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Rationale: Tolerogenic dendritic cells and natural regulatory T cells
have been implicated in the process of infectious tolerance in human
allergicasthma. However, the significance of the influence of natural
regulatory T cells on tolerogenic dendritic cells in the disease has not
been investigated.

Objectives: We aimed to characterize the mechanism of induction of
the tolerogenic phenotype in circulating blood dendritic cells by
allergic asthmatic natural regulatory T cells.

Methods: The study was performed in a cohort of 21 subjects with
allergic asthma, 21 healthy control subjects, and 21 subjects with
nonallergic asthma. We cultured blood dendritic cells with natural
regulatory T cells to study the induction of tolerogenic dendritic
cells. Flow cytometry and proliferation assays were employed to
analyze phenotype and function of dendritic cells as well as IL-10
production from natural regulatory T cells.

Measurements and Main Results: Dendritic cells cultured with natural
regulatory T cells up-regulated IL-10, down-regulated costimulatory
molecules, and stimulated the proliferation of CD4+CD25~ effector
T cellsless potently. Allergicasthmatic natural regulatory T cells were
significantly less efficient in inducing this tolerogenic phenotype of
dendritic cells compared with healthy control and nonallergic
asthmatic counterparts. Furthermore, this defective function of
natural regulatory T cells was associated with their decreased IL-10
expression, disease severity, and could be reversed by oral cortico-
steroid therapy.

Conclusions: These results provided the first evidences of impaired
induction of tolerogenic dendritic cells mediated by natural regula-
tory T cells in human allergic asthma.
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infectious tolerance

Although it has been well established that inflammatory cascades
in allergic asthma propagate from the activation of innate
immune cells, such as mast cells, macrophages, and dendritic
cells, to the induction of helper T-cell type 2 (Th2)-biased CD4 ™"
T cells and IgE-producing B cells of the adaptive immune system,
less is known about cellular subsets that orchestrate the immune
tolerogenic network in the disease. Emerging evidence has
suggested a role for regulatory T cells as well as tolerogenic
dendritic cells in regulating inflammatory responses in allergic
asthma (1, 2).

Regulatory T cells are T cells that possess suppressive
activities against cytokine production and proliferation of effec-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Evidence suggests that tolerogenic dendritic cells can
augment beneficial natural regulatory T-cell function in
allergic asthma, but the existence of a converse mechanism
by which natural regulatory T cells mediate the induction
of tolerogenic dendritic cells has not been explored.

What This Study Adds to the Field

Induction of tolerogenic dendritic cells by human allergic
asthmatic natural regulatory T cells is impaired, due in part
to reduced IL-10 expression, a defect that can be amelio-
rated by oral corticosteroids.

tor T cells. Several subtypes of regulatory T cells with distinct
phenotypes (3), cytokine production profiles (4), and mechanisms
of immune suppression have been described (5). Among these are
CD4+CD25MCD127"~ natural regulatory T cells and adaptive
regulatory T cells, such as type 1 regulatory T cells and helper
T type 3 regulatory cells. Suppressive effects of type 1 regulatory
T cells and helper T type 3 regulatory cells are dependent on the
production of soluble inhibitory cytokines, IL-10 and transform-
ing growth factor-B, respectively; whereas natural regulatory
T cells are reported to express both soluble IL-10 and membrane-
bound transforming growth factor-g and can also exert their
immunoregulatory activities via contact-dependent mechanisms
(5). Even though multiple subsets of regulatory T cells might be
involved in the regulation of inflammation in allergic asthma (6),
natural regulatory T cells are the most studied subset. Decreased
frequency and diminished suppressive activity of pulmonary
natural regulatory T cells have been documented in studies of
human allergic asthma (7). Furthermore, murine data also sug-
gested that natural regulatory T-cell-mediated suppression
reversed airway hyperresponsiveness, inflammation, and remod-
eling (8, 9). From these pioneering works, strategies to induce the
function or number of natural regulatory T cells have been
attempted, many of which focus on the use of a unique subtype
of tolerogenic dendritic cells (10).

In contrast to conventional dendritic cells, tolerogenic den-
dritic cells are characterized by their reduced expression of
costimulatory molecules, in particular CD40, CD80, and HLA-
DR, and elevated expression of the immunosuppressive cytokine
IL-10 (11). They can inhibit the proliferation of effector T cells as
well as induce several subtypes of regulatory T cells (12, 13).
Human tolerogenic monocyte-derived dendritic cells elicited
allergen tolerance by inducing natural regulatory T cells (14).
Similarly, murine studies also showed that ectopic expression or
induction of IL-10 in dendritic cells suppressed experimentally
induced asthma by enhancing the frequency of allergen-specific
natural regulatory T cells (15, 16). Collectively, these observa-
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tions pointed to the potential involvement of tolerogenic den-
dritic cells and natural regulatory T cells in the process of
infectious tolerance (17) in allergic asthma.

