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SUMMARY

Allergen-specific immunotherapy is commonly performed with allergen extracts adsorbed to

aluminium hydroxide (alum). The undesirable effects associated with the use of alum, including

granuloma formation at the site of injection and stimulation of T helper 2 (Th2) cytokine

production, has generated interest in alternative allergen carriers, one being carbohydrate-based

particles (CBPs). Here, we have investigated the in vitro effects of the recombinant major cat

allergen Fel d 1 (rFel d 1) coupled to CBPs (CBP–rFel d 1) on human monocyte-derived

dendritic cells (MDDCs) obtained from healthy blood donors. A majority of the CD1a+

MDDCs internalized fluorescein isothiocyanate-labelled CBP–rFel d 1, as demonstrated by

flow cytometry and confocal laser-scanning microscopy. Furthermore, an up-regulation of the

expression of the costimulatory molecule, CD86, on the MDDCs was induced by CBP–rFel d 1,

but not by rFel d 1 or CBPs alone. Finally, three- and fourfold increases in the release of

interleukin-8 and tumour necrosis factor-a, respectively, were observed when MDDCs were

cultured in the presence of CBP-rFel d 1. Altogether, our results indicate that the use of CBPs

as an allergen carrier and adjuvant is a promising candidate for the improvement of allergen-

specific immunotherapy.
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INTRODUCTION

Immunoglobulin E (IgE)-mediated allergic diseases1 affect

» 25% of the population in industrialized countries and the

incidence continues to increase,2 underlining the import-
ance of developing efficient treatment strategies. Although

allergen-specific immunotherapy (SIT), the only curative
treatment for allergic disease presently available, is often
successful,3 such therapy may give rise to unwanted side-
effects, such as anaphylactic reactions.4,5 In an attempt to

avoid such undesirable side-effects, the allergen extracts
employed in SIT are commonly adsorbed to aluminium
hydroxide (alum), which delays release of the allergen.

However, this approach is associated with the formation of
granuloma at the site of injection, as well as other adverse
effects.6–9 In addition, alum preferentially stimulates

T helper 2 (Th2) responses,10 in direct contrast to the aim
of suppressing the Th2-dependent mechanisms underlying
allergy.11 Therefore, the development of new adjuvants

designed to enhance the efficiency of SIT and with fewer
side-effects, is highly desirable. Carbohydrate-based parti-
cles (CBPs) have been proposed as an alternative to alum in
this context.7 Proteins can be covalently coupled to these

particles via cyanogen bromide activation, and the particle
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size (2 lm in diameter) has been optimized for efficient
phagocytosis.12 It has recently been shown that in the case
of mice immunized with the timothy grass pollen allergen
Phl p 5, a more T helper 1 (Th1)-skewed immune response

was elicited when this allergen was bound to CBPs than
when adsorbed to alum or delivered together with free
CBPs.7 This observation indicates that CBPs influence the

nature of the T-cell response to the allergen.
Of crucial significance for the outcome of the T-cell

response is the efficiency with which the allergen is pre-

sented to allergen-specific T cells by antigen-presenting cells
(APCs). The most important APC, the dendritic cell (DC),
is capable both of promoting tolerance (by stimulating

regulatory mechanisms) and immunity (by inducing effector
T-cell responses).13 A key event in the presentation of
antigens to T cells by DCs is the maturation of the latter
cells, a process which is strongly dependent on stimuli of the

innate immune system, e.g. adjuvants. Upon maturation of
DCs, major histocompatibility complex (MHC) class II
molecules, such as human leucocyte antigen (HLA)-DR,

and costimulatory molecules, such as CD80 and CD86, are
up-regulated, while at the same time the capacity to inter-
nalize antigens decreases. Depending on the nature of the

stimulus [e.g. the duration and affinity of MHC antigen–
peptide–T-cell receptor (TCR) binding], DCs also produce
different cytokines which influence the response and
polarization of the T cells.14,15 In light of this central role

played by DCs in the regulation of T-cell responses, it is of
obvious importance to elucidate how allergens and adju-
vants interact with and affect DCs.

