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Abstract

Dendritic cells (DCs) induce different types of immune responses depending on their lineage and activation signals. When exposed to
inactivated pseudorabiesvirus (iPRV), plasmacytoid but not myeloid DCs released IFN-� and IL-12. Remarkably, both iPRV-pulsed DC types
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ere able to induce primary IFN-� producing T cells and IgG isotype switching in vivo. In contrast, tetanus toxoid pulsed DCs d
nduce detectable primary immune responses. The efficacy of antiviral T and B cell priming proved dependent on the recipient’s ge
onclude that either plasmacytoid or myeloid DCs pulsed with inactivated virus suffice to induce primary Th1-polarised immune r
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Activation of resting T cells strictly depends on dendritic
ells (DCs), which present antigenic peptides in the context
f major histocompatibility complex (MHC) in the T cell
reas of the draining lymph nodes. Different DC subsets,
hich can be distinguished based on origin, phenotype, and

unction[1,2], express pattern-recognition receptors, allow-
ng them to discriminate between invading micro-organisms
nd self-antigens[3] and provide membrane-bound and se-
retory signals for T cell priming. Murine plasmacytoid DCs
escending from lymphoid precursors express CD11c and
D8�, but not CD11b and are thought to stimulate the differ-
ntiation of T helper (Th)-1 cells by the production of IL-12.
onversely, DCs of myeloid origin, which carry CD11c and
D11b, but not CD8�, prime Th-2 responses[4,5].
Which DC subsets become activated by non-replicating

irion structures, and whether these suffice to enable prim-
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ing of naive T cells is largely unknown[6]. Acute viral infec-
tions typically evoke Th-1 type immune reactions, which
characterised by high interferon (IFN)-� production essenti
for virus-specific IgG2a responses[7–12]. Our studies ar
aimed at identifying critical factors that guide the host’s
tiviral immune reactions. To our surprise, the Th-1 polar
immune responses, typical for acute�-herpesvirus and cor
navirus infections, failed to default to a Th-2 profile des
the functional absence of p40 dependent interleukin (IL
and IL-23, as well as IFN-�/� or IFN-� [13,14], as has bee
tested in gene-deleted mice. Later, others noted an IL-12
pendent Th-1 development in respiratory Sendai, adeno
and influenza virus infection[8–10], and in systemic murin
cytomegalovirus[11] vesicular stomatitis and lymphocy
choriomeningitis virus infections[12]. Although several re
ports state that type 1 interferons do play a role in the
velopment of IFN-� producing Th cells[15], both live and
killed viruses can induce Th-1 responses in IFN-�/�-recepto
deficient mice[16]. In general, the role of IFN-�/�, which is
produced in high amounts upon virus infection by plasm
toid DC precursors in Th cell polarization remains disputa
264-410X/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2004.09.014
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In recent attempts to delineate antiviral Th-1-biased re-
sponses we examined the reactions to inactivated pseu-
dorabies virus (iPRV), a herpes simplex virus-related�-
herpesvirus. Exclusion of viral replication prevents target cell
lysis and allows control of the antigen load, and immunization
with such preparations mimics vaccination with inactivated
vaccines that are often not adjuvanted. We observed that in-
activated viruses from different families, similar to authen-
tic infections, are able to induce specific IgG2a production
driven by a type 1 immune response, with dominant IFN-�
production by splenocytes[43] IgG2a production induced by
iPRV was impaired only in gene-deleted mice lacking IFN-�
receptor function, but remained unaffected in IL-12p40−/−
or IFN-�/�R−/− mice. These results placed IFN-� as a crit-
ical mediator of iPRV-induced IgG2a class switching.

The present study is aimed at identifying cellular elements
involved in Th-1 polarized immune pathways that are trig-
gered by the recognition of inactivated virus particles. In
attempts to dissect the earliest response-shaping events af-
ter immunisation we assessed the activating effects of non-
replicating virions on plasmacytoid and myeloid DCs. In ad-
dition, we studied the capacity of virion-exposed adoptively
transferred DCs to generate antiviral IFN-�-producing cells
and IgG2a class switching by B cells. Our data show that
early interactions between plasmacytoid/myeloid DCs and
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2.3. Viruses

Because of the high virulence for mice of wild type
PRV, an attenuated gE−, TK− mutant was used as live PRV
control to infect DCs[17]. A gE−, TK+ derivative of the
field isolate NIA-3[18] was used to prepare iPRV. Inactiva-
tion was performed using a final concentration of 0.01 M
2-bromoethylamine hydrobromide (BEA) and NaOH, pH
7.4, for 24 h at 37◦C. BEA was neutralized by adding 20%
sodium thiosulphate to a final concentration of 0.67% (v/v).
No residual live virus was found, as assessed by inoculation
of BHK cell cultures (>1500 cm2 monolayer surface) with the
preparation and checking for cytopathic effects. After dialy-
sis against phosphate buffered saline (PBS), iPRV was used
to stimulate DCs and immunize mice.

