
Induction of Type 2 T Helper Cell Allergen Tolerance by
IL-10–Differentiated Regulatory Dendritic Cells

Xiuling Li1,2, Aimei Yang, Hui Huang1, Xiaobei Zhang1, Jennifer Town1, Beth Davis3, Don W. Cockcroft3,
and John R. Gordon1,3

1Department of Veterinary Microbiology, University of Saskatchewan, Saskatoon, Canada; 2National Vaccine and Serum Institute, Beijing, China;

and 3Division of Respirology, Critical Care, and Sleep Medicine, Royal University Hospital, Saskatoon, Canada

In mouse models of asthma, therapeutic use of allergen-presenting
IL-10–differentiateddendritic cells (DCs)canabrogateairwayhyper-
responsiveness, and reduce other asthma-related responses to near
background. Analogous human DCs can suppress human T cell
responses in vitro, but the operative mechanisms are poorly defined.
We investigated the ability of IL-10–treated human DCs to induce
tolerance among autologous T cells of subjects with asthma and the
mechanisms by which they do this. CD141 monocyte-derived DCs
were differentiated in the presence of IL-10 (DC10) ex vivo from 11
donors with asthma and 4 control donors, and characterized for
relevant markers. They were pulsed with specific or irrelevant aller-
gen, and cultured with autologous peripheral blood CD41 T cells,
either alone or together with autologous immunostimulatory DCs
(DC-TNF), and the impact of this treatment on the T-cell responses
was assessed for each donor. The DC10 expressed reduced levels of
some relevant markers (CD40, CD80, human leukocyte antigen-DR)
and stimulatory cytokines (IL-6 and IL-12), but augmented levels of
Ig-like transcript-22/CD85j and IL-10 relative to DC-TNF. In cocul-
tures, they dampened DC-TNF–driven T helper (Th) type 2 cell pro-
liferation and cytokine (IL-4, -5, and -13) secretion. They also drove
the development from atopic CD41CD25loFoxp3lo cells of a popula-
tion of IL-10–secreting CD251Foxp31LAG-31CTLA-41 regulatory T
cells (Tregs). These Tregs suppressed stimulatory DC–induced au-
tologous Th2 cell proliferation and cytokine secretion in a contact-
dependentmanner.Our data indicate that IL-10–treated human DCs
induce Th2 cell allergen tolerance ex vivo by driving the differenti-
ation of Tregs.
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Atopic diseases, such as rhinitis, asthma, and atopic eczema, are
dominated by T helper (Th) type 2 immune responses leading to
accumulation of eosinophils and IgE production, with sensitiza-
tion of tissue mast cells (1). Current data suggest that naturally
occurring CD41CD251 regulatory T cells (Tregs), and perhaps
inducible populations of regulatory cells, are involved in the
prevention of allergic immune responses in allergen-challenged,
healthy, individuals without atopy (2). Although there is no
generalized defect in CD41CD251 Tregs within subjects with
atopy, such as might be seen in immunosuppressed (e.g., IPEX)
individuals (3), the abilities of CD41CD251 Tregs from individ-
uals with atopy to down-regulate allergen-specific Th2 responses
is reportedly diminished compared with similar cells from in-
dividuals without atopy (4). Successful outcomes in allergen-

specific immunotherapy are reportedly related to increases in
peripheral T-cell tolerance associated with IL-10–producing
CD41CD251 T cells (5). Indeed, it has been suggested that the
balance between allergen-specific Tregs and Th2 cells may be
decisive in the development of allergy (2).

Peripheral dendritic cells (DCs) avidly phagocytose all anti-
gens in their environment and present these to T cells, but it is the
context in which they acquire these antigens that largely de-
termines the outcome for the T cell (e.g., Th1 differentiation).
Signaling through their inflammatory cytokine-, chemokine-, or
pathogen-associated molecular pattern receptors up-regulates
expression of costimulatory molecules (e.g., CD40, CD80, CD86)
and Th1-predisposing cytokine (e.g., IL-12) expression. On the
other hand, presentation by quiescent cells, with their modest
capacity for costimulation and low expression of IL-12 leads to
abortive T-cell activation (6, 7). Thus, innocuous foreign antigens
or self-antigens are normally presented in a tolerogenic context
(8). The mechanism(s) by which this process is subverted in
atopy-prone individuals is complex and not entirely clear, but
involves genetic and environmental factors (9).

IL-10 is a potent anti-inflammatory and immunoregulatory
cytokine produced by many cells, including some tumor cells. It
was reported some time ago that DCs purified from the interior of
IL-10–expressing melanoma tumors are tolerogenic (10). Simi-
larly, DCs that are differentiated in the presence of IL-10 take on
a ‘regulatory’ phenotype, whereby they can induce T cell anergy
in vitro (11). We reported previously that allergen-presenting,
otherwise quiescent, splenic CD8a1 DCs from mice can partially
ameliorate the asthma phenotype in mice with severe asthma
(12), and it has been shown that transforming growth factor
(TGF)-b– (13) or IL-10– (14) differentiated DCs can dampen
pulmonary allergen sensitivity in mice. We have found that
treatment of mice with asthma with such IL-10–skewed DC
(DC10) can induce full normalization of airway hyperresponsive-
ness within 3 weeks, and progressive waning of Th2 responses
(cytokines, eosinophilia, IgE) to near background over the next

CLINICAL RELEVANCE

This report details studies in which we show that human IL-
10–differentiated monocyte–derived dendritic cells (DCs;
DC10) express regulatory cell markers (e.g., Ig-like transcript
2, IL-10), and can block activation of autologous subject
T cells by immunostimulatory DCs (DC-TNF). The DC10
induce the outgrowth from peripheral blood CD41 T cells of
individuals with asthma of a population of IL-10–expressing
CD251Foxp31LAG-31CTLA-41 regulatory T cells (Tregs),
which can subsequently themselves antagonize DC-TNF
activation of autologous type 2 T helper cells in a contact-
dependent manner. These data suggest that DCs such as these
might be useful for dampening allergen-specific responses in
individuals with atopy by inducing Treg responses.
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2–5 weeks. Furthermore, DC10 treatment of asthma phenotype
mice leads to significant activation of CD41CD251Foxp31 Tregs,
as opposed to simple Th2 cell anergy (M. Lu, X.Z., H.H., and
J.R.G., unpublished data). This induction of tolerance is allergen
specific and critically dependent on DC expression of IL-10 (14).
Herein, we investigate the ability of analogous IL-10–treated
human DCs to similarly induce tolerance among Th2 cells of
subjects with asthma ex vivo, and whether this was associated with
augmented Treg activity.

MATERIALS AND METHODS

Donors

A total of 11 donors with atopy signed informed consent forms and
provided 50–60 ml of heparinized blood, as per our institutional medical
ethics review panel, and in accord with the related Declaration of
Helsinki. Anthropomorphic and relevant medical data for each subject
are provided in Table 1. None of our donors were smokers, none were on
corticosteroids (inhaled or otherwise), and none used (or did rarely use)
salbutamol (per required need). All subjects that had asthma were mildly
or very mildly asthmatic (FEV1 . 70% of predicted values while off
medication), and each had developed asthma in their childhood. All
subjects were tested out of their allergen season (i.e., January–March) or,
where relevant (cat allergen), were not exposed to allergen over a 2-week
period before their blood was drawn. The four control donors, half of
whom were males, were healthy, nonsmoking individuals without atopy
or asthma, and were 21–57 years of age. These control donors were used
to establish protocols (e.g., DC differentiation) and as a source of
stimulatory cells for mixed lymphocyte responses.