In this study, we investigated the effects of allergen
coupled to CBPs on human monocyte-derived dendritic
cells (MDDCs) from healthy individuals. The major cat

allergen, Fel d 1, produced as a recombinant (r) protein
with properties similar to those of the native allergen,16 was
covalently coupled to CBPs (CBP-rFel d 1). Uptake of the

CBP-rFel d 1 and its effects on the expression of costimu-
latory molecules and maturation markers, as well as on the
release of cytokines by human DCs, were analysed. We
found that the CBP-rFel d 1 complex exhibits properties

that makes it capable of activating human DCs, a finding of
considerable importance in connection with evaluation of
this novel adjuvant as an alternative to alum in SIT.

MATERIALS AND METHODS

Production of the allergen

Recombinant Fel d 1, expressed in Escherichia coli, was
produced as described previously.16 This protein was sub-
sequently separated from endotoxins on a Detoxi-gelTM

(Pierce, Rockford, IL, USA) according to the manufac-
turer’s instructions. The endotoxin concentration in the
final rFel d 1 preparation (as determined by the Limulus
amoebocyte test; Charles River Laboratories, Kent, UK)

was found to be <0Æ2 ng ⁄mg of protein, corresponding to
<2 pg ⁄ml of endotoxin in our incubations. This level of
endotoxin did not affect the cytokine production or

expression of costimulator ⁄maturation markers by
MDDCs, as demonstrated by control experiments in which

2 pg ⁄ml of lipopolysaccharide (LPS) (L8274, Escheri-
chia coli serotype 026-B6; Sigma, Steinheim, Germany) was
added alone to the MDDCs.

Coupling of rFel d 1 to CBPs
The CBPs (2 lm micro-Sepharose; Pharmacia Diagnostics

AB, Uppsala, Sweden) were activated with cyanogen
bromide and coupling performed thereafter, as described
previously,7,17 by stirring rFel d 1 (0Æ4 mg) in phosphate-
buffered saline (PBS) with 18 mg of activated CBPs on ice.

Determination of uncoupled rFel d 1 remaining in the
supernatant using the bicinchoninic acid (BCA) Protein
Assay (Pierce), indicated covalent binding of 430 lg of

rFel d 1 ⁄ml of CBP suspension. In addition, rFel d 1 labelled
with fluorescein isothiocyanate (FITC; Sigma) was also
coupled to CBPs, essentially as described.18 After washing in

sterile PBS, 18 mg of the rFel d 1 coupled to CBPs (CBP-rFel
d 1), or of CBPs alone, was resuspended in 0Æ3 ml of RPMI-
1640 (Gibco, Invitrogen Corporation, Paisley, UK) supple-

mented with 25 lg ⁄ml gentamicin (Gibco) and subsequently
stored at 4�. This CBP–rFel d 1 preparation contained
0Æ02 ng of endotoxin (measured as described above) perml of
solution, resulting in 0Æ2 pg ⁄ml of endotoxin in our incuba-

tions. For control experiments, bovine serum albumin (BSA;
Sigma) was labelled with FITC and coupled to CBPs using
this same procedure.

Preparation of MDDCs
Concentrated peripheral blood cells (buffy coats) from

healthy donors were obtained from the blood bank of the
Karolinska University Hospital, and the study was
approved by the local ethics committee. All donors tested

negative with Phadiatop (which detects serum IgE anti-
bodies directed towards the most common aero-allergens in
Sweden) and, furthermore, exhibited no serum IgE directed

towards cat dander (Pharmacia CAP System; Pharmacia
Diagnostics AB). Immature MDDCs (iMDDCs) were dif-
ferentiated from monocytes as described previously.19,20 In

brief, following isolation of peripheral blood mononuclear
cells (PBMCs) by Ficoll–Paque (Pharmacia) gradient cen-
trifugation, the CD14+ monocytes were isolated by mag-
netic antibody cell sorting (MACS) microbead separation