2.4. Cell isolation and DC culture

Bone marrow cells were isolated by flushing femurs and
tibiae from 5–10 näıve mice with cold RPMI. Erythrocyte-
depleted cells were passed through a 70�m cell strainer and
cultured at a concentration of 106 cells/ml in RPMI medium
[19] supplemented with glutamax-I, 5% FCS, Gentamycine,
5× 10−5 M ß-mercaptoethanol and either 200 ng/ml recom-
binant human FLT3-Ligand (Peprotech) or 100 ng/ml recom-
b ting
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on-replicating virions are apparently sufficient to initiat
nd B cells responses conditioned towards the Th-1 ph

ype. Th-1 polarization is independent of the DC type tr
erred, and of its capacity to produce IL-12 and IFN-� in
itro. However, the genotype of the recipient may affect
verall efficacy of DC vaccination. Our data are relevan
rophylactic and therapeutic DC-based vaccination regi

. Materials and methods

.1. Mice

Wild type (WT) mice on a C57BL/6 background were
ained from Jackson Laboratories (Bar Harbor). WT 129
ice were bred at the Central Animal Laboratory, Utre
niversity. All mice were housed in filtertop cages. Appro

or the animal experiments had been obtained from the
utional Animal Welfare Committee.

.2. In vivo treatment of mice

Immunisation studies were performed in 8–12-week
emale mice by intraperitoneal (i.p.) injection of 100�l iPRV,
ontaining 1× 107 inactivated plaque-forming units (PFU
r with ex vivo pulsed DCs. In that case 2× 105 iPRV-pulsed
r control DCs were injected i.p. Blood samples of imm
ised mice were taken at various points in time after va
ation from the retro-orbital plexus.
inant murine granulocyte macrophage colony stimula
actor (GM-CSF, Peprotech).

.5. Flow cytometric analysis and cell sorting

For cell sorting, DCs were harvested at day 8 of cul
nd stained with FITC labelled mAb anti-CD11c and PE
elled anti-CD11b (both from BD Pharmingen). Plasma

oid (CD11c+CD11b−) cells from the FLT3-L culture an
yeloid (CD11c+CD11b+) cells from the GM-CSF cultur
ere sorted by FACS[19].

.6. In vitro stimulation of DCs

Sorted plasmacytoid (CD11c+CD11b−) and myeloid
CD11c+CD11b+) cells were cultured in the presence of iP
1× 107 inactivated PFU), live attenuated PRV (multiplic
f infection 5,[17]) or in medium as a control. Cytokin
roduced were quantitated in cell free medium collecte

er 24 h. Immunisations were performed with 2× 105 viable
RV-pulsed or control DCs, washed three times with p
hate buffered saline[20].

.7. Analysis of cytokine production

For the analysis of IL-5 and IFN-� production, spleen
ere isolated 2 weeks after immunization. Erythroc
epleted splenocytes (5× 106 cells/ml) were cultured in 96
ell plates (Nunc) in the presence of 10 ng/ml dialysed iP
ell culture supernatants were harvested 7 days later
ytokines were measured using sandwich ELISAs for
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and IFN-� (both from R&D systems). DC culture super-
natants were tested using sandwich ELISAs for IFN-� (PBL-
Biomedical) and IL-12. The IL-12p40 ELISA was performed
using Greiner Microlon 96 well ELISA plates incubated
for 24 h at 4◦C with anti IL-12 clone 15.6 (BD Pharmin-
gen) at a concentration of 4 ng/ml. After blocking with 1%
bovine serum albumin, samples and standards (rmlL-12, BD
Pharmingen) were incubated overnight at 4◦C, biotinylated
anti IL-12 clone 17.8 (BD Pharmingen) was used as detect-
ing antibody at a concentration of 2 ng/ml. After incubation
with peroxidase-conjugated streptavidine, tetramethylbenzi-
dine was allowed to react for 10 min. The colour reaction was
stopped and the results read at 450 nm.

2.8. Determination of antibody titres

Serum antibody levels and subtypes were determined us-
ing ELISA in 96-well flat bottom plates as described before
[14]. Antibody titres were defined as the reciprocal of the
highest dilution with an absorbance 1.5 times that of the back-
ground observed in naive, non-immunised control groups.
The detection limit (DL) of the assay was a 2 log 6 titre.

