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Characterization of allergen-specific monocyte-derived dendritic
cells generated from monocytes by a single-step procedure: effect

on naive and memory T cells

Background: Dendritic cells are one of the most potent antigen-presenting cells
and when pulsed with allergen can modulate allergen-specific T-cell responses.
We sought to establish a single-step method by which to generate allergen-
specific monocyte-derived dendritic cells (MoDCs).

Methods: Dermatophagoides farinae (Df)-prepulsed MoDCs were generated
from monocytes by culturing with Df in the presence interleukin (IL)-4,
granulocyte-macrophage colony-stimulating factor (GM-CSF) and tumour
necrosis factor (TNF)-a simultancously. Df-prepulsed MoDC were incubated
with autologous naive and memory T cells in the absence of recall antigen, then
proliferation and cytokine production by T cells was determined.

Results: Generation of allergen-prepulsed MoDCs was confirmed by examining
expression of surface molecules. Df-prepulsed MoDC selectively induced pro-
liferation of Df-specific T cells in the absence of recall antigen. Under these
conditions, Df-prepulsed MoDCs augmented but did not alter the cytokine
production profile. In addition, Df-prepulsed MoDCs activated naive T cells
leading to proliferation and selective production of IFN-y in allergic patients but
not in healthy subjects.

Conclusions: These results suggest that Df-prepulsed MoDC generated from
monocytes by a simple single-step manipulation can induce Df-specific cellular
responses from both naive and memory T cells in the absence of recall antigen,
and these cells potentially can be utilized as immune adjuvants in allergen-
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Allergic rhinitis is strongly associated with expansion of
T-helper (Th)2-type immune responses (1). Differenti-
ation and activation of antigen (Ag)-specific T cells
require two signals provided by Ag-presenting cells
(APCs) (2). Dendritic cells (DCs) are the most potent
APCs, and both myeloid and plasmacytoid DC exist in
the human nasal mucosa and increase following allergen
exposure (3, 4). DC can lead to the activation of not only
memory but also naive T cells in an Ag-specific manner
(5-7). In addition, depending on the type of stimulation
they receive, DCs can induce the immune deviation (8, 9).

Monocyte-derived DCs (MoDCs) are considered a
useful immunotherapeutic tool (10-16). Vaccination with
peptide-pulsed MoDCs augments the delayed type

Abbreviations: APC, antigen-presenting cell; CM, culture medium;
Df, Dermatophagoides farinae; GM-CSF, granulocyte-macrophage
colony-stimulating factor; MoDC, monocyte-derived dendritic cell;
PBMC, peripheral blood mononuclear cell; PPD, purified protein
derivative; TCL, T-cell lines.

hypersensitivity (DTH) responses associated with the
regression of metastasis in melanoma (13). In addition,
immunosuppressive strategies utilizing DCs have been
developed in several diseases such as graft-vs-host disease
(GVHD) and autoimmune diseases (14—16).

Monocyte-derived DCs can take up allergens and induce
allergen-specific T-cell responses (6, 7, 17-20), and have
been shown to result in greater production of interleukin
(IL)-4 and/or IL-5 by autologous T cells from allergic
patients when compared with nonallergic subjects. On the
contrary, the effects on proliferation and IFN-y production
are still disputed (6, 7, 18-20). In most of the investigations,
however, MoDCs were first created by treatment with 1L-4
and GM-CSF followed by uptake of Ag.

For future use of DCs as allergen-specific immuno-
therapy, it would be ideal to produce allergen-specific DCs
by simple manipulation. The aim of the present study is to
establish a simple single-step process by which to generate
allergen-specific MoDCs. We pulsed peripheral blood
monocytes with allergen while simultaneously stimulating
with IL-4, GM-CSF and tumour necrosis factor (TNF)-o;
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no further manipulation is needed to establish allergen-
specific MoDCs following this protocol. We investigated
the duration of Ag presentation by these allergen-pre-
pulsed MoDCs as well as surface molecule expression and
activation of naive and Ag-specific memory T cells, and
compared the ability of Ag presentation by allergen-
prepulsed DC with DC generated before Ag simulation.
Our observations indicate that allergen-prepulsed MoDCs
generated by our one-step procedure has the potential to
be a novel tool for allergen-specific immunotherapy.