(Miltenyi Biotec, Bergisch Gladbach, Germany) in
accordance with the manufacturer’s instructions. These
monocytes were subsequently cultured for 6 days in ‘com-

plete’ RPMI (cRPMI) [consisting of RPMI-1640 (Gibco)
supplemented with 25 lg ⁄ml gentamicin (Gibco), 10%
(v ⁄v) heat-inactivated fetal calf serum (FCS; Hyclone,

Logan, UT), 2 mm l-glutamine, 100 IU ⁄ml penicillin
(Gibco), 100 lg ⁄ml streptomycin (Gibco) and 50 lm
b-mercaptoethanol (KEBO-lab, Spånga, Sweden)] in the
additional presence of 800 U recombinant interleukin-4

(rIL-4; Nordic BioSite, Täby, Sweden) and 10 ng ⁄ml gra-
nulocyte–macrophage colony-stimulating factor (GM-CSF;
Biosource International, Camarillo, CA). Fresh rIL-4

(800 U ⁄ml) and GM-CSF (10 ng ⁄ml) were added after
3 days of culture. After 6 days the MDDCs exhibited a
typical immature phenotype, as demonstrated by flow

cytometric analysis (Table 1).20–22 The median viability of
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these iMDDCs, as determined by Trypan blue exclusion,
was 95% (range: 91–98%; n ¼ 8).

Uptake of CBP-rFel d 1 by iMDDCs
Initial experiments with FITC-labelled BSA coupled to
CBPs, designed to determine optimal conditions for the

uptake by iMDDCs, revealed that this uptake increased,
with time, up to 24 hr (data not shown), and this length of
incubation was thus chosen for characterization of the
uptake of CBP-rFel d 1 and rFel d 1. For this purpose,

iMDDCs were suspended at a cell density of 0Æ5 · 106

cells ⁄ml in cRPMI. FITC-labelled rFel d 1 (10 lg ⁄ml), or
FITC-labelled CBP-rFel d 1 (25 ll ⁄ml of suspension), was

added to the iMDDCs and then cultured in a 0Æ4-ml
volume in 48-well Falcon Multiwell flat-bottom tissue
culture plates (Becton Dickinson, San José, CA) for 24 hr

at 37� under humidified 6% CO2 in air. After this incu-
bation, the cells were transferred to 5-ml round-bottom
polystyrene tubes (Becton Dickinson) for analysis by flow

cytometry and confocal laser-scanning microscopy
(CLSM).

Stimulation of MDDC maturation
Immature MDDCs, harvested on day 6, were resuspended
at a cell density of 0Æ4 · 106 cells ⁄ml in cRPMI supple-

mented with rIL-4 (800 U ⁄ml) and GM-CSF (10 ng ⁄ml),
and subsequently cultured in a 1-ml volume in 24-well
Falcon Multiwell flat-bottom tissue culture plates (Becton
Dickinson). These incubations were carried out either in

the presence of CBP-rFel d 1 (10 ll ⁄ml of suspension,
corresponding to » 5 lg ⁄ml of rFel d 1), CBP alone
(10 ll ⁄ml of suspension), rFel d 1 alone (10 lg ⁄ml) or LPS

(0Æ1 lg ⁄ml; L8274, Escherichia coli serotype 026-B6; Sig-
ma), or with medium only, for 48 hr at 37� under
humidified 6% CO2 in air. The concentration of free rFel

d 1 employed was twice as high as the bound concentra-
tion in order to ensure that any effects attributed to the
CBP-rFel d 1 were not simply caused by the presence of

an amount of the allergen that was higher than believed,
based on the indirect protein determinations described

above. After the incubation, the MDDCs were trans-
ferred to 5-ml, round-bottom polystyrene tubes (Becton
Dickinson) for flow cytometric analysis.