2

d an-
t

3. Results

3.1. Cytokine production by plasmacytoid and myeloid
DCs exposed to iPRV

To investigate processes that precede the priming of
naive Ag-specific T cells we examined the effects of non-
replicating and live virions on in vitro cultured immature
bone marrow DCs of either plasmacytoid or myeloid pheno-
type. Bone marrow cells of naive 129/Sv mice were cultured
for 8 days, in the presence of either FLT3-L or GM-CSF, and
DC subtypes were sorted using FACS analysis[19]. After
24 h exposure to iPRV or live PRV, culture media of in vitro
incubated DCs were examined for cytokine production. As
shown inFig. 1, plasmacytoid DCs (CD11c+CD11b−), but
not myeloid DCs (CD11c+CD11b+), responded with high IL-
12p40 production following stimulation with iPRV, and to a
lesser extend with live PRV (p= 0.0024,Fig. 4A and B). We
analysed the expression of the IL-12p40 subunit as a marker
for IL-12p70 production. In cell culture supernatants of un-
stimulated DCs relatively low amounts of IL-12p40 were
found. Similarly, IFN-� was produced by plasmacytoid DCs,
but not by myeloid DCs (Fig. 1C and D), which is in line with
their plasmacytoid phenotype[19]. Both live attenuated and
iPRV induce comparable amounts of this cytokine; indicat-
ing that replication of the virion is not required for this DC
r oxoid
( or
I
d ).

F rom 12 -
D
i

.9. Statistics

If applicable, group means of cytokine responses an
ibody titres were compared using the Student’st-test.

ig. 1. In vitro cytokine responses of different types of DCs isolated f

) production was measured in cell free supernatants of either plasmacytoid

ndividual cultures per group are shown± S.E.M.
esponse. Exposure of both DC subtypes to tetanus t
TT), a prototypic non-viral antigen, evoked no IL-12 n
FN-�/� production (data not shown). IFN-� could not be
etected in any of the cell supernatants (data not shown

9/Sv mice following stimulation with live or iPRV. IL-12 (A, B) and IFN� (C,

(A, C) or myeloid (B, D) DCs using ELISA. Mean concentrations of at least three
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3.2. 129/Sv mice vaccinated with PRV-loaded DCs
develop type 1 adaptive immune responses to PRV

In order to reveal their in vivo immune inductive and
putative response skewing capacity following virion expo-
sure, plasmacytoid or myeloid DCs, in vitro stimulated with
PRV for 24 h were washed and injected into naive mice. The
medium in which the DCs were resuspended to inject mice
contained less than 10 PFU PRV as determined by plaque
titration, a dose that by itself did not induce detectable pri-
mary immune responses (not shown). Two weeks later Ag-
specific splenic cytokine responses and Ag-specific serum
antibody response were measured in DC vaccinates. As a
control, mice were immunised with iPRV directly.

Despite differences in cytokine profiles between 129/Sv
DC subsets following in vitro exposure to live or iPRV, recipi-
ents of in vitro-pulsed DCs of both subtypes generated similar
immune reactions. Ag-specific cytokine responses of ex vivo
restimulated splenocyte cultures, characterised by high IFN-
� and low IL-5 levels, were noted for recipients of both DC
subtypes, regardless of exposure to live or iPRV (Fig. 2). On
the other hand, vaccination with TT-loaded DCs induced no
detectable T cell derived cytokine response (data not shown).

The antibody quality resulting from immunisation with
both DC subsets appeared to be in line with the splenic
c n-
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h
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c wn).

3
p
s e

y be
a

F er im-
m s-
m d
I are
s

Fig. 3. PRV specific antibody responses in 129/Sv mice following vaccina-
tion with in vitro PRV-pulsed DCs. Sera of five mice per group taken 2 weeks
after immunization with (A) iPRV directly, (B) PRV loaded plasmacytoid
or (C) myeloid DCs, were analysed for specific IgG (H + L) (grey columns),
IgG1 (hatched columns) and IgG2a (solid columns). Mean titres± S.E.M.
are shown, the detection limit (DL) is indicated by the dotted line.

therefore performed similar experiment in C57BL/6 mice.
When using C57BL/6 mice as bone marrow donor, both
plasmacytoid DCs cultured in the presence of FLT3-L and
remarkably also myeloid DCs cultured in the presence of
GM-CSF responded with IL-12 production to iPRV (Fig. 4A
and B). IL-12 production upon stimulation with inactivated
particles was higher than when plasmacytoid DCs were stim-
ulated with live PRV (p= 0.015,Fig. 4A). Conversely, IFN-�
production was noted only for plasmacytoid DCs exposed
to either replicating or iPRV (Fig. 4C), but minimal for
myeloid DCs (Fig. 4D). IFN-� could not be detected in
any of the cell supernatants (not shown). When vaccinated
with iPRV, C57BL/6 mice responded with significant IgG
and IgG2a responses (not shown). However, immunization
with in vitro iPRV or live PRV-pulsed DCs of either sub-
type did not induce significant T cell nor antibody responses
(Figs. 5A, B and 6A, B).