Methods
Subjects

Twelve Japanese patients (mean 29.2 years old) with perennial
allergic rhinitis and seven healthy control subjects (mean 29.1 years
old) were examined. All patients showed an elevation of serum IgE
specific for Dermatophagoides farinae (Df) by CAP-RAST (Phar-
macia, Uppsala, Sweden). Informed consent was obtained from
each subject. None of the subjects used immunosuppressive drugs or
underwent immunotherapy during the study.

Antigen

Crude extract of Df was provided by Torii Co (Tokyo, Japan) (21).
Purified protein derivative (PPD) was purchased from Nihon BCG
Seizo Co. (Tokyo, Japan). Protein concentration of Ag was deter-
mined by bicinchoninic acid assay according to the manufacturer’s
instructions (Pierce, Rockford, IL, USA).

Generation of Df-specific, MoDCs

Peripheral blood mononuclear cells (PBMCs) in RPMI 1640 (Sigma
chemical Co., St Louis, MO, USA) supplemented with 10% FCS
(Sigma), 100 U/ml penicillin, 100 pg/ml streptomycin, and 20 mM
L-glutamine (Gibco, Grand Island, NY, USA) [culture medium
(CM)] were incubated in a tissue culture flask at 37°C for 30 min in
a 5% CO, atmosphere. After washing, 1 x 10°/ml adherent cells
were incubated in CM containing 10 pg/ml Df and 10 ng/ml
GM-CSF (Peprotech EC, London, UK), 10 ng/ml IL-4 (Peprotech
EC) and 10 ng/ml TNF-a (Promega, Madison, WI, USA). After
7 days of culture, cells corresponding to the MoDC-enriched frac-
tion were harvested, washed and used for subsequent experiments.

Flowcytometric analysis

The method of flowcytometry has been described previously (22).
The following monoclonal antibodies were used throughout the
study: flourescein isothiocyanate (FITC)-conjugated anti-CDla,
anti-CD54 or anti-CD80; phycoerythrin (PE)-conjugated anti-
CD86, anti-CD40, anti-CD83 or anti-CD14; Cy-chrome-conjugated
anti-human leucocyte Ag (HLA)-DR (Becton Dickinson, Mountain
View, CA, USA).

Cell preparation

CD45RA+, CDI4+, and CDI9+cells were separated from
PBMCs using antibody (Ab)-coated magnetic microbeads (MACS;
Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
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manufacturer’s instructions. When microbeads coupled to anti-
CD45RA, anti-CD14 and anti-CD19 mAb were used, >95, 95 and
85% of the sorted cells were CD45RA +, CD14+ and CD19+ by
flowcytometry, respectively. Df and PPD-specific T-cell lines
(TCLs) were generated as described previously (23). Flowcytometric
analysis revealed that >97% cells in Ag-specific TCLs expressed
both CD45RO and CD4.

Ag-specific T-cell responses

Monocyte-derived DC-driven proliferation and cytokine production
by naive and Ag-specific memory T cells was tested as described
previously (23). In brief, 1 x 10° of either CD45RA+ cells or
Ag-specific TCLs suspended in 200 ul CM were co-cultured with
serial dilutions of 30 Gy-irradiated autologous APCs in the presence
or absence of recall stimulation with 10 pg/ml Df. CD45RA + cells
and Df-specific TCLs were cultured for 7 and 3 days, respectively.