Flow cytometric analysis
Flowcytometric analysis of the expressionof surfacemarkers

was performed using a FACSCalibur flow cytometer and
cellquest software (Becton Dickinson). The following
FITC- or phycoerythrin (PE)-conjugated monoclonal anti-
bodies (mAbs) were employed for phenotyping the

iMDDCs: anti-CD11b–PE (ICRF44), anti-CD11c–PE (B-
ly6), anti-HLA-DR–FITC (L243), anti-CD14–FITC (Leu-
M3), anti-CD40–FITC (5C3), anti-CD80–FITC (L307.4),

anti-CD83–FITC (HB15e) and anti-CD86–FITC (2331
FUN-1), all from Pharmingen ⁄Becton Dickinson; anti-
CD1a–PE (T6-RD1; Coulter, Beckman-Coulter, Miami,

FL); and anti-ICOS-L–PE (MIH12), anti-PD-L1–PE
(MIH1) and mouse IgG1–PE-conjugated isotype control
(eBioscience, San Diego, CA). Isotype-matched mAbs,

mouse FITC- or PE-conjugated IgG1, and mouse FITC-
conjugated IgG2a (Pharmingen ⁄Becton Dickinson and
eBiosciences) were used as controls. An iMDDC gate was
set according to light scatter properties, which generally

included 90% of the total cell population. Only cells
contained within these gates were considered in calculating
the percentage of positive cells.

Following incubation for 24 hr with FITC-labelled
CBP-rFel d 1 or FITC-labelled rFel d 1, iMDDCs were
labelled with anti-CD1a or isotype-matched mAbs, fixed in

2% paraformaldehyde (Sigma) for 15 min and thereafter
subjected to flow cytometric analysis. The gates were set on
the basis of the fluorescence intensities of iMDDCs incu-

bated with FITC-labelled rFel d 1 or FITC-labelled CBP-
rFel d 1 alone, and then stained with an anti-CD1a–PE
isotype-matched mAb, as well as the fluorescence intensity
of iMDDCs stained with this mAb only in the absence of

FITC-labelled components.
At least 104 cells per sample were analysed and the flow

cytometer was calibrated at regular intervals according to

the manufacturer’s instructions.

Table 1. Monocyte-derived dendritic cell (MDDC) surface antigen expression

Surface

antigen

Immature MDDCs, Day 6 (n ¼ 8) LPS-matured MDDCs, Day 8 (n ¼ 8)

%* MFI� %* MFI�

CD1a 91 (85–99) 224 (129–539) – –

CD11b 99 (97–100) 104 (64–134) – –

CD11c 99 (96–100) 42 (31–61) – –

CD14 1 (1–1) 18 (13–52) – –

CD40 97 (93–99) 37 (32–50) – –

CD80 68 (42–80) 18 (15–22) 97 (88–99) 50 (43–66)

CD83 8 (2–13) 13 (11–24) 79 (63–94) 13 (9–18)

CD86 44 (11–57) 51 (36–61) 99 (97–100) 174 (141–236)

HLA-DR 98 (95–100) 98 (81–150) 100 (100–100)� 156 (93–185)�

*Percentage of positively stained MDDCs as analysed by flow cytometry. Results are given as median percentage (range).

�Mean fluorescence intensity (MFI) values, presented as median (range).

�n ¼ 3.

HLA, human leucocyte antigen; LPS, lipopolysaccharide.
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Analysis by CLSM
Following incubation for 24 hr with FITC-labelled CBP-
rFel d 1 or FITC-labelled rFel d 1, MDDCs were fixed in
2% paraformaldehyde for 15 min and then air-dried onto

three-well microscope glass-slides (»104 cells per well;
Novakemi, Enskede, Sweden). Slides were stored at )80�
until required for immunocytochemical staining. This

staining was carried out using anti-CD1a mAb (Immu-
notech, Marseille, France) diluted 1 : 20 in 4% BSA,
followed by washing with PBS. A secondary goat anti-

mouse mAb conjugated with Alexa Fluor 546 (Molecular
Probes, Eugene, OR) was used for detection and the
slides were mounted with paraphenylenediamine (PPD;

