suspension in PBS (100°C for 10 min) has been re-
peatedly observed. Thus, the complete set of experiments was subsequently
performed using only the PBS treatment as negative control. The HIV-VLPs
presenting on their surface a CCR5-specific, clade A Ugandan gp120 molecule
were prepared as previously described (7, 10), and the residual endotoxin activity
possibly present in the HIV-VLP preparation was inhibited by preincubation
with polymyxin B sulfate (Sigma) at a concentration of 10 �g/ml. The absence of
interference due to the polymyxin B sulfate in the activation results was verified
in parallel on MDDCs treated only with polymyxin. For inhibition experiments,
MDDCs were preincubated with purified anti-TLR2 (TL2.1, IgG2a), anti-TLR4
(HT125, IgG2a), and an unrelated control IgG2a (15 �g/ml) (eBioscience, San
Diego, CA). After 16 h, the cells were harvested, washed, and stained for
phenotypic analysis by flow cytometry. The cellular supernatants were collected
for quantification of cytokine production by enzyme-linked immunosorbent assay
(ELISA) (University of Maryland Cytokine Core Lab, Baltimore, MD).

Isolation of naı̈ve CD4� T cells. Naı̈ve CD4� T cells were isolated from
peripheral blood mononuclear cells by negative selection with a mixture of MAbs
from StemCell Technologies (Vancouver, British Columbia, Canada), according
to the manufacturer’s instructions. The mixture included MAbs to CD8, CD14,
CD16, CD19, CD45R0, CD56, and glycophorin A. An anti-human HLA-DR
tetrameric MAb (StemCell Technologies) was also included to increase the
purity of the naı̈ve CD4� T cells. The isolated cells were �95% CD3� CD4� and
were completely depleted of monocytes, NK cells, B cells, and CD8� T cells.
Generally, 92 to 99% of the isolated CD4� T cells were naı̈ve as judged by
surface expression of CD62L (CD62L�), low expression of CD11a, and the lack
of expression of CD25, CD45R0, and HLA-DR (data not shown).

Antigen-specific stimulation of autologous naı̈ve CD4� T cells ex vivo. Car-
boxyfluorescein succinimidyl ester (CFSE; Molecular Probes) labeling of naı̈ve
CD4� T cells was carried out as described previously (32). MDDCs were har-
vested after 6 days of culture in MDDC culture medium (supplemented with IL-4
and GM-CSF), and 2 � 103 cells/per well were used for priming autologous naı̈ve
CD4� T cells (2 � 105 cells/per well) in 200 �l of total culture volume in 96-well
U-bottom plates. MDDCs used for priming were either untreated or were loaded
with 100 ng/ml of Staphylococcus enterotoxin B (SEB; Sigma) or with 10 �g/ml
of HIV-VLPs. The cocultures were incubated in a humidified incubator in the
presence of 5% CO2 at 37°C for 7 or 15 days. At the two time points, T-cell
proliferation was estimated by both cell count and CFSE dilution using flow
cytometry. At 7 days, the primary T-cell response was evaluated by the surface
expression of CD62L and CD45R0 markers. At 15 days, memory T-cell response
was evaluated reexposing T cells for 5 h to freshly loaded autologous MDDCs,
and the response was measured as intracellular gamma interferon (IFN-�) pro-
duction and surface CD69 expression. Background responses were determined
by omitting antigen from the cultures. For flow cytometry, cultured cells were
harvested, washed in wash buffer, and incubated for 30 min at 4°C with MAbs,
washed, and fixed for flow cytometric analysis.

Flow cytometry. Cells were incubated for 30 min at 4°C with murine mono-
clonal antibodies specific for the indicated MAbs (BD Pharmingen, San Diego,
CA), washed, and then fixed with 2% paraformaldehyde for analysis with a
FACScalibur flow cytometer (BD Pharmingen). Data analysis was carried out
with FlowJo software (Tree Star Inc., San Carlos, CA). The fraction of MDDCs
that responded by upregulation of activation markers on the cell surface was
calculated by overlaying the histograms of treated and untreated MDDCs and
Overton subtraction of the curves.