Cytokine production assays and determination

Levels of IL-4 and IFN-y in culture supernatants were measured by
Opt EIA™ sets (Becton Dickinson) according to the manu-
facturer’s instructions. The detection limits in these assays were
5 pg/ml for IL-4 and 10 pg/ml for IFN-y.

Statistical analysis

Data were analysed through use of the paired t-test or Mann—
Whitney’s U-test. P < 0.05 was considered statistically significant.
Values were given as mean + standard deviation (SD).

Results

Effect of Df prepulse on the expression of surface molecules on
MoDCs

Peripheral blood mononuclear cell-derived monocytes
from allergic patients were cultured with GM-CSF, IL-4
and TNF-a in the presence or absence of Df for 7 days.
They expressed CDla, HLA-DR, CD54, CD80, and
CD86, but expression of CDI14 was downregulated,
suggesting maturation into MoDC (Fig. 1). Although
expression of CDla, HLA-DR, CD54, CD80, and CD86
was similar between Df-prepulsed and non-prepulsed
MoDCs, expression of CD40 was significantly upregu-
lated in Df-prepulsed MoDCs (P = 0.005) (Fig. 2).

Roles of Df-prepulsed MoDCs in the activation of Ag-specific
memory T cells in the absence of recall stimulation

Four Df-specific CD4+ TCLs were generated from
peripheral blood of two donors (T.T. and S.0O.).
Df-prepulsed MoDCs could induce the proliferation of
all TCLs in the absence of recall Ag (Fig. 3A). However,
Df-prepulsed MoDC did not induce the responses of PPD-
specific TCLs without recall stimulation (data not shown).
This activation occurred even at a MoDC to T-cell ratio of
1 : 25, and the maximal activation was observed when the
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Figure 1. Phenotypic characterization of MoDC. Monocytes
from allergic patients were incubated with 10 ng/ml IL-4, 10
ng/ml GM-CSF and 10 ng/ml TNF-a for 7 days. The expres-
sion of surface molecules were analysed by flowcytometry. Bold
and fine line represent the intensity with and without fluores-
cence-conjugated mAb, respectively.
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Figure 2. Effect of prepulse with Df on the expression of surface
molecules in MoDC. Monocytes from allergic patients (n = 7)
were incubated with 10 ng/ml IL-4, 10 ng/ml GM-SCF and
10 ng/ml TNF-a in the presence (closed bar) or absence (open
bar) of 10 pg/ml Df for 7 days. Then the generated MoDC were
harvested, and the expression of surface molecuoles were ana-
lysed by flowcytometry. P-value was obtained through use of
paired z-test.
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Figure 3. Proliferative responses of Df-specific TCL by APCs
with or without recall stimulation; 2 x 10* Df-specific TCL
(TF-4) were incubated with serial numbers of 30 Gy-irradiated
PBMC (open square), B cell (open diamond), monocyte (open
triangle), Df-nonpulsed MoDC (open circle) or Df-prepulsed
MoDC (closed circle) in the absence (A) or presence (B) of
10 pg/ml Df for 72 h. Cell proliferation was estimated by mean
uptake of *H-thymidine (count per minute) in triplicate culture.
Bars indicate mean + SD. Results were concordant with data
from other TCLs such as TF-3, OD-1 and OD-2.

ratio was 1 : 1. Non-prepulsed MoDC, B cells, monocytes
and PBMC did not induce the responses (Fig. 3A). With
recall Ag stimulation, both Df-prepulsed and non-
prepulsed MoDCs exhibited similar abilities to induce
Df-specific T-cell proliferation (Fig. 3B).