Reagents and Materials

The supplies used and their commercial sources were as follows: RPMI
1640, FCS, and 1% antibiotics/antimycotics (Invitrogen Life Technol-
ogies, Burlington, ON); FITC-labeled dextran (40 kD) and prostaglan-
din E2 (Sigma-Aldrich, Mississauga, ON); Lymphocyte Separation
Medium density gradient medium (Valeant Pharmaceuticals, Aliso
Viejo, CA); Immulon-4 ELISA plates (Dynatech Laboratories, Chan-
tilly, VA); matched capture and biotinylated detection antibody pairs
and recombinant protein ELISA standards for human IL-2, -4, -5, -10,
and -13, IFN-g, and TGF-b (R&D Systems, Minneapolis, MN); recom-
binant human (rh) granulocyte–macrophage colony-stimulating factor
(GM-CSF), IL-1b, -4, -6, -10, and -12 and TNF, and FITC- or
phycoerythrin (PE)-conjugated monoclonal anti-human CD4, CD14,
CD25, CD40, CD54, CD80, CD83, Ig-like transcript-2 (ILT2)/CD85j,
CD86, and human leukocyte antigen (HLA)-DR, and isotype control
mouse IgG1, IgG2a antibodies (BD Pharmingen, Mississauga, ON);
horseradish peroxidase–conjugated streptavidin (Vector Laboratories,
Burlingame, CA); ABTS (2,29-Azinobis[3-ethylbenzothiazoline-6-sulfonic

acid]diammonium salt) peroxidase substrate (Kirkegaard and Perry
Laboratories, Gaithersburg, MD); anti-CD14 paramagnetic microbe-
ads, CD4 (negative selection), and CD41CD251 Treg magnetic-
activated celll sorting (MACS) isolation kits (Miltenyi Biotec, Auburn,
CA); ‘‘U’’ bottom 96-well and flat-bottom 24-well Transwell tissue
culture plates (Corning Costar; Fisher Scientific, Nepean, ON); [3H]-
thymidine (Perkin-Elmer, Waltham, MA); and human 180 gene
dendritic and antigen-presenting cell–specific arrays (SAB Biosciences,
Frederick, MD). All allergens were purchased from Omega Labs
(Mississauga, ON), including standardized five-grass mix (40,000 pro-
tein nitrogen units [PNU]/ml), birch (40,000 PNU/ml), cat (10,000
PNU/ml), dog (10,000 PNU/ml), and horse (10,000 PNU/ml).

Generation of DCs

Peripheral blood mononuclear cells were purified from donors with
atopy by density gradient centrifugation, and the CD141 monocytes
isolated by positive selection magnetic sorting. The monocytes were
differentiated into immature DCs by culture for 4 days at 378C in RPMI
1640 supplemented with 1% antibiotics/antimycotics, 50 mM 2-mercap-
toethanol, and 10% heat-inactivated FCS (complete medium), and
containing 200 ng/ml rhIL-4 and 100 ng/ml rhGM-CSF. The immature
cells (DC–GM-CSF) were then cultured for another 2 days in this
medium, but to which was added a cytokine cocktail containing rhIL-
1b, rhIL-6 (each 10 ng/ml), TNF (20 ng/ml), and prostaglandin E2 (500 ng/
ml), either alone (mature DCs [DC-TNF]) or with rhIL-10 (50 ng/ml;
tolerogenic DCs [DC10]) (15). On Day 6, the cultured DCs were pulsed
for 2 hours with the subject’s specific allergen (50 mg/ml), as determined
previously by skin prick testing and clinical diagnosis, and then washed
extensively. In a preliminary experiment, we had assessed the impact of
the allergen-loading time on the abilities of DC10 versus DC-TNF to
induce autologous T-cell proliferative responses. The proliferative re-
sponses (3H-thymidine uptake) by autologous T cells exposed to DC-
TNF that had been pulsed with allergen for 2 versus 18 hours was 26,082
(63,012) versus 26,087 (65,210) cpm, respectively, whereas the analo-
gous values for T cells exposed to DC10 were 13,910 (62,752) versus
12,002 (61,369) cpm, respectively. CD142 mononuclear cells (used for
purification of CD41 T cells) and DCs were either used directly or
cryopreserved in 90% FCS/10% DMSO for later use.

DC Characterization

DCs were stained for FACS using fluorochrome-conjugated antibodies
specific for CD14, CD40, CD54, CD80, CD83, ILT2/CD85j, CD86, or
HLA-DR (FACScan; Becton Dickinson, Mountain View, CA). Control
cells were stained with isotype-matched irrelevant specificity antibodies.
To assess phagocytosis, the cells were incubated for 30 minutes at 378C
with FITC-dextran (100 mg/ml) in PBS, then washed with ice-cold PBS,
fixed in 0.5% paraformaldehyde, and analyzed by FACS. IL-10 expres-
sion was determined using quantitative RT-PCR (qRT-PCR) and
ELISA. IL-6, IL-12, and TGF-b secretion over 72 hours by otherwise
untreated DCs was assessed by ELISA.

To further assess the impact of the various DC differentiation re-
gimes on the phenotype of these cells, we also ran RNA from each
population on commercial human dendritic and antigen-presenting
cell–specific gene arrays, according to the supplier’s protocol. Briefly,
3 mg of total RNA was labeled with biotinylated dUTP in reverse
transcription and linear polymerase replication reactions; then the
denatured cDNA probe was hybridized to the arrays overnight at 608C.
The signals were visualized on X-ray film using a chemiluminescent
substrate. Image analysis was completed using SAB Biosciences
dedicated Web-based integrated software (GEArray Expression Anal-
ysis suite; http://geasuite.sabiosciences.com).

Purification of T Cells

CD41 T cells were obtained from peripheral blood mononuclear cells by
negative selection, and the CD251 T cells purified by positive selection
magnetic sorting (CD41CD252 cells comprised the column flow-
through population). The cells so purified were greater than or equal
to 98% CD41, greater than or equal to 95% CD41CD251, and greater
than or equal to 98% CD41CD252, respectively, as determined by
FACS (data not shown).

TABLE 1. ANTHROPOMETRIC AND MEDICAL DATA FOR
THE STUDY SUBJECTS

Subject

with

Atopy Gender

Age

(Yr)

Height

(In) Diagnosis

FEV1

(% Pred)

Allergen

Used

Other Known

Sensitivities

1 F 39 63 AR 76 Birch Mixed tree, nuts

2 M 61 66 AA 86 Grass Trees

3 M 31 70 AA 71 Cat Grass

4 M 25 73 AA 89 Grass HDM, ragweed

5 M 27 71 AA 84 Grass Weeds, trees, horse

6 M 45 68 AA 87 Cat Grass

7 M 22 72 AR/AA 98 Grass Cat

8 F 40 65 AA 109 Cat None

9 F 21 68 AA 85 Cat Dog, horse,

alternaria

10 F 27 67 AA 85 Cat Horse

11 M 21 69 AA 88 HDM Cat, grass, weeds

Definition of abbreviations: AA, atopic asthma; AR, allergic rhinitis; HDM, house

dust mite.
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Proliferation Assays

Mixed lymphocyte reactions were used initially to assess the relative
immunostimulatory activities of our DC10. For these reactions, the
indicated numbers of DC10 or DC-TNF were cultured with constant
numbers of allogeneic peripheral blood T cells from control donors
without atopy (2 3 105 T cells/well). As with all our proliferation
assays, after 72 hours, we added 1 mCi of 3H-methylthymidine to the
wells overnight and harvested the cellular DNA onto glass fiber filters
using routine methods. The proliferative responses were assessed by
measuring the levels of 3H-methylthymidine incorporation into cellular
DNA using standard liquid scintillation counting.