HIV-VLP uptake experiments. HIV-VLPs were labeled with 10 �M carboxy-
fluorescein diacetate (CFDA) (Vybrant CFDA Cell Tracer kit; Molecular
Probes, Eugene, OR) for 1 h at room temperature. After this incubation, the
preparation was centrifuged through a separation membrane to remove the
excess unbound dye marker. MDDCs were incubated with 10 �g of HIV-VLP-
CFDA for 90 min at 37°C. At indicated time points, cells were both observed
under fluorescence microscope and collected for evaluation by flow cytometry.
For inhibition of uptake, cytochalasin D (1 �M) or a DC-SIGN ligand poly-
acrylamide-based polymer, Man9 (200 nM), was added to the cells 1 h before the
HIV-VLP loading.

The percentage of inhibition of HIV-VLP-CFDA uptake in the presence of
inhibitors was determined as follows: % inhibition � [(MFI of cells stained
without inhibitors) � (MFI of cells stained with inhibitors)] � 100/(MFI of cells
stained without inhibitors), where MFI is mean fluorescent intensity.

Statistical analyses. Intergroup comparisons were performed with the Mann-
Whitney U test (for univariate nonparametric group analysis). All P values were
two tailed and were considered significant if �0.05.
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RESULTS

Baculovirus HIV-VLPs induce a maturation phenotype of
MDDCs. Human peripheral blood mononuclear cells were
isolated by Ficoll-Hypaque density gradient centrifugation
and were enriched for CD14� monocytes by negative selec-
tion. The purity of the obtained monocyte population was
evaluated using a set of MAbs in flow cytometry. The very
high intensity of CD14 expression in �80% of enriched
cells, coupled to HLA-DR and CD4 expression as well as
the absence of CD83 expression, indicates the purity of the
starting monocyte population for the in vitro generation of
immature MDDCs (Fig. 1).

After 6 days of IL-4 and GM-CSF induction, immature
MDDCs were incubated for 16 h with 10 �g/ml of HIV-VLPs
and the expression of surface maturation markers, including
CD80, CD83, CD86, and HLA-DR, was examined. In par-
allel, MDDCs were incubated with LPS (1 �g/ml), a well-

known activator of MDDCs’ maturation, or with PBS, as neg-
ative control. As shown in Fig. 2A, the expression of all of the
four maturation markers was upregulated by treatment with
HIV-VLPs, at levels equivalent to those with the LPS treat-
ment. Given that MDDC maturation is characterized by the
production of cytokines that are important for the activation of
T cells, the level of IFN-�, tumor necrosis factor 	 (TNF-	),
IL-6, IL-12 p70, and IL-10 was assessed in the supernatant of
MDDCs loaded with HIV-VLPs or LPS. With the exception of
IFN-�, which was not induced in these cultures, HIV-VLP-
loaded MDDCs produced high levels of the other cytokines. In
particular, compared to LPS-loaded MDDCs, the levels of
TNF-	, IL-12 p70, and IL-10 were on average higher (2.5�,
8.7�, and 2.7�, respectively) and those of IL-6 were 2.89�
lower (P � 0.001). The standard deviation of the cytokine
levels produced in five independent experiments was �10% of
the mean value (Fig. 2B). The expression of additional Th1-