Sigma).
The stained MDDCs were examined using a CLSM

(TCS SP2; Leica Microsystems, Mannheim, Germany)
equipped with one argon and two HeNe lasers. In order to

avoid potential cross-talk between the detectors, the two
fluorophores were examined by sequential scanning. FITC
was excited with the 488-nm laser line, and the light emitted

in the wavelength region of 500–650 nm was detected.
Alexa 546 was excited by the 543-nm laser line with
detection of emission in the wavelength region of 560–

700 nm. Z-series’ of multiple images were obtained by
scanning the cells in sections (at Z-steps of 0Æ5 lm).

Analysis of cytokine production
In connection with incubation of the iMDDCs (0Æ4 · 106

cells ⁄ml) with CBP-rFel d 1, rFel d 1, CBP, LPS or medium

alone (see above), 100-ll samples of the supernatants were
collected after 6 and 48 hr for cytokine analysis. These
samples were centrifuged in order to remove cells and then

maintained frozen at )20� until analysis. The CBA human
inflammation kit (Becton Dickinson) was utilized to assay
IL-1b, IL-6, IL-8, IL-10, IL-12p70 and tumour necrosis
factor-a (TNF-a), in accordance with the manufacturer’s

instructions. The lower limits of detection were 20 pg ⁄ml.

Statistical analysis
The non-parametric Friedman two-way analysis of vari-
ance was applied in connection with the statistica software
(StatSoft Inc, Tulsa, OK). Friedman multiple comparison

tests were performed as described previously.23 A P-value
of < 0Æ05 was considered to be statistically significant. In
cases where the concentration of a cytokine was below the

limit of detection, the value of this limit was used in the
statistical calculations.

RESULTS

iMDDCs are capable of ingesting CBP-rFel d 1 particles

Flow cytometry revealed that after 24 hr of incubation, a
majority of the CD1a+ MDDCs (median 68%, range
54–75%; n ¼ 5) were positive for CBP-rFel d 1 (Fig. 1a),

and almost all (median 90%, range 81–95%; n ¼ 5) of
the CD1a+ iMDDCs were rFel d 1 positive (Fig. 1b). The
uptake was studied further with CLSM. By scanning the

iMDDCs and generating optical sections of multiple ima-

ges, it was demonstrated that both CBP-rFel d 1 (Fig. 1c)
and rFel d 1 (Fig. 1d) had been internalized by the CD1a+

iMDDCs. The patterns of uptake differed in these two

cases: MDDCs incubated with CBP-rFel d 1 showed great
variation, internalizing several, only a few or no particles
(Fig. 1c), whereas rFel d 1 was evenly distributed in the

cytoplasm of all double-positive cells (Fig. 1d).

CBP-rFel d 1 induces up-regulation of CD86 expression

on MDDCs

Incubation of iMDDCs with CBP-rFel d 1 for 48 hr
resulted in a significant increase in the percentage of cells
expressing CD86 (P < 0Æ05, n ¼ 8), as compared to cells

incubated with medium or rFel d 1 only (Fig. 2a). In
addition, the level of CD86 expression on the surface of
individual cells, as indicated by the mean fluorescence
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Figure 1. Uptake of carbohydrate-based particle (CBP)–rFel d 1