To assess the tolerogenic activity of our DCs, 2 3 105 CD41 T cells
were cocultured in 200 ml of complete medium with titrated numbers of
autologous irradiated (3,000 rads), specific allergen-pulsed IL-10–differ-
entiated DCs (DC10), with or without 2 3 104 irradiated immunostimu-
latory (i.e., mature) allergen-presenting DCs (DC-TNF). In preliminary
experiments, we titrated the number of DC-TNF required for maximal
induction of Th2 cell proliferation for five of our donors. For the ex-
periments reported herein, we used half-maximal numbers of DC-TNF in
part as a control against the possibility that addition of equal numbers of
DC10 could suppress the Th2 response simply by virtue of overcrowding.

To assess the functions of putative Tregs generated ex vivo, we
MACS-purified CD41, CD41CD252, or CD41CD251 T cells from pri-
mary cultures of DC10 and autologous atopic CD41 T cells, and
cocultured 1 3 105 of these with 23105 freshly purified autologous
T cells and 23104 irradiated autologous DC-TNF. To assess the impor-
tance of cell–cell contact in Treg inhibition of Th2 responses, we used
24-well plates with 0.4-mm polycarbonate filter Transwell inserts. We
placed 2 3 106 CD41 Th2 cells and 1 3 105 irradiated DC-TNF in the
lower chamber of each well, and 1 3 106 irradiated putative regulatory
CD41 or CD41CD251 T cells in the upper chamber. In control wells, the
latter T cells were added to the lower chambers. All assays were run in
triplicate for 72 hours at 378C. In some assays, the culture supernatants
were removed from the wells for cytokine detection, and fresh medium
containing 3H-methylthymidine (1 mCi/well) was added to the cells.

ELISA Quantification of Cytokine Production

Our ELISA protocols have been reported in detail previously (12, 16,
17). We used commercial matched capture and detection antibody
pairs and recombinant protein standards for IL-4, -5, -6, -10, -12, -13,
TGF-b, and IFN-g (R&D Systems). The detection limit for all cyto-
kines was 4–10 pg/ml.

qRT-PCR

Total RNA was isolated from MACS-purified CD41 T cells or cultured
DCs using RNeasy Mini kits (Qiagen, Mississauga, ON), according to the
supplier’s instructions. qRT-PCR was performed using a Brilliant qRT-
PCR Master Mix kit (Stratagene Cloning Systems, La Jolla, CA). The
sequences for the primers employed were as follows: Foxp3—forward,
59-ATC TAC CAC TGG TTC ACA CGC AT-39 and reverse, 59-CTC
CAC CCG CAC AAA GCA C-39; lymphocyte activation gene-3
(LAG-3 /CD223)—forward, 59-TTG GAG CAG CAG TGT ACT
TCA CA-39, and reverse, 59-CTA AGG CAG AAA ATC GTC TTG
GT-39; cytotoxic T lymphocyte antigen-4 (CTLA-4)—forward, 59-CCA
GTG GAA ATC AAG TGA ACC TC-39, and reverse, 59-GCA TTT
TGC TCA AAG AAA CAG C-39; IL-10—forward, 59-GAA CCA
AGA CCC AGA CAT CAA G-39, and reverse, 59-GGC ATT CTT CAC
CTG CTC CAC-39; GAPDH—forward, 59-TGC CTC CTG CAC CAC
CAA C-39, and reverse, 59-GGC CAT CCA CAG TCT TCT GG-39.

Intracellular Ca21 Flux Assay of Antigen-Specific DC–T Cell

Interactions

To assess whether allergen-specific interactions occurred between DC10
and autologous T cells, we assessed antigen presentation–induced T-cell
intracellular Ca21 flux. DC-TNF or DC10 that had been pulsed with the
donor’s specific allergen or an irrelevant allergen were cultured for
3 hours with autologous T cells that had been labeled with the Ca21 in-
dicator dye, Fuor-4 AM (1 3 105 DC and 2 3 105 T cells). We tracked
intracellular Ca21 flux using a microplate spectrofluorimeter (NovoStar
Optima; BMG Labtech, Cary, NC), and expressed the data as relative
fluorescence units.

Forster (or Fluorescence) Resonance Energy Transfer Assay

of DC–T Cell Interactions

To document, in another way, whether immunologically relevant in-
teractions occurred between our DCs and T cells, we employed time-
resolved Forster (or fluorescence) resonance energy transfer (FRET)
assays. FRET occurs when paired fluorophores are sufficiently close
(<80 Å) that energy released from one (in our case, the lipophylic dye,
DiO; excitation and emission wavelengths, 484 and 501 nm, respectively)
can excite its partner dye (DiI; emission wavelength, 565 nm) to fluoresce
at a distinct, alternate wavelength. Only if the DC and T-cell membranes
are sufficiently intimately engaged physically will FRET occur. In our
assays, DCTNF or DCIL-10 that had been pulsed with allergen were labeled
with DiO, whereas autologous T cells were labeled with DiI, then the cells
were cocultured in 96-well plates (each 2 3 105 cells/well) and assessed
across approximately 8 hours in a fluorescent microplate reader (Novo-
Star, BMG). The FRET data are presented as relative fluorescence units.

Statistical Analysis

A Student’s t-test was used to test the statistical significance of para-
metric data, and Wilcoxon signed rank assays were used for nonpara-
metric data. The results were considered significant if P was less than or
equal to 0.05.

RESULTS

IL-10–Differentiated DCs Express a Tolerogenic Phenotype

Phenotypically immature CD141 monocyte–derived DCs were
differentiated from all donors (Table 1) in the absence (DC-TNF)
or presence (DC10) of IL-10. DC-TNF have been reported pre-
viously to be highly immunostimulatory, whereas DC10 express
a regulatory phenotype (11). Our DC10 expressed reduced levels
of costimulatory and maturation markers relative to the DC-TNF
(Figure 1A). Specifically, we observed significantly reduced cell
surface expression of CD86, HLA-DR, and CD54 on the DC10,
with modest reductions in CD40 and CD80, but significantly
higher levels of ILT2/CD85j. The DC10 did appear to be some-
what less mature than the DC-TNF by other measures as well, in
as much as they expressed lower levels of CD83 (Figure 1A) and
much more avidly phagocytosed FITC-dextran (Figure 1B).

As noted above, the production of inflammatory or regula-
tory cytokines by DCs during antigen presentation also plays an
important role in T-cell differentiation (6). Thus, we investi-
gated the influence of the IL-10 treatments on IL-6, -10, and -12
production by our DCs. Maturation of DCs in the presence of
IL-10 strongly inhibited their expression of IL-6 and IL-12 in
comparison with the control DC-TNF, whereas IL-10 expres-
sion was significantly up-regulated (P < 0.01 versus DC-TNF
for each parameter). In six of six subjects, we observed no signi-
ficant differences in TGFb release by DC-TNF and DC10
(188 6 64 and 169 6 48 pg/ml, respectively). Furthermore,
the DC10 were poor inducers of mixed lymphocyte reactions
when cocultured with T cells from other donors (Figure 1B; P <

0.01 versus DC-TNF). When we compared the phenotype of
DC10 from the one donor without atopy or asthma (Donor 1,
Table 1) with that of the DC10 from the donors with atopy and
asthma, or, for that matter, other control donors without atopy
or asthma, we observed no discernible differences, as assessed
using the parameters noted in Figure 1.