FIG. 1. Evaluation of monocyte purity. Human peripheral blood mononuclear cells, isolated by Ficoll-Hypaque density gradient centrifugation,
were enriched for CD14� monocytes by negative selection. The purity of the obtained monocyte population was evaluated by flow cytometry using
MAbs specific for the indicated cellular markers.
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FIG. 2. Maturation of DCs by baculovirus-expressed HIV-VLPs. Immature MDDCs were incubated in the presence of the indicated stimulus
for 16 h. (A) The expression of CD80, CD83, CD86, and HLA-DR was analyzed on fixed cells by FACScalibur flow cytometer, and data analysis
was carried out with FlowJo software. The results of one representative experiment out of five are shown; the shaded curve represents the
background fluorescence, and the dotted line indicates the peak LPS response. (B) The level of cytokines in the culture supernatant was measured
by ELISA. The results represent the average of five experiments.
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related markers (IL-2, IL-18R, and IL-23A) as well as Th2-
related markers (IL-13 and IL-15) has been found increased in
the same HIV-VLP-loaded MDDCs, evaluated in parallel by a
gene array analysis (2). The PBS treatment did not induce the
expression of the surface maturation markers nor the produc-
tion of cytokines in the cell culture supernatant (levels of
sensitivity of the ELISA, �2 pg/ml). These results indicate that
baculovirus HIV-VLPs induce an MDDC maturation that is
coupled with the production of cytokines involved in the Th1
and Th2 pathways.

Maturation of MDDCs by HIV-VLPs is not mediated by
signaling through surface TLR2 and -4. TLRs represent a
family of surface and intracellular pattern recognition recep-
tors that signal the presence of a pathogen to the host. They
play an important role in MDDC maturation, inducing a cas-
cade of events leading to the generation of effector responses
such as Th1/Th2 polarization and CTL effector responses (38,
44). Among TLRs, the surface TLR4 recognizes LPS of gram-

negative bacteria and TLR2 recognizes bacterial lipoproteins
and lipoteichoic acids, whereas intracellular TLRs recognize
double-stranded or single-stranded viral RNA nucleic acid as
well as unmethylated bacterial and virus CpG DNA (13, 24, 25,
34, 46). The role of the surface TLRs in the response of
MDDCs to HIV-VLPs was investigated by evaluating the ex-
pression of surface maturation markers and the levels of cyto-
kines produced by DCs stimulated with HIV-VLPs in the pres-
ence of blocking specific antibodies. As shown in Fig. 3A, the
stimulation of immature MDDCs with HIV-VLPs in the pres-
ence of MAb specific for TLR2 and -4 did not induce any
alteration in the expression of surface maturation markers,
resulting in an effective maturation profile. Moreover, while
the blocking with the anti-TLR2 MAb did not decrease cyto-
kine production, the anti-TLR4 MAb induced only a modest
(10 to 30%) inhibition of cytokine production in HIV-VLP-
stimulated MDDCs. This result, however was not supported by
statistical significance (P � 0.087). As a control, DCs were

FIG. 3. Surface TLRs do not mediate the maturation of DCs by baculovirus-expressed HIV-VLPs. Immature MDDCs were preincubated for
1 h with purified anti-TLR2 (TL2.1, IgG2a) and anti-TLR4 (HT125, IgG2a) or an unrelated control IgG2a (15 �g/ml) and then with HIV-VLPs
(10 �g/ml). (A) After 16 h, the expression of CD80, CD83, CD86, and HLA-DR was analyzed on fixed cells by FACScalibur flow cytometer and
data analysis was carried out with FlowJo software. The results of one representative experiment out of three are shown. The shaded curve
represents the untreated cells; the gray curves represent the cells treated in the presence of the MAbs. (B) The level of cytokines in the culture
supernatant was measured by ELISA and is expressed as percentage of production in the presence of the anti-TLR2 and -4 antibodies, compared
to cells treated with the unrelated control IgG2a. The results represent the average of three experiments.
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loaded in the presence of an unrelated control IgG2a MAb
without effects (Fig. 3B). The standard deviation of the cytokine
levels produced by each treatment in three independent experi-
ments was �10% of the mean value. Taken together, these results
suggest that MDDC maturation induced by baculovirus HIV-
VLPs is not significantly mediated by surface TLR2 and -4.