Effect of Df-prepulsed MoDCs on cytokine production by
Ag-specific memory T cells

Two TCLs (TF4 and OD2) were defined as Tho0, as they
produced detectable amounts of both IL-4 and IFN-y in
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Figure 4. Effect of Df-prepulsed MoDC on cytokine production
by Df-specific memory TCL; 2 x 10* of ThO-type (TF-4; A and
B) or Th2-type (OD-1; C and D). TCL-specific for Df were
incubated with 30 Gy-irradiated PBMC, non-prepulsed MoDC
or Df-prepulsed MoDC in the presence (open bar) or absence
(closed bar) of 10 pg/ml Df for 65 h. After incubation, sup-
ernatants were collected and IL-4 (A and C) and IFN-y (B and
D) were determined by means of enzyme-linked immunosorbent
assay (ELISA). Results indicate mean £+ SD of triplicate wells.
Data are representative for two separate experiments, and
concordant with data from TF-3 and OD-2 TCLs.

response to Df when irradiated PBMCs were used as APC.
The other TCLs (TF3 and OD1) were defined as Th2 as
they produced IL.-4 but not IFN-vy in the same stimulation.
In ThO TCLs, Df-prepulsed but not non-prepulsed MoDCs
induced production of both IL-4 and IFN-v in the absence
of recall Ag (Fig. 4A,B). In Th2 TCLs, only Df-prepulsed
MoDCs induced IL-4 but not IFN-y production in the
absence of recall Ag (Fig. 4C,D). Furthermore, we com-
pared cytokine production by Ag-specific CTLs in
response to Df-prepulsed MoDCs and non-prepulsed
MoDC s in presence of recall Ag. We found no differences
in stimulatory ability between Df-prepulsed MoDCs and
non-prepulsed MoDCs (data not shown).

Duration of Ag presentation by Df-prepulsed MoDCs
Monocytes were incubated with Df in the presence of

GM-CSF, IL-4 and TNF-a for 1, 2 and 4 weeks,
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thereafter cells were harvested and co-cultured with
TCLs. MoDCs harvested in the first week displayed the
most potent Ag presentation. This ability was reduced
when the cells were incubated for longer periods, how-
ever, cells harvested at 4 weeks could still induce prolif-
eration and cytokine production by TCLs. However,
non-prepulsed MoDC did not display the ability during
the periods observed without recall Ag (Fig. 5).

Role of Df-prepulsed MoDCs in the activation of naive T cells in the
absence of recall stimulation

We co-cultured Df-prepulsed MoDCs with CD45RA+ T
cells from either allergic patients or healthy subjects
(Fig. 6). The proliferation of naive T cells to Df-prepulsed
MoDCs was significantly higher in allergic patients than
healthy subjects (Fig. 6A). IL-4 production was not
present in either group (Fig. 6B). However, Df-prepulsed
MoDCsinduced IFN-y production only in allergic patients
(Fig. 6C).

Discussion

In the present study, we characterized the ability of
Ag-prepulsed MoDCs to present Ag to both naive and
Ag-specific T cells. The most novel aspect of our method
to generate Ag-specific MoDCs was to pulse monocytes
with Ag and cytokine cocktails simultaneously at the
beginning of culture. Although several methods by which
to pulse DCs with Ag have been reported, these systems
require multiple manipulations (19, 20). Our method may
be beneficial for the future use of immunotherapy because
of its simplicity.

Several reports have demonstrated the phenotypic
differences in DCs between allergic patients and healthy
donors in the presence or absence of Ag (7, 19, 20). By
our method, Df-prepulsed DCs expressed higher levels of
CD40 when compared with non-prepulsed DC. Engage-
ment via CD40 is known to induce IgE isotype switching,
eosinophil survival and cytokine release by memory T
cells (24-26). Thus our results suggest that Df-prepulsed
MoDC may augment Df-specific T-cell responses via
enhanced expression of CDA40.