3.4. Vaccination of 129/Sv mice with PRV-loaded DCs
ofC57BL6 origin triggers Th-1 type adaptive T and B
cell responses to PRV

In view of the strain differences in response to autologous
DC immunization between 129/SV and C57BL/6 mice we
d 29Sv
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ytokine profile. Except for mice immunised with no
timulated control DCs, all animals responded with mark
igh IgG2a antibody levels and low IgG1 titres (Fig. 3). These
ata illustrate that the type of DC used for vaccination, d
ot influence the antiviral antibody isotype distribution in
ecipients. After vaccination with TT-loaded DCs no TT s
ific primary antibody responses were detected (not sho

.3. Vaccination with PRV-loaded DCs, of either
lasmacytoid or myeloid origin, does not trigger
ignificant antibody and T cell responses in C57BL6 mic

We noted earlier that the observed Th-1 pathway ma
ctivated differently in genetically different hosts[43]. We

ig. 2. Splenic cytokine responses of 129/Sv vaccines 2 weeks aft
unization with (A) iPRV directly, or (B) with in vitro PRV-loaded pla
acytoid or (C) myeloid DCs. Mean IFN-� (left axis, solid columns) an

L-5 (right axis, grey columns) concentrations of five mice per group
hown± S.E.M.
ecided to evaluate the responses of well-responding 1
ice to immunization with DCs of C57BL/6 origin. Becau

he MHC class II of C57BL/6 and 129/Sv mice are ge
ypically identical [21], in vitro pulsed DCs of C57BL/
rigin were used to immunize 129/Sv mice. Remarka
29/Sv mice clearly responded with type 1 immune respo
Figs. 5A, B, 6A and B), as they did when receiving iPR
ulsed autologous DCs (Figs. 2 and 3). In both situation
ainly IFN-� (Fig. 5) and IgG2a type antibodies (Fig. 6) are
roduced. The limited T and B cell responses noted follow
utologous DC vaccination in C57BL/6 mice suggests

he efficacy of DC vaccination to a great extent depend
enetic factors of the vaccinate.
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Fig. 4. In vitro cytokine production by plasmacytoid (A, C) or myeloid (B, D) DCs, isolated from C57BL/6 mice, following stimulation with PRV. Cell free
supernatants of either DC subtype were tested for IL-12 (A, B) and IFN-� (C, D) using ELISA. Mean cytokine concentrations of at least five mice per group
are shown±S.E.M.

4. Discussion

Activated T cells are normally generated from resting T
cells that require stimulation by antigen-presenting DCs. In
this report we show that adoptive transfer of DCs pulsed
with inactivated virus particles is sufficient to shape IFN-
�-associated antiviral IgG2a synthesizing B cell responses
in naive vaccinates. Interestingly, the use of distinctly gen-
erated DC subtypes, exhibiting different IL-12 and IFN-�/�
responses in vitro, did not influence the outcome of Th-1
cell polarization and associated antibody isotype patterns in
immunised recipients.

Viruses and virus-like particles are known to trigger ac-
tivation and antigen-presentation by DCs[6,22–24]. We as-
sume that early after inoculation� herpesvirions are inter-
nalised and processed by DCs resulting in subsequent presen-
tation to naive helper cells. Likely, only a limited, undefined,
fraction of viral antigens is taken up by the in vitro-exposed
DCs and apparently sufficient to evoke primary adaptive re-
sponses, in contrast to the TT antigen. In general, little is
known about the most up-stream molecular interactions lead-
ing to DC activation by viral structures. Although several pat-
tern recognition receptors (PRR) for virus-specific structures
have been described, their exact role in the induction of in-
nate and subsequent acquired antiviral immune responses still
h ted
m or the
f ep-
a ke
r