Even though most studies have been focused on the in-
duction of regulatory T cells by tolerogenic dendritic cells in
human asthma or experimental models of the disease, natural
regulatory T cells have been shown to be involved in phenotypic
and functional regulation of antigen-presenting cells (18). Inter-
action between these innate immune cells and natural regula-
tory T cells directed them toward a tolerogenic state of activation
(19, 20). In addition, depletion of natural regulatory T cells led
to augmentation of dendritic cell-mediated airway inflamma-
tion in an experimental model of asthma, suggesting a critical
role of natural regulatory T cells in phenotypic and functional
maintenance of dendritic cells (21). To date, the significance of
the influence of natural regulatory T cells in the induction of
tolerogenic dendritic cells in human allergic asthma has not
been investigated. Thus, we used an in vitro cell culture system
to evaluate the induction of the tolerogenic phenotype in blood
dendritic cells by natural regulatory T cells. Our data provided
the first line of evidence of impaired induction of tolerogenic
dendritic cells mediated by natural regulatory T cells in human
allergic asthma.

METHODS

Human Subjects

The study was approved by the Stanford University (Stanford, CA)
Administrative Panel on Human Subjects in Medical Research. The
study population included 21 subjects with allergic asthma, 21 healthy
control subjects, and 21 subjects with nonallergic asthma. All subjects
signed informed consent forms before participating in the study.
Asthma diagnosis was established by evidence of episodic and partially
reversible airflow obstruction or airway hyperresponsiveness and
exclusion of alternative diagnoses (NHLBI Expert Panel Report-3,
2007). All patients had been monitored for at least 6 months by
a board-certified asthma, allergy, and immunology specialist at Stan-
ford to ensure the diagnosis was correct. Subjects with allergic asthma
were distinguished from subjects with nonallergic asthma on the basis
of history of allergic symptoms, elevated blood IgE levels (>50 IU/ml),
and positive skin tests to allergens. Spirometry was performed by
a fully qualified respiratory therapist and the study coordinator, both of
whom had more than 15 years of experience in asthma studies. Patients
with an FEV; less than 60% were considered to have severe asthma.
Those in the range of 60 to 80% were considered to have moderate
asthma and those with an FEV, greater than 80% were considered to
have mild asthma. Comprehensive clinical data were collected at each
patient visit including history, disease severity, medication status,
common allergens, IgE level, FEV;, and FEV,/FVC ratio (Table 1).
Healthy control subjects were defined as nonsmoking subjects greater
than 17 years of age with a total serum IgE of less than 25 IU/ml,
negative skin testing (compared with positive histamine control), and
no evidence of lung disease or allergic symptoms. In addition, there
was no evidence of obstructive or restrictive lung disease for healthy
control subjects on spirometry testing.

Cell Isolation

Cell populations of interest were isolated from up to 450 ml of whole
blood. CD4* T cells were purified with CD4™" rosette kits (Stemcell
Technologies, Vancouver, BC, Canada). The CD4* T-cell fraction was
stained with CD25 (clone 4E3; BD Biosciences, San Jose, CA) and CD127
(clone SB199; BioLegend, San Diego, CA) antibodies and sorted for
CD4*+CD25"CD127'9~ natural regulatory T cells and CD4+CD25~
effector T cells. Cells were rested in complete medium after purification
for 2 hours before undergoing downstream assays. The purity of natural
regulatory T-cell and effector T-cell fractions was confirmed by forkhead
box P3 (Foxp3) staining (clone 206D; BioLegend) to be more than 95 and
99%, respectively. Approximately 50% of blood volume was used to
purify circulating dendritic cells. CD3* T cells were first depleted from

peripheral blood mononuclear cells with rosette kits (Stemcell Technol-
ogies) to reduce bulk cell numbers for downstream sorting. This cell
fraction was stained with lineage cocktail and DR antibodies to identify
blood dendritic cells. Dendritic cells were sorted on the basis of their
Lin DR™* phenotype. In addition, dendritic cells from mixed cell
cultures were reisolated by depleting CD3* T cells with anti-CD3
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). To avoid
cell aggregates, magnetic sorting medium was supplemented with 5 mM
ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline
plus 0.5% fetal bovine serum, as per the manufacturer’s recommenda-
tions. All procedures were performed according to the manufacturer’s
standard protocols.