We also used cDNA arrays to assess the expression of a
battery of DC/antigen-presenting cell markers by our cells, and
found that only a modest number of markers were differentially
expressed (i.e., > twofold differences) by immature CD141-
monocyte–derived DCs (DC–GM-CSF), DC-TNF, and DC10.
The DC-TNF expressed more IFN-a1, RelB, CCL5, -16, -19,
-21, and CXCR1, and less inducible T cell co-stimulatory
molecule (ICOS), HLA-DM alpha (HLA-DMA), HLA-DM
beta (HLA-DMB), MAC1, and CCR1, -3, and -5 than the
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immature cells (Figure 2). The DC10 expressed more IFN-a1
than the immature cells (Figure 2), and much more IL-2 (Table
E5 in the online supplement) than the DC-TNF, but, in many
respects, appeared to have a phenotype that fell between the
immature and TNF-induced cells. The only array markers that
differentiated the DC10 and DC-TNF were CCL21 and
CXCR1, which were expressed at higher levels in the mature
cells. Both populations expressed lower levels of ICOS, HLA-
DMA, HLA-DMB, and MAC1 than the immature cells, and
higher levels of IFN-a1. The data for the remaining array
markers indicated that the three populations expressed these
at more or less equivalent levels (as shown in Tables E1–E5).

IL-10–Differentiated DCs Interact with Autologous T Cells in

an Allergen-Specific Fashion

If regulatory DCs were to be used clinically, it would be impor-
tant to know whether they interact with T cells in an allergen-
restricted fashion. We used two assays to confirm this. For the
FRET assay depicted in Figure 3A, we cocultured FRET accep-
tor dye (DiI)–stained DC10 with FRET donor dye (DiO)–
stained autologous Th2 cells from a subject allergic to grass. The
DC10 were loaded to present either the specific (grass) or an
irrelevant (in this case, ovalbumin) allergen. The specific
allergen-presenting DC10 that interacted with autologous Th2
cells emitted a strong signal for at least 8 hours, whereas the
ovalbumin-presenting DC10 emitted only weak signals (i.e., did
not productively engage autologous T cells). To confirm these
DC10–Th2 cell interactions in another way, we used intracellu-
lar Ca21 flux assays (Figure 3B). We cocultured Fluo-4AM–
stained T cells with autologous immunostimulatory DC-TNF or
DC10 that had been pulsed with specific or irrelevant (non-
specific) allergen. The specific allergen-presenting DC-TNF
strongly induced Ca21 flux in the T cells relative to cells
cultured without any DC. The specific allergen-presenting
DC10 also induced Ca21 flux in the T cells, whereas irrelevant
allergen-presenting DC10 induced no discernible Ca21 re-
sponses (nonspecific; Figure 3B). These data suggest that, al-
though the DC10 did not signal as strongly into the T cells as did
DC-TNF, they nevertheless did signal in an allergen-specific
fashion. We also confirmed the relative strength of specific
allergen-presenting DC-TNF and DC10 interactions with au-

tologous T cells using FRET assays (Figure E1), and found
similar results. That is, DC-TNF, which we have shown express
higher levels of the antigen presentation molecules, HLA-DR,
CD54, and CD86, engaged these T cells in a quantitatively
stronger fashion than did DC10. Culture of DC10 (or Th2 cells;
data not shown) alone produced no detectable signal.

Allergen-Presenting, IL-10–Differentiated DCs Display a

Regulatory Phenotype

Our DC10 expressed IL-10 and ILT2, and were not stimulatory
in mixed lymphocyte reaction cultures, suggesting that they
could be tolerogenic (11). We first examined the abilities of the
allergen-presenting DC-TNF and DC10 to stimulate prolifera-
tion of autologous T cells, titrating both populations onto con-
stant numbers of T cells (Figure 4A). The DC-TNF strongly
drove CD41 T cell proliferative responses, whereas relatively
weak responses were observed with the DC10. Although these
data are consistent with the DC10 being regulatory, we could
also have obtained these results if the DC10 were simply
inefficient in presenting allergen to T cells. Thus, we next tested
the abilities of specific allergen-presenting DC10 to inhibit the
activation of T cells induced by autologous allergen-presenting
DC-TNF, using Th2 cell proliferation and IL-4, -5, and -13
expression as readouts (Figures 4B and 4C). As above, culture
of DC-TNF with Th2 cells alone (0 DC10/well) induced strong
proliferative responses that were accompanied by marked ex-
pression of Th2 cytokines. However, adding DC10 to these
cultures inhibited DC-TNF–induced CD41 T cell–proliferative
responses in a dose-dependent fashion, such that we observed
30–50% inhibition at DC10:T cell ratios of 1:4 to 1:16 (Figure
4B). This was a consistent observation with DC10 from numer-
ous donors with atopy (n 5 8). We also observed reduced ex-
pression of IL-4, -5, and -13 by Th2 cells when DC10, but not
DC-TNF, were present (Figure 4C; n 5 6).

As a measure of how well such tolerogenic effects of DC10
might translate across from one allergen to another, we also
compared the responses of five donors allergic to cats to those of
four donors allergic to grass. We assessed expression of IL-10 by
their DCs, and the abilities of these cells to suppress autologous
T-cell proliferative and Th2 cytokine responses to specific
allergen-presenting DC-TNF challenge (Figure 5). In short, we

Figure 1. Characterization of IL-10–differenti-

ated monocyte-derived dendritic cells (DCs).

DCs were differentiated from CD141 mono-
cytes of donors with asthma by culture in

recombinant human (rh) granulocyte–macro-

phage colony-stimulating factor (GM-CSF) and
rhIL-4 for 4 days, then matured for 48 hours by

culture in IL-1b, IL-6, TNF-a, and prostaglandin

E2, with (DC10) or without (DC-TNF) IL-10. (A)

FACS characterization of DC10 or DC-TNF
using specific antibodies for CD40, CD54,

CD80, CD83, CD86, human leukocyte antigen

(HLA)-DR, and ILT2/CD85j (heavy lines) or iso-

type control antibodies (light lines). (B) The
phagocytic activity of the cells was assessed by

uptake of FITC-dextran (100 mg/ml) over

30 minutes at 378C, as determined by FACS

(left panel). The secretion of IL-6 and IL-12p70
by DC-TNF or DC10 over 48 hours was de-

termined by ELISA, whereas expression of IL-10

was determined by quantitative RT (qRT)-PCR and ELISA for mRNA and protein (pg/3 3 106 cells/48 h), respectively (middle three panels). The
abilities of the DCs to induce allogeneic T-cell proliferation was assessed in mixed lymphocyte reactions (MLR; right panel), as noted in MATERIALS AND

METHODS. The depicted data are from one individual, and are representative of data from five such donors. Closed bars, DC-TNF; open bars, DC10.

**P < 0.01 compared with DC-TNF.
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found no significant differences in the abilities of DC10 from
these two groups of people to express IL-10 or to suppress
immunostimulatory DC-induced T-cell proliferation. Similarly,
CD10 from both individuals allergic to cats and those allergic to
grass more or less equally suppressed the Th2 responses of
autologous peripheral blood T cells (Figure 5, right panel).

Coculture of T Cells from Donors with Atopy with

Allergen-Presenting DC10 Activates CD41 Cells with a

Regulatory Phenotype

We wished to assess whether our tolerogenic DCs induced dif-
ferentiation of Tregs from within the T cell pool of the donors
with asthma. To do this, for five of our donors with atopy, we
cocultured their DC10 or DC-TNF with autologous T cells for
7 days, then repurified the T cells by magnetic sorting, and ex-
panded them in the presence of IL-2 for another 7 days before
assessing their expression of a panel of Treg markers. In general,
there were few CD41CD251Foxp31 cells among the T cells that
had been cultured without DCs (two typical subjects shown in
Figure 6A, left panel), but coculture of donor T cells with ei-

ther DC10 or DC-TNF equally augmented the outgrowth of
CD41CD251Foxp31 T cells. We examined expression of Treg
activation markers on these T cells, and found augmented
expression of LAG-3 (ztwofold increases), CTLA-4 (z11-fold
increases), and IL-10 (zsixfold increases) by the CD41 T cells
from the DC10 cocultures relative those from the DC-TNF
cocultures (Figure 6B).