Uptake of baculovirus HIV-VLPs by MDDCs. Pathogens
and particulate molecules can enter APCs via endocytosis (14,
44). DC-SIGN is a C-type lectin expressed on the DCs’ surface
and has been shown to function as receptor for the endocytosis
of viral envelope glycoproteins, including HIV-1 gp120 (17, 20,
26). CFDA-labeled HIV-VLPs were used to determine the
mechanism of HIV-VLP uptake used by DCs in the presence
and absence of a DC-SIGN ligand or cytochalasin D. Cytocha-
lasin D is an inhibitor of the actin polymerization and cellular
processes such as phagocytosis that are actin dependent. Con-
sidering that cytochalasin D inhibits the uptake of HPV-VLPs
by DCs (16), we evaluated its ability to inhibit the uptake of
our HIV-VLPs by MDDCs.

The results show that CFDA-labeled HIV-VLPs, in the ab-
sence of inhibitors, are effectively taken up by DCs localizing

after 2 h along the cellular membrane and, after 24 h, inside of
intracellular organelles (Fig. 4A and B).

In the inhibition studies, the cytochalasin D showed an ef-
ficient (�60%), although not complete, inhibition of the HIV-
VLP uptake by MDDCs after 24 h of incubation. The MDDCs
treated with cytochalasin D, in fact, showed on average 40% of
the mean fluorescence intensity observed in the untreated cells
(Fig. 4C and D).

The synthetic polyvalent Man9 is a polyacrylamide-based poly-
mer containing 15% high-mannose type N-glycan (Man9), which
has been shown to bind the DC-SIGN molecule, inhibiting the
binding of the HIV-1 (BAL) gp120 and blocking the capture of
HIV-1 (BAL) by DC-SIGN-expressing BTPH cells at nanomolar
concentrations (L. X. Wang and T. Fouts, unpublished data). The
pretreatment of MDDCs with the Man9 molecule induced only a
modest (�10%) inhibition of the HIV-VLP cellular uptake after
24 h of incubation, and cells showed on average 90% of the MFI
observed in the untreated cells (Fig. 4C and D). These results
indicate that, under the experimental conditions used for this
study, HIV-VLPs are preferentially taken up by MDDCs in an
actin-dependent manner.

FIG. 4. Uptake of baculovirus-expressed HIV-VLPs by MDDCs. CFDA-labeled HIV-VLPs were loaded on immature MDDCs, untreated or
preincubated for 1 h with cytochalasin D (1 �M) or DC-SIGN ligand Man9 (200 nM). DCs were collected after 2 and 24 h and observed under
a fluorescence microscope (panels A and B); in parallel, aliquots of cell culture were collected and fixed with paraformaldehyde for measurements
by flow cytometry (C). The shaded curve represents the background, the black curve represents the cells loaded with CFSE-labeled HIV-VLPs
without inhibitors, and gray curves represent the cells preincubated with inhibitors and then loaded with CFSE-labeled HIV-VLPs (dark gray,
Man9; light gray, cytochalasin D). The MFIs of cells with different treatments are shown in arbitrary units in panel D.
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FIG. 5. Baculovirus-expressed HIV-VLPs are cross-presented by
MDDCs. Immature MDDCs were pulsed for 16 h with the indicated
reagents and cocultured with CFSE-labeled autologous naı̈ve CD4� T
cells. (A) After 7 days of cocultivation, T-cell activation was evaluated
as decreased CFSE intensity and expression of CD45R0 marker. (B) T
cells were cocultivated, in parallel wells, for 15 days with autologous
DCs pulsed with the indicated reagents and restimulated for 5 h with
fresh autologous DCs pulsed with the indicated reagents. T-cell acti-
vation was evaluated as decreased CFSE intensity and increased CD69
expression; the Th1 polarization was evaluated as intracellular produc-
tion of IFN-�. Cellular viability in all three sets of cocultivation was
verified by PMA and ionomycin (Iono).
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Generation of primary and secondary CD4� T-cell re-
sponses ex vivo by HIV-VLP-treated MDDCs. MDDCs loaded
with HIV-VLPs were used to prime and boost autologous
CD4� T cells in an ex vivo system. Highly purified naı̈ve CD4�

T cells, isolated from the same donor used for the MDDC
preparation, were labeled with CFSE and mixed with HIV-
VLP-loaded MDDCs in a 100:1 T-cell/MDDC ratio. After 7
days of cocultivation, �25% of T cells appeared activated, as
measured by CFSE dilution, and the duplicating T cells showed a
robust positivity for the conventional activation/memory CD45R0
marker (Fig. 5A). On the contrary, naı̈ve CD4� T cells cocul-
tivated with unloaded autologous MDDCs did not show any
activation, as measured by CFSE dilution, nor induction of the
CD45R0 memory marker. In this experimental system, the
positive control was represented by naı̈ve CD4� T cells cocul-
tivated with autologous MDDCs loaded with the superantigen
SEB. These results indicate that HIV-VLP-loaded MDDCs
are fully activated and able to prime autologous CD4� T cells,
inducing their activation.

To demonstrate a boosting effect, after 15 days of coculti-
vation, CD4� T cells were restimulated with Ag-loaded autol-
ogous MDDCs to evaluate the induction of a secondary re-
sponse. The results showed that a population of CD4� T cells,
after a 15-day “primary” stimulation with HIV-VLP-loaded
DCs, were still viable. When restimulated with fresh HIV-
VLP-loaded autologous MDDCs, the resting cells showed
IFN-� production, suggesting the presentation of HIV-VLPs
by MDDCs in an MHC-restricted context.

In parallel, the CD4� T cells primed for 15 days with un-
loaded autologous MDDCs, did not synthesize IFN-� upon
restimulation. As a positive control, the CD4� T cells primed
for 15 days with SEB-loaded autologous MDDCs, induced a
strong IFN-� response (Fig. 5B). The cellular viability in all
three sets of cocultivation was verified by phorbol myristate
acetate (PMA) and ionomycin treatment which induced a max-
imal activation of the CD69 marker and IFN-� production.

DISCUSSION

We have previously reported that baculovirus-expressed
HIV-VLPAs, which display a gp120 derived from a Ugandan
HIV-1 isolate of subtype A, are strongly immunogenic in
BALB/c mice, inducing HIV-1-specific CD4� and CD8� T-cell
response as well as cross-clade neutralizing antibodies at sys-
temic and mucosal sites (9, 10).

Here we have shown that baculovirus-expressed HIV-VLPs
are able to induce maturation of immature human MDDCs,
resulting in the expression of surface maturation markers
(CD80, CD83, CD86, and HLA-DR) as well as the increased
production of cytokines, such as TNF-	, IL-6, IL-12 p70, and
IL-10. Moreover, in the same HIV-VLP-loaded MDDCs the
expression of additional Th1-related markers (IL-2, IL-18R,
and IL-23A) as well as Th2-related markers (IL-13 and IL-15)
has been found increased by a gene array analysis (2). These
results indicate that baculovirus HIV-VLPs induce the produc-
tion of cytokines involved in the Th1 and Th2 pathways; in
particular, the production of the IL-12 p70, which represents
the critical Th1 polarizing cytokine (19, 39, 48), indicates the
ability of the baculovirus HIV-VLPs to induce a cell-mediated

immunity and are consistent with the results obtained repeat-
edly in vivo (9–11).