general motifs associated with virus particles and infection
are thought to be recognized; TLR9 and TLR3 bind double
stranded DNA and RNA, respectively[30]. Besides, mem-
bers of the C-type lectin family can ligate virus-specific car-
bohydrate patterns, leading to maturation and antigen presen-
tation by the DC[31]. However, how exactly iPRV activates
DCs to provide presumed costimulatory signals to helper T
cells is unknown. Remarkably, the particulate form of the
virions and their highly organized structure seemed to con-
tribute to in vitro DC activation[32]. We observed 26–63%
lower cytokine levels produced upon stimulation with sodium
deoxycholate (NaDOC) disrupted virus particles (data not
shown). The influence of the antigenic structure on in vitro
immune stimulation has been described before for influenza
virus. Whole inactivated influenza virus led to functional DC
maturation, which proved moderate following exposure to
subunit antigens lacking the core protein[33].

Primary B cell activation requires recognition of native
antigen. One may question how vaccination with extensively
washed DCs, pulsed overnight with iPRV, enables B cell IgG
responses in naive recipients. Wykes and co-workers showed
that in vitro addition of free antigen to B cells cultures results
in secretion of only IgM, when help from antigen-specific
T cells is provided, while B cells precultured in direct con-
tact with Ag-pulsed DCs readily produce both IgM and IgG
[ del
a and
h 4 h
[ ong
e plus
as to be revealed[25,26]. Virus-related pathogen-associa
olecular structures that have been defined, such as f

usion protein of respiratory syncytial virus and for the h
titis C virus core protein, are both involved in Toll-li
eceptor (TLR) 4 dependent responses[27–29]. Also more
34]. It is well recognised that DCs are able to retain mo
ntigens such as horse radish peroxidase (HRP), KLH
uman serum albumin in their native form for at least 2

34]. For immunisation with Ag-pulsed DCs this appears l
nough to migrate to lymph nodes and to provide antigen
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Fig. 5. Splenic cytokine responses of C57BL/6 vaccinates, 2 weeks after im-
munization with in vitro (A) PRV-pulsed plasmacytoid or (B) myeloid DCs
and splenic cytokine responses of 129/Sv mice following adoptive transfer
of (C) plasmacytoid or (D) myeloid in vitro PRV-pulsed DCs of C57BL/6
origin. Mean IFN-� (left axis, solid columns) and IL-5 (right axis, grey
columns) concentrations of at least five mice per group are shown±S.E.M.

contact-dependent signals essential for IgG class switching.
This process, however, remains dependent on additional T
cell help[34]. In contrast, IgM induction by iPRV is T cell
independent (De Wit, unpublished observations). How ex-
actly DCs expose B cells to antigens remains elusive; we may
exclude a cany over effect after extensive washings. Hence,
DCs not only initiate T helper activity but also directly initi-
ate and influence antibody synthesis by B cells[34–36]. We
assume that similar processes take place in the iPRV system.

Moser and colleagues have shown that the type of Ag-
pulsed APC used for adoptive transfer immunisation may
affect the subclass of antibody produced.[35]; DCs pulsed
with human� globuline (HHG) stimulated Th-1 priming,
while HGG-pulsed macrophages appeared to prime Th-2 de-
velopment and production of IgG1 and IgE antibodies, but
only after a booster was given to the mice after the DC transfer
[5,37]. One paradigm advocates that lymphoid DCs initiate
Th-1 differentiation, while myeloid DCs preferentially stim-
ulate Th-2 development[4,5,38]. Especially, plasmacytoid
murine DCs produce large amounts of IFN-� in response to
irradiated HSV, while myeloid DCs fail to produce IFN-�
following recognition of irradiated HSV[19]. This is in line
with our iPRV data, for DCs derived from both 129/Sv mice
and C57BL/6. Non-plasmacytoid DCs can produce IFN-�

Fig. 6. PRV specific antibody reactions of C57BL/6 mice following immu-
nization with (A) plasmacytoid or (B) myeloid in vitro PRV-loaded DCs and
PRV specific antibody responses in 129/Sv mice after immunization with
in vitro PRV-loaded DCs of C57BL/6 origin. (C) Plasmacytoid DCs, (D)
myeloid DCs. Sera of five mice per group taken 2 weeks after immuniza-
tion were analyzed for specific IgG (H + L) (grey columns), IgG1 (hatched
columns) and IgG2a (solid columns). Mean titers± S.E.M. are shown, the
detection limit (DL) is represented by a dotted line.