We examined the ability of the putative Tregs from these long-
term cocultures to suppress the activation of fresh autologous
donor T cells (Th2) by allergen-presenting DC-TNF (Treg:Th2
cell ratio, 1:2; Figure 7). The DC-TNF induced strong prolifera-
tive responses by the donor Th2 cells, and the addition of CD41

cells from long-term DC-TNF–T cell cocultures did not alter this
response. On the other hand, CD41 cells from long-term DC10–T
cell cocultures reduced the proliferative responses by approxi-
mately 50% (P < 0.01 versus the DC-TNF Th2 cells). We also
assessed Th2 cytokine secretion in these cultures, and found that
the CD41 T cells from the DC10–T cell cocultures reduced IL-5
and -13 release by 50–60% (P < 0.01 versus the DC-TNF–T cells
alone; Figure 7B). Interestingly, the IL-4 response proved more
refractory to such regulation.

Characterization of DC10-Induced Tregs

We had found expression of both IL-10 and CTLA-4 on CD41

cells from the long-term cultures that possessed this regulatory

Figure 2. Expression analysis of selected dendritic and antigen-pre-

senting cell markers in human monocyte–derived DCs. Immature DCs

were harvested from Day 4 cultures of bone marrow cells in GM-CSF

and IL-4 (gray bars), as noted in the materials and methods, while
putatively regulatory DC10 (open bars) and immunostimulatory DC-

TNF (closed bars) were further differentiated from immature cells, as in

Figure 1. RNA was purified from each population and subjected to
cDNA array analysis of 180 dendritic and antigen-presenting, cell-

relevant markers. Depicted are those markers with differences in signal

of 2 or greater, in genes expressed as DC surface markers or IFN-a1,

intracellular signaling markers, and a number of DC-relevant chemo-
kines and their receptors. The bulk of the remaining genes within the

arrays were not differentially expressed, with the exception of IL-2, -16,

and -18 (see online supplement). APC, antigen-presenting cells; DEC,

DC-specific endocytic receptor; HLA-DM, human leukocyte antigen-
DM (alpha or beta); ICOS, inducible T cell co-stimulatory molecule;

MAC1, macrophage antigen-1; REL, reticuloendotheliosis viral onco-

gene holomog (A or B); TAP2, transporter 2 ATP-binding cassette.

Figure 3. DC10 interact
in an allergen-specific fash-

ion with autologous T cells.

DC10 and DC-TNF were

generated as in Figure 1
from peripheral blood

monocytes of eight individ-

uals and pulsed with aller-

gen. Autologous CD41

T cells were similarly puri-

fied from these individuals

by MACS. (A) T cells from
a donor with asthma who

is grass allergic were

stained with the FRET do-

nor dye, DiO. Their DCs
were loaded either with

specific allergen (gr, grass)

or an irrelevant allergen

(ova, ovalbumin), washed,
and stained with the FRET

partner dye, DiI. The DC10

(2 3 104 cells/well) were
cultured with the T cells

(2 3 105 cells/well) for

8 hours, during which the

FRET emissions were mon-
itored continuously as

noted in MATERIALS AND METHODS. (B) The CD41 T cells of three individuals
(2 3 105 cells/well) were loaded with the Ca21 indicator dye, Fluo4-

AM, and either cultured alone (none) or exposed for 3 hours in

intracellular Ca21 flux assays to specific (sp.) or irrelevant (nonspecific

[non-spec.]) allergen-pulsed autologous DC10 or DC-TNF (2 3 104

cells/well). For graphic simplicity, the results of the irrelevant allergen-

presenting DC-TNF plus T cells are not depicted. Coculture of specific

allergen-presenting DC10 with autologous T cells induced substantial
FRET signals, whereas irrelevant allergen-presenting DC10 induced

only weak signals. Similarly, specific allergen-presenting DC-TNF in-

duced stronger responses than the specific allergen-presenting DC10.

No signals were observed with DC or T cells cultured alone. Th2, type 2
T helper cell.
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activity. Thus, in principle, these cells could operate in a contact-
dependent or -independent manner, and this is what we addressed
in our next experiment. We purified and irradiated CD41 cells
from the long-term DC10–Th2 cocultures, and placed them in the
top chamber of Transwell plates with allergen-presenting DC-
TNF and Th2 cells in the bottom chamber (negative contact), and,
3 days later, assessed the Th2 cell–proliferative responses (Figure

8A). In control wells, we added the regulatory cells from the long-
term cultures directly into the lower chambers with the DC-TNF
and Th2 cells (positive contact). We observed greater than 30%
inhibition of the proliferative responses of the Th2 cells only when
the regulatory cells were added directly to the Th2 cells, which
indicated that this regulatory activity was cell contact–dependent.

To evaluate which subpopulation of the CD41 T cells from the
long-term coculture carried the regulatory activity, we MACS
fractionated the CD41 T cells from long-term DC10 and DC-
TNF cocultures based on expression of CD25, and irradiated
these cells. We added the CD41CD252 or CD41CD251 cells
from both types of long-term culture to autologous DC-TNF–
stimulated Th2 cells (Treg:Th2 ratio, 1:2), and assessed the Th2
cell–proliferative responses (Figure 8B). We found that the
CD41251 T cells from DC10 cocultures more than 50% sup-
pressed Th2 responses driven by immunostimulatory DC. Nei-
ther the CD252 nor CD251 cells from the long-term DC-TNF
cocultures displayed discernible suppressive activities in these
assays, nor did the CD41252 cells purified from the DC10 cocul-
tures. Again, DC10 from our donors with atopy but not asthma
were just as capable of driving differentiation of such CD41251

Tregs in this system as were DC10 from the donors with atopy and
asthma.

DISCUSSION

The present results demonstrate that allergen-presenting, IL-10–
differentiated DCs (DC10) from subjects with atopy are able to
suppress autologous Th2 responses driven by immunostimulatory
DCs (DC-TNF). The DC10 expressed elevated levels of IFNa1,
IL-2, ILT2, and IL-10, reduced levels of costimulatory molecules
(CD40, CD54, CD80, CD83, CD86, and HLA-DR) and stimula-
tory cytokines (IL-6, IL-12), and equivalent levels of DC-specific
endocytic receptor-205 (DEC205) and CCR7, relative to mature
DCs. These DC10 displayed direct tolerogenic activities for
autologous Th2 cells, but they also induced the differentiation
or outgrowth of a population of activated CD41CD251 Tregs,
which themselves subsequently induced tolerance in a contact-
dependent manner.

It has been reported by others that human monocyte–
derived DCs that are differentiated in the presence of IL-10
can reduce allogeneic T-cell proliferation and IL-2/IFN-g
expression ex vivo (11). These alloantigen-induced anergic
T cells express reduced levels of CD25, but could subsequently
suppress syngeneic T-cell proliferation and IL-2/IFN-g expres-
sion via a CTLA-4–dependent pathway (15). On the other hand,
glucocorticoid-differentiated human DCs express glucocorti-
coid-induced leucine zipper, which is important in their
induction of IL-10–producing CD251Foxp31CTLA-41 Treg

Figure 4. DC10 weakly

stimulate autologous

T cells, but suppress their

activation by allergen-
presenting immunostimul-

atory DC-TNF. DC10 and

DC-TNF were generated

as in Figure 1 from pe-
ripheral blood monocytes

of eight individuals and

pulsed with allergen. Au-
tologous CD41 T cells were

purified from these indi-

viduals as in Figure 3. (A)

Proliferative responses of T
cells (2 3 105 cells/well)

that were stimulated for

3 days with the indicated

numbers of irradiated au-
tologous allergen-pulsed

DC-TNF or DC10. (B) Pro-

liferative and (C) Th2 cy-
tokine responses of 2 3

105 CD41 T cells after co-

culture for 72 hours with

irradiated autologous DC-
TNF (2 3 104 cells/well)

plus the indicated num-

bers of (B) or 2.5 3 104

(C) irradiated autologous
DC10 (n 5 5). Open bars,

IL-4; gray bars, IL-5; closed

bars, IL-13. Cell prolifera-

tion was assessed by 3H-
thymidine incorporation

and cytokine expression

by ELISA. DC10 were
poorly stimulatory for au-

tologous Th2 cells, and

suppressed the stimulatory

DC-induced Th2 cell pro-

liferation and cytokine expression. *P < 0.05 and **P < 0.01 compared
with DC-TNF.