complexes, or rFel d 1 alone, by immature monocyte-derived

dendritic cells (iMDDCs). MDDCs were incubated for 24 hr with

fluorescein isothiocyanate (FITC)-labelled CBP–rFel d 1 or rFel d

1, then stained with anti-CD1a–phycoerythrin (PE) and analysed

by flow cytometry (a and b) and confocal laser-scanning micro-

scopy (CLSM) (c and d). More than 60% of the CD1a+ MDDCs

were positive for FITC-labelled CBP–rFel d 1 (a), and more than

90% of the CD1a+ MDDCs were positive for FITC-labelled rFel d

1 (b). The percentage of double-positive cells is indicated in the

upper right-hand corner. The results presented here are from one of

five independent experiments. Multiple Z-series’ images obtained

by CLSM revealed that the CBP–rFel d 1 (c) and rFel d 1 (d) had

been internalized by the MDDCs. Cells sectioned through their

centre are indicated with arrows. These images have been optically

merged, with red representing Alexa 546-conjugated antibodies

detecting CD1a, and green representing FITC-labelled CBP–rFel d

1 or rFel d 1. The scale bar in (d) is also valid for (c). Here, the

results from one of four experiments are shown.
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intensity (MFI), also increased after incubation with CBP-
rFel d 1 (P < 0Æ05) in comparison to exposure to rFel d 1
or CBP alone (Fig. 2b), although in comparison with

unstimulated cells, this increase did not reach statistical
significance (P < 0Æ075). Furthermore, CBP-rFel d 1 sig-
nificantly enhanced the percentage of cells expressing CD80

and CD83, as compared with unstimulated cells (Fig. 2c,e).
No significant change in the expression of HLA-DR
(n ¼ 3) or of the two other markers of costimulation

analysed, i.e. ICOS-L and PD-L1 (n ¼ 3), was observed
(data not shown). The positive control, i.e. stimulation with
LPS, induced up-regulation of CD80, CD83 and CD86
(Table 1). Furthermore, twofold higher expression of HLA-

DR and PD-L1 compared with cells cultured in medium
only was demonstrated (MFI values, percentage of cells
expressing PD-L1, increased fivefold). LPS did not stimu-

late any up-regulation of ICOS-L, in agreement with pre-
vious findings.24

MDDCs incubated with CBP-rFel d 1 release TNF-a

and IL-8

Significant increases in the release of TNF-a and IL-8 were

exhibited by MDDCs cultured in the presence of CBP-
rFel d 1 for 6 hr, in comparison to cells incubated with CBP
or medium alone for the same period of time (Fig. 3a, 3c).

The secretion of IL-8 was further increased after 48 hr and
the differences between incubations with CBP-rFel d 1 and
medium or CBPs alone remained highly significant
(Fig. 3d). In contrast, release of TNF-a had diminished

considerably at this later time-point (Fig. 3b).
Furthermore, incubation with rFel d 1 resulted in a

significantly higher release of IL-6 after 6 hr than did

incubation with medium or CBPs only (Fig. 3e), although,
in general, only low levels of IL-6 were detected. In no case
was there any significant difference between cytokine

release from MDDCs incubated with CBP-rFel d 1 or with
rFel d 1 alone. Secretion of the other cytokines analysed,
i.e. IL-1b, IL-10 and IL-12p70, by MDDCs was unaffected

upon incubation with CBP-rFel d 1, rFel d 1 or CBP (data
not shown). In the case of the positive control, i.e. incu-
bation with LPS, release of all the cytokines analysed, with
the exception of IL-1b, was elevated by two- to > 250-fold

(data not shown).

DISCUSSION

In the present investigation we found that in vitro human
CD1a+ iMDDCs readily take up the novel allergen–
adjuvant complex CBP-rFel d 1 and, furthermore, that this
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uptake is associated with an up-regulation of the expression
of costimulatory molecules, especially CD86 (B7-2), on the
surface of these cells. In contrast, exposure to free rFel d 1,
which is also efficiently taken up by the iMDDCs, does not

give rise to up-regulation of any of the costimulators
examined here. Thus, the effect of rFel d 1 on the expression
of costimulatory molecules is dependent on the association

with CBPs, which may be explained by the different
mechanisms for uptake of free rFel d 1 and large CBP-rFel
d 1 particles, i.e. by fluid-phase pinocytosis and phagoc-

ytosis, respectively.25,26

It is well established that costimulation mediated via
CD80 ⁄CD86 and CD28 is crucial for the induction of T-cell

responses.27 Therefore, the observed up-regulation of CD86
expression by MDDCs in response to CBP-rFel d 1 may be
of significance with respect to the application of CBP-
coupled allergens in connection with SIT, where the goal is

to alter the immune response to the allergen in order to
counteract the allergic response. CD86 has been reported to
be involved in the development of Th2 responses to aller-

gens,28,29 but there is evidence that CD80 may also promote
such responses.30 However, our knowledge regarding the
different functional roles of the costimulatory molecules