if dsRNA is able to access the cytosol[6]. Myeloid DCs
from 129/Sv and C57/BL6 mice showed different IL-12 pro-
ducing capability. iPRV induces IL-12 in both, plasmacytoid
and remarkably myeloid DCs of C57BL/6 origin, while only
plasmacytoid DCs from 129/SV mice produced IL-12. The
fact that the iPRV preparation contained more virions may
explain some of the quantitative differences observed in the
production of IL-12. Since the function of the two DC sub-
types is thought to be reflected in the expression of different
sets of PRR[30,39], we speculate that either both DC sub-
sets recognize distinct viral structures, or that both DC types
recognize common viral patterns, whose receptors have yet
to be revealed. Importantly, our data show that regardless of
the recognition process both plasmacytoid and myeloid DC
subtypes are able to evoke similar serum IgG isotype pat-
terns, consistent with expansion of IFN-� producing Th-1
cells. Thus, we conclude that the antigen rather than the na-
ture of DCs dictates the type of antiviral immune responses.
Moreover, DC activation in our system is independent of viral
replication, implicating that recognition of the virus particle
itself is sufficient to initiate and skew downstream adaptive
responses.

Although it has been shown that Th-1 predominance,
consistent with IgG2a isotype synthesis, depends on IL-
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12 [4,5,40] this cytokine was not produced in vitro by
myeloid 129/Sv DCs upon PRV stimulation. However, since
these DCs, similar to the high IL-12 producing lymphoid
DCs, equally induced Th-1 differentiation following adop-
tive transfer, we conclude that IL-12 is not a major factor for
Th-1 development evoked by iPRV. Also the virus-induced
levels of in vitro IFN-� production by DCs, high in plasma-
cytoid cultures but minimal or absent in myeloid cultures,
could not be linked to in vivo Th-1 development and associ-
ated IgG class switching. These findings are consistent with
our earlier reports, using relevant gene-targeted mice, show-
ing that IL-12, IL-23, IFN-� and IFN-�/� independent type
1 immune responses occur following live virus infections or
direct immunisation with inactivated viruses in absence of
exogenous vaccine adjuvant[13,14,16]. Interestingly, IL-12
independent type-1 immunity was observed for other viral
infections[8,9,11,12]. These data observed in mice largely
fit with observations in patients carrying mutations in the IL-
12 p40 or the IL-12 receptorpi gene, who respond normally
to viral vaccines, but have difficulties to controlSalmonella
and mycobacterial infections[41].

Interestingly, vaccination with iPRV pulsed C57BL/6 DCs
did not induce measurable immune responses when injected
into C57BL/6 mice, but readily evoked Th-1 associated an-
tibody and cytokine reactions when transferred into 129/Sv
m the
h une
r CR7
m

v to
i class
s ype
1 ture
s

A

ltes
f for
h e are
a nts
a

R

hoid
cuba-
es. J

la-
dritic

f a

[4] Maldonado-Lopez R, De Smedt T, Michel P, et al. CD8alpha+ and
CD8alpha− subclasses of dendritic cells direct the development of
distict T helper cells in vivo. J Exp Med 1999;189:587–92.

[5] Moser M. Regulation of Th1/Th2 development by antigen-presenting
cells in vivo. Immunobiology 2001;204(5):551–7.

[6] Diebold SS, Montoya M, Unger H, et al. Viral infection switches
non-plasmacytoid dendritic cells into high interferon producers. Na-
ture 2003;424(6946):324–8.

[7] Coutelier JP, van der Logt JT, Heessen FW, Warnier G, Van Snick
J. IgG2a restriction of murine antibodies elicited by viral infections.
J Exp Med 1987;165(1):64–9.

[8] Monteiro JM, Harvey C, Trinchieri G. Role of interleukin-12 in
primary influenza virus infection. J Virol 1998;72(6):4825–31.

[9] Xing Z, Zganiacz A, Wang J, Divangahi M, Nawaz F. IL-12 in-
dependent Th1-type immune responses to respiratory viral infec-
tion: requirement of IL-18 for IFN-g release in the lung but not for
differentiation of viral-reactive Th1-type lymphocytes. J Immunol
2000;164:2575–84.

[10] Walter MJ, Kajiwara N, Karanja P, Castro M, Holtzman MJ. Inter-
leukin 12 p40 production by barrier epithelial cells during airway
inflammation. J Exp Med 2001;193(3):339–51.

[11] Carr JA, Rogerson JA, Mulqueen MJ, Roberts NA, Nash AA.
The role of endogenous interleukin-12 in resistance to murine cy-
tomegalovirus (MCMV) infection and a novel action for endogenous
IL-12 p40. J Interferon Cytokine Res 1999;19(10):1145–52.

[12] Oxenius A, Karrer U, Zinkernagel RM, Hengartner H. IL-12 is not
required for induction of type 1 cytokine responses in viral infec-
tions. J Immunol 1999;162:965–73.