Figure 5. DC10 generated from CD141 mono-
cytes of subjects with grass- and cat-related

asthma are equally able to suppress immunos-

timulatory DC-TNF–driven autologous T-cell

activation. DC10 were generated and autolo-
gous T cells purified from five individuals with

cat-related asthma and four with grass-related

asthma, as in Figure 3. (Left panel: open bars,

DC-TNF; closed bars, DC10) Secretion of IL-10
by the DC10 was assessed as in Figure 1.

(Middle and right panels) The abilities of these

DC10 to suppress DC-TNF–induced autologous

T-cell proliferative and Th2 cytokine secretion

responses were assessed as in Figure 4. The DC10 from individuals with either type of asthma secreted equivalent levels of IL-10 in culture, and were

equally capable of suppressing autologous Th2 cell proliferative and cytokine secretion responses. Open bars, IL-4; gray bars, IL-5; closed bars, IL-13.
**P < 0.01 compared with DC-TNF.
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(18). But DCs that are differentiated with mycophenolic acid,
an immunosuppressant used in transplantation medicine, are
phenotypically similar to those generated in our cultures, and
can inhibit proliferation of autologous T cells (19). Others have
reported that TNF-differentiated human DCs (i.e., equivalent
to our DC-TNF) maintain Foxp3 expression by Treg in culture,
as we observed herein, but, interestingly, that they can also
convert CD252 cells to become functional Tregs (20). We
observed no such regulatory population arising in our short-
or more long-term DC-TNF/Th2 cell cultures. Immature mono-
cyte-derived human DCs (generated by culture with GM-CSF
and IL-4 alone) have been shown to inhibit antigen-specific
responses when injected into healthy individuals (21), and we
have reported that allergen-pulsed, quiescent murine CD8a1

splenic DCs can induce asthma tolerance after transfer into the
airways of asthma-phenotype mice (12).

The immunostimulatory DC-TNF we generated expressed
high levels of major histocompatibility complex (MHC) class II
(HLA-DR), costimulatory molecules (e.g., CD40, CD54, CD86),
and IL-12. As such, they were ideally equipped to activate T cells
(22, 23), whereas the DC10 expressed reduced levels of each of

these, but also higher levels of IL-10 and the inhibitory receptor
ILT2/CD85j. The precise mechanisms by which IL-10 is able to
inhibit the functions of DCs have not been fully elucidated.
However, because it was shown that DCs purified from the
interior of IL-10–expressing melanoma tumors are tolerogenic
(10), numerous studies have highlighted the ability of IL-10 to
render differentiating DCs tolerogenic (14, 24–26). In addition,
we have found, in a mouse model of house dust mite asthma, that
house dust mite–presenting DC10 are highly tolerogenic (M. Lu,
X.Z., H.H., and J.R.G., unpublished data). Similar to what we
noted herein, IL-10 has been reported to up-regulate expression
of the inhibitory receptor, ILT2/CD85j, on monocyte-derived
DCs generated from patients with systemic lupus erythematosus
(27). ILT2 has an important role in the regulation of natural killer
(NK) cells and T lymphocytes (28, 29), and it has been suggested
that ligation of ILT2 on DCs by self-HLA molecules may
importantly affect the DC’s tolerogenic functions (29). Expres-
sion of IFN-b1 by DC10 paralleled that of IL-10. IL-10 and IFN-
b1 are both class 2 a-helical cytokines, and thus share some
activities that affect T cells and DCs (e.g., repression of anti-
apoptotic functions, antiproliferative effects [30]), but their

Figure 6. DC10-induced expression of regulatory T cell (Treg) markers
on peripheral blood Th2 cells. We cultured CD41 T cells from donors with

asthma with irradiated autologous specific allergen-presenting DC10 or

DC-TNF for 7 d, then expanded the T cells with IL-2 for 7 d, and finally

MACS-purified the CD41 cells from these 2 wk cultures. (A) We stained
the T cells for CD4, CD25, and Foxp3, gated on the CD41 cells, and

assessed the proportions of the gated cells that were CD25/Foxp3

double-positive using three-color FACS. There were no differences in
the proportions of CD251Foxp31 cells among the gated cells that had

been cultured with either DC-TNF or DC10, but there were few double-

positive cells among control T cells that were not cultured with DCs (no

DC). The data depicted are from two representative subjects. (B) We used
qRT-PCR to assess expression of Foxp3, lymphocyte activation gene

(LAG)-3, cytotoxic T-lymphocyte antigen (CTLA)-4, and IL-10 in the

CD41 cells recovered from the long-term DC-TNF (closed bars) or DC10

(open bars) cultures. The levels of Foxp3 mRNA in the two populations
were equivalent, but there was significant up-regulation of each of the

other markers. These data are from three individuals.

Figure 7. DC10-induced Tregs suppress DC-TNF–driven Th2 cell acti-

vation. Peripheral blood CD41 T cells (Th2; 2 3 105 cells/well) were
MACS-purified from donors with asthma and cultured for 72 hours with

(1) or without (2) freshly generated, irradiated, autologous, allergen-

presenting DC-TNF (2 3 104 cells/well). To some of these cultures we

added 1.25 3 104 irradiated putative regulatory cells purified from long-
term cocultures of DC10 [T(DC10)] or DC-TNF [T(DC-TNF)] with

autologous CD41 T cells (as in Figure 6). After 72 hours the proliferative

and Th2 cytokine responses of the Th2 cells were assessed as in Figure 4.
The T cells purified from the long-term DC10–Th2 cell cocultures were

able to suppress DC-TNF–induced Th2 cell proliferation and Th2 cytokine

expression, whereas the analogous cells from long-term DC-TNF–Th2

cell cocultures carried no such suppressive activities. These data are
representative of those from four individuals. **P < 0.01 compared with

DC-TNF plus Th2. NS, not significant.
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role(s) in DC10-induced tolerance induction, if any, remains
unexplored. DC-TNF certainly expressed reduced levels of both
of these cytokines. The tolerogenic functions of our DC10 could
also be related, in part, to their reduced expression of Langerin/
CD207. CD207 increases the efficiency of antigen presentation by
MHCII and MHCI molecules, suggesting that reduced Langerin
expression could contribute to compromised T-cell activation
(31). Although functional immaturity of DCs that are presenting
antigen to T cells can lead to T cell anergy or tolerance, our DC10
developed at least some features in common with mature
immunostimulatory DC-TNF, including reduced expression of
ICOS (32), HLA-DM (33), and MAC1, and increased expression
of RelB (34) and CCR7. Interestingly, it has been reported that
CCR7 expression by semimature DCs is critical to tolerance
induction in vivo by allowing these cells to immigrate into lymph
nodes, where they productively interact with specific T cells (35).