CD80 and CD86 is still limited and it appears probable that
a subtle balance between signals from these and other
costimulators regulates the final outcome of the T-cell
response.31

We observed a negligible effect of CBP-rFel d 1 on
MDDC maturation, as reflected in up-regulation of the
maturation markers CD83 and HLA-DR. Furthermore,

free rFel d 1 and CBP-rFel d 1 induced similar increases in
the release of TNF-a and IL-8 by MDDCs. No significantly
elevated levels of any of the additional cytokines analysed

here were detected after culture of the MDDCs, either with
CBP-rFel d 1 or free rFel d 1. Thus, this lack of maturation
and low level of cytokine release, in combination with

up-regulation of CD86 expression, suggest that the CBP-
coupled allergen induces a semimature state of the DCs.32

Such a state will probably be associated with a regulatory
or, possibly, a mixed Th1 ⁄Th2 response, rather than a

potent Th1 response.15 Although numerous adjuvants,
recently proposed for application to SIT, are designed to
elicit allergen-specific Th1 responses,33–35 it is far from

certain that this is the most desirable goal for such ther-
apy.36 The mechanisms by which SIT alleviates allergic
symptoms are still poorly understood and, indeed, it has

been demonstrated that induction of a Th1 response is not
capable of counteracting an established Th2 response.15,37

Furthermore, Th1 responses in mice have actually been
reported to be associated with increased susceptibility to

allergen sensitization and allergic inflammation.38 Interest-
ingly, high exposure to cat allergen has in fact been pro-
posed to be coupled to a modified Th2 response

characterized by allergen-specific IgG4 production in indi-
viduals that are asymptomatic to cat.39

The potential T-cell response to CBP-rFel d1 in humans

in vivo was not examined here and remains to be elucidated.
However, Grönlund et al.7 reported that administration to
mice of the timothy grass pollen allergen, Phl p 5, coupled

to CBPs elicited a mixed Th1 ⁄Th2 response to timothy
grass pollen extract, thus demonstrating that allergens
coupled to CBPs are also capable of influencing the aller-
gen-specific immune responses in vivo. The adjuvant effect

of CBP-coupled allergen might simply be a consequence of
the particulate nature of the CBPs per se, as has been shown
to be the case for other particulate adjuvants, including

alum.40 However, CBPs alone did not have the same effects
as when coupled to an allergen, either on MDDCs in vitro,
as shown in the present study, or in connection with

immunization of mice.7 Alternatively, the mere fact that a
large amount of allergen is delivered to the APC in
association with the CBPs may explain the altered immune

response. In this context, an oligomeric form of the model
allergen ovalbumin (OVA) has been found to elicit a dif-
ferent profile of T-cell cytokines, characterized by a much
higher interferon-c (IFN-c) ⁄IL-4 ratio, than that induced

by OVA in its natural, monomeric form, indicating that a
high ‘density’ of allergen can, indeed, modify the T-cell
response.41 Thus, even if CBPs are in themselves not

immunostimulatory, when large amounts of allergen are
linked to these particles, various mechanisms for antigen
uptake, processing and presentation may alter signalling by

the APCs.
In conclusion, we have demonstrated here that CBP-

coupled allergen is readily taken up by CD1a+ human
dendritic cells and subsequently elicits MDDC responses,

which differ from those observed with free allergen.
Together with previous findings on mice,7 our study thus
indicates that this novel adjuvant and allergen-carrier may

be highly useful in connection with the development of
allergen-specific immunotherapy.
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