[13] Schijns VE, Haagmans BL, Wierda CM, et al. Mice lacking IL-
12 develop polarized Th1 cells during viral infection. J Immunol

[ inek
h1-

J Im-

[ IFN
nol

[ M,
im-

ated

[ eu-
ditor.
.

[ HT.
seu-
irol

[ rine
by

ctor.

[ JL,
s-

[ and
etics

[ toid
tent

[ ar-
nol

[ ion
ses
ice. This indicates that not only DC activation but also
ost responsiveness critically mediates down-stream imm
esponses. Expression of inflammatory cytokines like C
ay be critical for DC based vaccination[42].
In conclusion, inoculation of non-replicating�-herpes

irions conditions both plasmacytoid and myeloid DCs
nitiate Th-1 type T cells responses and associated IgG
witching by B cells. The exact molecular basis of this t
response skewing viral stimulus remains subject for fu

tudies.

cknowledgements

We thank Hanneke van Zuilekom and Nicolette Scho
or their excellent technical help and Karel van Stokkom
is assistance in performing the animal experiments. W
lso very grateful to Bart N. Lambrecht for helpful comme
nd discussion.

eferences

[1] Vremec D, Shortman K. Dendritic cell subtypes in mouse lymp
organs: cross-correlation of surface markers, changes with in
tion, and differences among thymus, spleen, and lymph nod
Immunol 1997;159(2):565–73.

[2] Wu L, Li CL, Shortman K. Thymic dendritic cell precursors: re
tionship to the T lymphocyte lineage and phenotype of the den
cell progeny. J Exp Med 1996;184(3):903–11.

[3] Medzhitov R, Janeway Jr CA. Innate immunity: the virtues o
nonclonal system of recognition. Cell 1997;91(3):295–8.
1998;160:3958–64.
14] Schijns VE, Haagmans BL, Rijke EO, Huang S, Aguet M, Horz

MC. IFN-gamma receptor-deficient mice generate antiviral T
characteristic cytokine profiles but altered antibody responses.
munol 1994;153(5):2029–37.

15] Durbin JE, Femandez-Sesma A, Lee CK, et al. Type I
modulates innate and specific antiviral immunity. J Immu
2000;164(8):4220–8.

16] Grob P, Schijns VE, van den Broek MF, Cox SP, Ackermann
Suter M. Role of the individual interferon systems and specific
munity in mice in controlling systemic dissemination of attenu
pseudorabies virus infection. J Virol 1999;73(6):4748–54.

17] Visser N, Lutticken Q. Experiences with a gl-/TK-modified live ps
dorabies virus vaccine: strain Begonia. In: Van Oirschot JT, e
Vaccination and Control of Aujeszky’s Disease, 1989. p. 37–44

18] Quint W, Gjelkens A, vani Oirschot J, Berns A, Cuypers
Construction and characterization of deletion mutants of p
dorabies virus: a new generation of ’live’ vaccines. J Gen V
1987;68:523–34.

19] Gilliet M, Boonstra A, Paturel C, et al. The development of mu
plasmacytoid dendritic cell precursors is differentially regulated
FLT3-ligand and granulocyte/macrophage colony-stimulating fa
J Exp Med 2002;195(7):953–8.

20] Lopez CB, Fernandez-Sesma A, Czelusniak SM, Schulman
Moran TM. A mouse model for immunization with ex vivo viru
infected dendritic cells. Cell Immunol 2000;206(2):107–15.

21] Klein J, Figueroa F, David CS. H-2 haplotypes, genes
antigens: second listing, II. The H-2 complex. Immunogen
1983;17(6):553–96.

22] Cella M, Facchetti F, Lanzavecchia A, Colonna M. Plasmacy
dendritic cells activated by influenza virus and CD40L drive a po
TH1 polarization. Nat Immunol 2000;1(4):305–10.

23] Lenz P, Day PM, Pang Y-YS, et al. Papillqmavirus-like p
ticles induce acute activation of dendritic cells. J Immu
2001;166:5346–55.

24] Storni T, Lechner F, Erdmartn I, et al. Critical role for activat
of antigen-presenting cells in priming of cytotoxic T cell respon



1350 M.C.de Wit et al. / Vaccine 23 (2005) 1343–1350

after vaccination with virus-like particles. J Immunol 2002;168(6):
2880–6.

[25] Matsumotp M, Kjkkawa S, Kohase M, iyiiyake K, Seya T. Establish-
ment of a monoclonal antibody against human Toll-like receptor 3
that blocks double-stranded RNA-mediated signaling. Biochem Bio-
phys Res Commun 2002;293(5):1364–9.