Our data confirm that the DC10-autologous T-cell interac-
tions were allergen specific, in as much as these cells engaged one
another for prolonged periods of time in a manner sufficiently
intimate to emit FRET signals. FRET occurs when paired
fluorophores are within less than or equal to 80 Å (z8 nm) of
each other, such that energy released from the FRET donor (on
the T cells) can excite its FRET partner dye on the DCs to
fluoresce. Only if the DC and T-cell membranes are sufficiently so
engaged physically will FRET occur. Immunologic synapses
bring T cells and antigen-presenting cells only to within 15 nm
of one another (36), but during such synapse formation, the
antigen-presenting cells also fully transfer to the T cells biolog-
ically relevant patches of plasma membrane containing peptide–
MHC complexes and costimulatory molecules (37, 38). This
suggests that the DC10 did, indeed, engage these Th2 cells
productively. The reduced levels of DC10–T cell engagement
relative to that observed with immunostimulatory DC could be
explained by the lower expression of accessory molecules by the
DC10, in as much as these are critical components of optimized
immunological synapse formation. The allergen specificity was
confirmed in the intracellular Ca21 flux assays, wherein only
specific allergen-presenting DC10 induced signaling in the T cells.
The lack of signal with the irrelevant allergen-presenting DC10,
which would have expressed identical levels of HLA-DR, CD54,
CD86, and IL-10, indicates that these, by themselves, were not
involved in initiating the DC10–Th2 cell interactions. Rather that
the MHCII must be loaded with allergen peptides that would be
recognized by the Th2 cell T-cell receptors, and thereby induce
the formation of stable immunologic synapses. These would allow
exchange of membranes between the two partner cells (37, 38). If
such an exchange did not occur, then the FRET fluorophores
would not have otherwise been able to engage one another. The

augmented Ca21 flux and FRET signals observed with specific
allergen-presenting DC-TNF suggests that the augmented levels
of HLA-DR, accessory antigen presentation molecules, and
potentially also CD207 on these cells (31), were indeed function-
ally relevant in immunological synapse formation.

Although the numbers of CD41CD251Foxp31 cells in our
long-term cultures were not differentially affected by the pres-
ence of DC10 versus DC-TNF, we did observe increased expres-
sion of the Treg activation markers, LAG-3/CD233 and CTLA-4,
and augmented IL-10 in the CD41 T cells that arose under the
influence of our tolerogenic DC10. Others have similarly
reported that tolerance does not necessarily lead to increases in
the numbers of CD41CD251Foxp31 cells, but does increase their
expression of these markers (39). LAG-3, an MHCII-binding,
CD4-related T-cell surface molecule, has a negative regulatory
influence when present such that activated Treg retain LAG-3.
Thus, CD41CD251 T cells from LAG-32/2 mice exhibit reduced
regulatory activity, whereas ectopic expression of LAG-3 confers
suppressor activity on CD41 T cells (40). CTLA-4 is a member of
the CD28-B7 Ig superfamily of immune regulatory molecules,
but, unlike CD28, it has negative regulatory influences on T-cell
activation. It has been suggested that CTLA-4 may preferentially
dampen T-cell responses rather early in their genesis (41), and
this would perhaps fit well with the time frames of our studies
described here. The DC10 that we generated also expressed
increased levels of IL-2 relative to DC-TNF, and this could
potentially have contributed to their abilities to activate and
expand the Tregs in our cocultures. IL-2 has been shown to be an
important growth factor for Treg, particularly when tolerogenic
DCs are present (20, 42). It has been well established that IL-10
plays important roles in modulation of allergic diseases. For
example, IL-10 expression correlates with positive outcomes in
specific immunotherapy subjects (43). IL-10 and IFN-a, both of
which were expressed by our DC10, together strongly induce the
differentiation of type 1 regulatory T (Tr1) cells from CD41

T cells (44), and Tr1 cells are thought to be important to positive
clinical outcomes in specific immunotherapy for allergic diseases
(45). Tr1 expression of both IL-10 and TGF-b is reportedly
important in their tolerogenic functions (45), and, like naturally
occurring CD41CD251 Tregs, Tr1 cells express CD25, but unlike
Tregs, they also express repressor of GATA-3 (45). However, we
did not assess whether our Tregs expressed either TGF-b or
repressor of GATA-3, so we cannot identify these activities with
Tr1 cells. It has been shown, however, that Tr1 cells can prevent
Th2 sensitization and IgE production if adoptively transferred
before experimental sensitization (46).

In summary, we provide evidence suggesting that human
monocyte–derived, IL-10–treated DCs expressed a regulatory

Figure 8. Characterization of DC10-induced Tregs. (A) Irradi-

ated Tregs, induced and purified as in Figure 7, were tested to
determine whether their suppression of autologous Th2 cell

proliferation was a contact-dependent process. The DC-10–

induced Tregs were added to the upper (negative contact) or

lower (positive contact) chambers of 24-well Transwell plates and
Th2 cells, as well as allergen-presenting DC-TNF to the lower

chambers. A separate set of control wells contained no Tregs

(DC-TNF 1 Th2). The data indicate that DC10-induced Treg
activity was contact dependent. (B) The T cells that were purified

from the long-term DC10 and DC-TNF cocultures were used as is

(total), or MACS-fractionated into CD252 and CD251 subpop-

ulations, each of which was tested for its ability to suppress DC-
TNF–induced Th2 cell proliferative responses, as in Figure 7. The

T cells from the long-term DC-TNF/Th2 cocultures showed no
discernible regulatory activity, whereas the CD251 cells from the DC10/Th2 cocultures carried all of the regulatory activity from these cultures.
**P < 0.01 and ***P < 0.001 relative to DC-TNF/Th2 control wells. The results are representative of three separate experiments.
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DC phenotype. They inhibited allergen-specific Th2 immune
responses by autologous T cells, and also induced outgrowth of
a population of IL-10–expressing CD251Foxp31LAG-31CTLA-
41 Tregs ex vivo. These data open the question of whether DCs
such as these might be useful for dampening allergen-specific
responses in individuals with atopy, and whether they could
potentially do so via induction of Treg responses.
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SUPPLEMENTARY DATA TABLES E1 - E5 

 
Table E1.  Array expression analysis data for pertinent intracellular signaling 

intermediates in immature (DC-GMCSF), tolerogenic (DC10) and mature (DC-

TNF) monocyte-derived dendritic cells.  

  RELATIVE mRNA EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

GUSB 48815 47096 50043 - 

ACPP 19471 23350 27498 - 

ADAM19 51729 52614 46383 - 

ADAMDEC1 11960 12755 23012 R-M 

ADAR 60447 59221 57801 - 

AIM2 16277 15440 18917 - 

ARHGDIB 53989 27412 26733 - 

ATF4 15649 17006 19399 - 

ATM 28762 16970 28374 - 

B3GALT2 5395 9128 8503 - 

ICOSLG 8493 11026 7957 - 

PPIA 61703 60900 58664 - 

BASP1 32345 54470 43415 - 

BTG1 61740 63578 61605 - 

PPIA 61041 59183 56523 - 

CCT6A 20242 17268 11902 - 

CDC42 55032 51993 46710 - 

CDKN1A 44829 53084 53551 - 

CDW52 62798 50255 44249 - 

CEBPA 48929 20610 17398 I-R, I-M 

CFLAR 61791 54270 55864 - 

CHD4 58003 47528 48845 - 
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  RELATIVE mRNA EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

CLECSF8 19278 11509 9497 I-M 

CLECSF12 63776 56516 60524 - 

CLECSF6 64395 55091 54437 - 

C1QL1 47188 47815 57496 - 

CSF1R 63525 58077 59924 - 

CST3 63403 59822 60779 - 

CST7 63547 59221 61853 - 

DCP1B 17655 19184 14114 - 

TM7SF4 59866 59968 51886 - 

DCTN2 22650 14686 9016 - 

EBI3/IL-27a 10326 8177 13079 - 

ECGF1 25289 25105 27271 - 

F13A1 47141 11822 8824 I-R, I-M 

FSCN3 14850 10934 11347 - 

G1P2 7364 10160 4320 R-M 

G1P3 10237 10658 8086 - 

GBP2 29710 26765 20767 - 

GBP3 43671 42640 31117 - 

GPX4 29193 38286 26045 - 

IFI16 39344 11819 14294 I-R, I-M  

IFI27 58228 48144 55476 - 

IFI30 21342 15585 15312 - 

IFI35 13692 5279 9250 I-R 

IFI44 17446 5573 3908 I-R, I-M 

IFIT1 46806 40122 49867 - 

IFIT2 8212 7535 2155 I-M 

IFIT3 3978 4828 1768 R-M 
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  RELATIVE mRNA EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