Monocyte-derived DCs prepulsed with Df at the
beginning of their generation could activate Ag-specific
memory T cells in the absence of recall Ag. This capacity
was seen at MoDC to T-cell ratios ranging from 1 : 25 to
5 : 1, thus falling in line with previous reports of strong
responses at a DC to T-cell ratio of <1 :10(6, 7, 19, 20).
Stimulator/responder ratio affects Th1l or Th2 differenti-
ation from naive T cell (9). In addition, DCs have been
shown to induce immune deviation (27, 28). Df-prepulsed
MoDC elicited similar patterns of IL-4 and IFN-y
production by Df-specific TCLs at several DC to T cell
ratios ranging from 1 : 625 to 5 : 1. Immune deviation to
a Thl response may be useful for prevention of or
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Figure 5. Duration of Ag-presenting capacity of Df-prepulsed Mo-DC. Monocytes from allergic patient (TT) were cultured with
(closed symbols and bars) or withtout (open symbols and bars) 10 pg/ml Df together with 10 ng/ml IL-4, 10 ng/ml GM-SCF and
10 ng/nl TNF-a. 1 (cricle), 2 (triangle) and 4 (square) weeks after the beginning of culture, the generated MoDC were harvested,
washed and irradiated for 30 Gy. Then serial numbers of MoDC were cultured with autologous 2 x 10* Df-specific TCLs (TF-4)
without recall stimulation for 72 h. Cell proliferation of TCLs was measured by incorporation of *H-thymidine (A). Results indicate
mean cpm £ SD of triplicate cultures. And after incubation for 65 h, supernatants were collected, and IL-4 (B) and IFN-y (C) were
measured by means of ELISA. Results indicate mean cpm £ SD of triplicate wells. Data are representative for two separate
experiments, and concordant with data from OD-2 TCL.
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Figure 6. Proliferation and cytokine production of naive T cells induced by Df-prepulsed MoDC without recall stimulation.
Df-prepulsed MoDC from nine allergic patients with perennial rhinitis (closed circle) and seven healthy subjects (open square) were
generated as described above; 30 Gy-irradiated 2 x 10* Df-prepulsed MoDC were co-cultured with the same number of autologous
CD45RA + cells for 7 days. *H-thymidine was added, and incorporation of *H-thymidine was measured as described above. After
3 days incubation, supernatants were collected, and 1L-4 (B) and IFN-y (C) were determined by means of ELISA. P-value was

obtained through use of Mann—Whitney’s U-test.

immunotherapy for type I allergy (27, 28). However, our
results suggest that Df-prepulsed MoDCs produced
by our method have no potential to induce immune
deviation of Df-specific memory T cells.

One of the unique properties of DCs is that they can
activate naive T cells (5, 6). The present study showed
that Df-prepulsed MoDCs activate naive T cells which
leads to not only to proliferation but also to IFN-y
production in allergic patients but not in healthy subjects
(Fig. 6). However, Bellinghausen et al. (6) reported that a

Th2 cytokine profile was induced in naive T cells from
atopic but not from nonatopic donors after stimulation
with autologous allergen-pulsed DCs. Recent investiga-
tions revealed that DCs may not have an intrinsic
capacity to direct either Thl or Th2 cell development,
but rather might be modified by external factors such as
dose of Ag and a range of stimuli including pathogen-
derived products and inflammatory mediators (29, 30).
Thus the difference between these studies may arise from
the methods used to generate allergen-pulsed DCs such as
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the use of TNF-a at the biginning of culture and the
concentration of cytokines loaded. Our method appears
to have a beneficial advantage for the future use as
allergen-specific immunotheraphy as Df-prepulsed MoD-
Cs generated by our method can promote the immune
deviation into Th1 responses in naive T cells from allergic
but not healthy subjects (27, 28).

In conclusion, we have provided in vitro evidence that
MoDCs prepulsed with Df at the beginning of their
generation display an ability to stimulate both memory
and naive T cells in the absence of recall Ag. This capacity
can last up to 4 weeks after loading with Df. In addition,
Df-prepulsed MoDC can promote allergen-specific Thl
responses from naive T cells only in allergic patients.

These cells have obvious interest and utility in the study
of allergy diseases and potentially could even be utilized
as immune adjuvants in allergen-specific immunotherapy.
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