[26] Weis WI, Tayjqr ME, Drickamer K. The C-type lectin superfamily
in the immune system. Immunol Rev 1998;163:19–34.

[27] Haynes LM, Moore DD, Kurt-Jones EA, Finberg RW, Anderson LJ,
Tripp RA. Involvement of toll-like receptor 4 in innate immunity to
respiratory syncytial virus. J Virol 2001;75(22):10730–7.

[28] Kurt-Jones EA, Popoya L, Kwinn L, et al. Pattern recognition recep-
torsTLR4and CD14 mediate response to respiratory syncytial virus.
Nat Immunol 2000;1(5):398–401.

[29] Duesberg U, von dern Bussche A, Kirschning C, Miyake K, Sauer-
bruch T, Spengler U. Cell activation by synthetic lipopeptides of
the hepatitis C virus (HCV)-core protein is mediated by toll like
receptors (TLRs) 2 and 4. Immunol Lett 2002;84(2):89–95.

[30] Kadowaki N, Ho S, Antonenko S, et al. Subsets of human dendritic
cell precursors express different toll-like receptors and respond to
different microbial antigens. J Exp Med 2001;194(6):863–9.

[31] Sallusto F, Cella M, Danieli C, Lanzavecchia A. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macro-
molecules in the major histocompatibiiity complex class II compart-
ment: downregulation by cytokines and bacterial products. J Exp
Med 1995;182(2):389–400.

[32] Jegerjehner A, Storni T, Lipowsky G, Schmid M, Pumpens P,
Bachmann MF. Regulation of IgG antibody responses by epi-
tope density and CD21-mediated costimulation. Eur J Immunol
2002;32(11):3305–14.

[ S,
den-

eral
rt T

[34] Wykes M, Pombo A, Jenkins C, MacPherson GG. Dendritic cells
interact directly with naive B lymphocytes to transfer antigen and
initiate class switching in a primary T-dependent response. J Im-
munol 1998;161(3):1313–9.

[35] Sornasse T, FIamand V, De Becker G, et al. Antigen-pulsed dendritic
cells can efficiently induce an antibody response in vivo. J Exp Med
1992;175(1):15–21.

[36] MacPherson G, Kushnir N, Wykes M. Dendritic cells, B cells and
the regulation of antibody synthesis. Immunol Rev 1999;172:325–
34.

[37] De Becker G, Sornasse T, Nabavi N, et al. Immunoglobulin iso-
type regulation by antigen-presenting cells in vivo. Eur J Immunol
1994;24(7):1523–8.

[38] Shaw J, Grund V, Durling L, Crane D, Caldwell HD. Dendritic cells
pulsed with a recombinant chlamydial major outer membrane protein
antigen elicit a CD4(+) type 2 rather than type 1 immune response
that is not protective. Infect Immunol 2002;70(3):1097–105.

[39] Jarrossay D, Napqlitani G, Colqnna M, Sajlusto F, Lanzavecchia
A. Specialization and complementarity in microbial molecule recog-
nition by human myeloid and plasmacytoid dendritic cells. Eur J
Immunol 2001;31(11):3388–93.

[40] Hochrein H, Shortman K, Vremic D, Scott B, Hertzog P, O’Keeffe
M. Differential production of IL-12, IFN-� and IFN-� by mouse
dendritic cell subsets. J Immunol 2001;166:5448–55.

[41] Ottenhoff TH, Kumararatne D, Casanqva JL. Novel human immun-
odeficiencies reveal the essential role of type-l cytokines in immunity
to intracellular bacteria. Immunol Today 1998;19(11):491–4.

[42] Martln-Fontecha A, Sebastiani S, Hopken UE, et al. Regulation of
dendritic cell migration to the draining lymph node: impact on
T lymphocyte traffic and priming. J Exp Med 2003;198(4):615–

[ st-
iruses
l

33] Saurwein-Teissl M, Zisterer K, Schmitt TL, Gluck R, Cryz
Grubeck-Loebenstein B. Whole virus influenza vaccine activates
dritic cells (DC) and stimulates cytokine production by periph
blood mononuclear cells (PBMC) while subunit vaccines suppo
cell proliferation. Clin Exp Immunol 1998;114(2):271–6.
21.
43] De Wit M, Horzinek MC, Haagmans BL, Schijns VEJC. Ho

dependent type 1 cytokine responses driven by inactivated v
may fail to default in the absence of IL-12 or IFN-�/�. J Gen Viro
2004;85:795–803.