Different kinetics of cytokine production have been previ-
ously described in activated DCs, showing early production (3
to 4 h postactivation) for TNF-	 and IL-6 and delayed pro-
duction (6 to 10 h postactivation) for IL-10 and IL-12 p70. This
has been explained by the possible different roles played by the
individual cytokines. In particular, TNF-	 would be released
by DCs still in peripheral tissues to further recruit DC precur-
sors and sustain the antigen capture and presentation. IL-12,
on the contrary, would be released by DCs in lymph nodes to
polarize Th cells toward a Th1 phenotype (27). The production
of these cytokines is increased in HIV-VLP-loaded DCs, indi-
cating that both functions should be induced by this vaccine
model in peripheral tissues. However, all of our data have been
generated on DC supernatants at a single time point (16 h
postactivation), and, therefore, such a sequential cytokine pro-
duction cannot be ruled out. Furthermore, the significant pro-
duction of TNF-	 and IL-10 by HIV-VLP-activated DCs,
which are known to inhibit the IL-12 p70 production, are a
common finding in Ag-activated DCs and might be explained
as a feedback control mechanism, intrinsic to the immune
system (12, 33). In the present study, MDDCs activated by
baculovirus-expressed enveloped VLPs do not release measur-
able IFN-� in the cell culture supernatant, although upregula-
tion of the IFN-� transcription in these cells has been detected
by gene expression profile analysis (2). The apparent discor-
dance of these results could be due to a different optimal
timing for the sample collection and needs to be evaluated by
more extensive observations. Nevertheless, the production of
IFN-� by DCs induced with enveloped or nonenveloped VLP
produced in different expression systems (prokaryotic, yeast,
and baculovirus) is still a debated issue (18, 28, 30, 49, 53, 54).
In particular, Yang et al. (53), reported that the CD8	�

CD11C� subpopulation of DCs and not the CD4� CD11C�

subpopulation releases IFN-� in response to baculovirus-
expressed HPV16-L1 VLPs, although the contribution of
CD8	� CD11C� splenic DCs to Th1 response in vivo remains
to be validated. On the other hand, all of these studies, includ-
ing the present one, show the induction of IL-12 p70 produc-
tion in VLP-activated MDDCs, which represents the critical
Th1 polarizing cytokine.

Blocking experiments performed with MAb specific for the
surface TLR2 and -4 suggested that the ability of HIV-VLPs to
induce maturation of MDDCs is not mediated by these recep-
tors. The expression of surface maturation markers was not
affected at all by blocking with either of the two MAbs, and the
moderate inhibition of cytokine production induced by the
anti-TLR4 MAb was not statistically significant. Additional
studies will be necessary to evaluate the role of other TLRs in the
baculovirus-expressed HIV-VLP-induced activation of MDDCs.
Yeast-derived HIV-VLPs have been previously shown to activate
MDDCs through the TLR2 (49), suggesting that the expression
system used for the VLP production may significantly influence
the pathway involved in the biological effects induced on APCs.

Baculovirus-expressed HIV-VLPs appear to be preferen-
tially taken up by DCs via macropinocytosis in an actin-depen-
dent manner. The preincubation of MDDCs with cytochalasin
D, however, induces a partial block of the HIV-VLP uptake,
suggesting the potential involvement of additional pathways
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which need to be further investigated. Moreover, the data also
showed that, to a much smaller extent, the HIV-VLP uptake is
mediated by the binding to the DC-SIGN receptor. The latter,
in particular, belongs to the C-type lectins present on the DCs’
surface to recognize carbohydrate structures within the patho-
gens’ cell wall and to drive the pathogens’ internalization for
their lysosomal degradation, antigen processing, and presenta-
tion to T cells (15, 17). DC-SIGN recognizes the viral envelope
glycoproteins expressed by a broad range of viruses that con-
tain a large number of N-linked carbohydrates, including
HIV-1 gp120 (1, 20, 22, 31, 40). The HIV-VLPs, which express
a gp120 molecule on the surface, can take advantage of differ-
ent pathways to be efficiently internalized, processed, and pre-
sented by DCs to the immune system. Finally, our data show
that HIV-VLP-loaded DCs are able, in an ex vivo system, to
activate autologous naı̈ve CD4� T cells and to drive them
toward a Th1 polarization, measured as IFN-� production.

The VLP-based vaccine approach, therefore, has been
confirmed as a good platform to deliver promising HIV
antigens for generating efficient humoral and cellular im-
mune responses. Additional studies on the VLP interactions
and processing by different subsets of DCs, and on possible
adjuvanting molecules, will lead to a better understanding of
how the VLP-induced immunity might be enhanced and/or
guided toward an optimal preventive and/or therapeutic im-
mune response.
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