IFITM3 12564 20197 36913 I-M 

IGSF6 54724 30775 21270 I-M 

ISG20 51000 50212 58217 - 

ITGAM 27900 9389 7917 I-R, I-M 

ITGB2 25826 18616 13697 - 

LILRB4 14555 10876 8043 - 

LIPA 60348 46269 45034 - 

LOC286272 10461 9328 9318 - 

LRP1 7405 9223 12766 - 

MAP4K3 8685 10788 6897 - 

MARCKS 61188 62242 61609 - 

MGC27165 16495 24533 33860 I-M 

MARCKSL1 18587 37642 27879 I-R 

ARID5A 7185 14843 26351 I-R, I-M 

MT2A 18970 33307 47508 I-M 

MX1 26686 29952 30529 - 

NR3C2 17624 13063 10287 - 

PFN1 59742 60827 58762 - 

PIM2 16578 20520 20183 - 

PLAUR 29098 22069 18141 - 

PNRC1 47774 46741 53860 - 

POR 55232 57501 58437 - 

PRG1 52905 57242 54298 - 

PRKRA 13189 13931 10084 - 

PSCDBP 29774 51382 43381 - 

RAC1 58256 59569 59191 - 

RNASE6 43060 17550 16572 I-R, I-M 

S100A4 57204 56099 58646 - 
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  RELATIVE mRNA EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

S100B 17166 13516 6672 I-M, R-M 

SOD2 24445 37776 22095 - 

STK4 33885 54180 56360 - 

TNFSF11 5997 7384 6851 - 

TNFSF14 30317 40126 51573 - 

TNFSF4 2655 10168 32176 I-R, I-M 

TNFSF9 3612 12042 24769 I-R, I-M 

TRA1 21954 32436 25035 - 

VCL 53169 52855 55615 - 

ZNF398 7123 10688 9922 - 
BACTβ 58113 54696 58260 - 

B GAPDH 61081 59796 59648 - 
B β2M 60347 61334 60613 - 

A Differential expression is defined as a ≥2-fold difference in signal between DC-
GMCSF (immature; I) and DC10 (regulatory; R) or DC-TNF (mature; M) cells.  Thus, 
for example, I-R indicates significant differences in expression between the DC-GMCSF 
and the DC10.  
B ACTβ, GAPDH and β2M are included as control house-keeping gene products. 
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Table E2.  Array expression analysis data for cluster of differentiation (CD) 

antigens in monocyte-derived dendritic cells.  

  RELATIVE mRNA EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

CD1A 62780 58379 50460 - 

CD1B 64111 50140 48504 - 

CD1C 62592 25310 30360 - 

CD1D 11413 9821 10380 - 

CD36 62912 54775 59871 - 

CD44 62590 57785 60485 - 

CD47 20898 18538 18696 - 

CD58 56770 53656 58179 - 

CD68 63883 56859 54826 - 

CD74 64115 61014 60873 - 

LY75 38927 54959 53076 - 

FAS 19154 26211 27143 - 
BACTβ 58113 54696 58260 - 

B GAPDH 61081 59796 59648 - 
B β2M 60347 61334 60613 - 

A Differential expression is defined as a ≥2-fold difference in signal between DC-
GMCSF (immature; I) and DC10 (regulatory; R) or DC-TNF (mature; M) cells.  Thus, 
for example, I-R indicates significant differences in expression between the DC-GMCSF 
and the DC10.  
B ACTβ, GAPDH and β2M are included as control house-keeping gene products. 
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Table E3.  Array expression analysis of toll-like receptors (TLR) in monocyte-

derived human dendritic cells.  

  RELATIVE EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

TLR1 24198 11034 15358 I-R 

TLR2 60290 55354 53891 - 

TLR3 12333 12517 4823 I-M, R-M 

TLR4 24838 26439 21330 - 

TLR5 4570 12465 9998 I-R, I-M 

TLR6 9521 8703 12465  

TLR9 3495 5701 11207 I-M, R-M 
BACTβ 58113 54696 58260 - 

B GAPDH 61081 59796 59648 - 
B β2M 60347 61334 60613 - 

A Differential expression is defined as a ≥2-fold difference in signal between DC-
GMCSF (immature; I) and DC10 (regulatory; R) or DC-TNF (mature; M) cells.  Thus, 
for example, I-R indicates significant differences in expression between the DC-GMCSF 
and the DC10.  
B ACTβ, GAPDH and β2M are included as control house-keeping gene products. 
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Table E4.  Array expression analysis of immunoglobuin receptors in monocyte-

derived human dendritic cells.   

  RELATIVE EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

FCαR 15922 6082 5669 I-R, I-M 

FCεR1A 63300 45379 51948 - 

FCεR1G 63641 60169 61541 - 

FCεR2 63027 58814 54400 - 

FCγR1A 28621 32804 47593 - 

FCγR2B 48033 23530 43928 - 

FCγR3B 61463 49301 32888 I-M 

FCαR 15922 6082 5669 I-R, I-M 
BACTβ 58113 54696 58260 - 

B GAPDH 61081 59796 59648 - 
B β2M 60347 61334 60613 - 

A Differential expression is defined as a ≥2-fold difference in signal between DC-
GMCSF (immature; I) and DC10 (regulatory; R) or DC-TNF (mature; M) cells.  Thus, 
for example, I-R indicates significant differences in expression between the DC-GMCSF 
and the DC10.  
B ACTβ, GAPDH and β2M are included as control house-keeping gene products. 
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Table E5.  Array analysis of cytokine expression by monocyte-derived human 

dendritic cells.  

  RELATIVE EXPRESSION (spot density) 

Symbol DC-GMCSF DC10 DC-TNF 
DIFFERENTIAL 

EXPRESSIONA 

IFNβ1 9058 11188 5665 R-M 

IFNγ 52093 56243 58427 - 

IFNγR1 16092 8190 4819 I-R, I-M 

IL1α 7058 5088 3918 I-M 

IL1β 60286 61032 58981 - 

IL2 7411 13877 3605 I-M, R-M 

IL4 7645 14320 23348 I-R, I-M 

IL15 13428 6513 7390 I-R 

IL17 5444 3334 3873 - 

MIF 48266 60870 60220 - 

TNF 26547 27700 34778 - 
BACTβ 58113 54696 58260 - 

B GAPDH 61081 59796 59648 - 
B β2M 60347 61334 60613 - 

A Differential expression is defined as a ≥2-fold difference in signal between DC-
GMCSF (immature; I) and DC10 (regulatory; R) or DC-TNF (mature; M) cells.  Thus, 
for example, R-M indicates significant differences in expression between the DC10 and 
DC-TNF.  
B ACTβ, GAPDH and β2M are included as control house-keeping gene products. 
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Figure E1. DC10 develop prolonged, intimate contact with autologous T cells.  DC10 and 

DC-TNF were generated as in Fig. 1 from peripheral blood monocytes of two subjects and 

pulsed with allergen, while autologous CD4+ T cells were purified by MACS.  The T cells were 

stained with the FRET donor dye DiO and the dendritic cells with the partner FRET dye DiI.  

The DC10 were either cultured alone (DC10) or with T cells (2x105 cells/well) for up to 8 h, 

while control wells contained DiI-stained immunostimulatory DC-TNF and DiO-stained Th2 

cells.   