Cell Cultures

Co-cultures were set up at a 1:1 ratio of natural regulatory T cells to
dendritic cells. Other cell ratios (1:0.5 and 1:2 ratio of natural
regulatory T cells to dendritic cells) were also evaluated. Natural
regulatory T cells (0.25 X 10°) and the appropriate number of dendritic
cells were used for each well. Cells were cultured at 10° cells/ml in
RPMI 1640 medium with 10% heat-inactivated fetal calf serum, 1%
L-glutamine, and 1% penicillin-streptomycin (complete medium) for
30 hours in the presence of a 50-ng/ml concentration of anti-CD3
antibodies (clone HIT3; BD Biosciences). Other time points (20 and
40 h) were also evaluated. For neutralization experiments, neutralizing
antibodies against IL-10 (mIgG2b, clone 23738; R&D Systems, Min-
neapolis, MN) and isotype control (Sigma, St. Louis, MO) were used at
5 pg/ml. All assays were performed in triplicate.

Cell Stimulation Assays

For IL-10 detection, 0.25 X 10° natural regulatory T cells were
stimulated with phorbol 12-myristate 13-acetate (PMA, 10 ng/ml;
Sigma) and ionomycin (1 pg/ml; Sigma) for 5 hours in the presence
of brefeldin A (diluted 1X solution was added in the last 2.5 h;
BioLegend). For tumor necrosis factor (TNF)-a and IL-10 detection,
dendritic cells reisolated from mixed cell cultures were stimulated with
LPS (50 ng/ml) for 24 hours in the presence of brefeldin A. For
proliferation assays, dendritic cells and allogeneic healthy control
effector T cells were resuspended at 10° cells/ml in complete medium
and co-cultured at a 1:1 ratio. Anti-CD3 antibodies (clone HIT3; BD
Biosciences) were diluted to 2 pg/ml. Each cell or antibody solution
was plated at 50 pl/well in 96-well U-bottom plates. Additional
medium was added to the wells so that the final volume in each well
reached 200 pl. Cells were pulsed with 1 nCi of 3H per well on Day 6
and harvested on Day 7 with a cell harvester. 3H incorporation was
determined with a Wallac 1450 MicroBeta TriLux liquid scintillation
counter. All assays were performed in triplicate.

Flow Cytometry

Surface staining for stimulatory molecules (CD40, CD80, and DR) and
intracellular cytokine staining (IL-10 and TNF-a) were performed as
per the standardized protocol from BD Biosciences. Data were
acquired with a FACSCalibur (BD Biosciences). Detection of phos-
phorylated STAT3 (signal transducer and activator of transcription-3)
by dendritic cells in response to recombinant IL-10 and phosphorylated
Akt by natural regulatory T cells in response to anti-CD3 stimulation
were performed according to the phospho-flow cytometry protocol 1
and phospho-CBA assays from BD Biosciences, respectively. Briefly,
dendritic cells were stimulated with IL-10 (50 ng/ml) in the presence or
absence of various doses of neutralizing IL-10 antibody at 37°C for 10
minutes. Natural regulatory T cells were stimulated with anti-CD3
antibodies (50 ng/ml) at 37°C for 10 minutes. For dendritic cells,
stimulated cells were then fixed with 1% paraformaldehyde for 10
minutes at 37°C and subsequently permeabilized in ice-cold methanol
for 10 minutes before being subjected to phosphorylated STATS3
staining. For natural regulatory T cells, stimulated cells were lysed
and cell lysates were subsequently analyzed for expression of phos-
phorylated Akt and total Akt according to the manufacturers’ pro-
tocols. The data acquisition threshold was set on the forward scatter
channel to exclude dead cells and debris with very low size. Compen-
sation of flow cytometric data as performed electronically with FlowJo
(Tree Star, Ashland, OR) for standardization.
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TABLE 1. SUBJECT DEMOGRAPHICS

825

Asthma Allergic FEV; FEV,/FVC
Patient Age (yr) Duration (yr) ~ Severity  Prednisone Other Medications IgE (1U/ml) Status (% predicted) (%)
AA1 56 15 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 245 Tree, mold 52 63
AA2 35 32 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 173 Cat 53 72
AA3 37 34 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 2,342 Tree, dust mite 56 69
AA4 21 15 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 1,274 Dog 57 73
AAS5 18 17 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 2,314 Dog 58 75
AA6 24 18 Severe 20 mg daily ~ Fluticasone, salmeterol 500 mg twice daily 1,083 Weed, grass 55 67
AA7 32 19 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily 1,872 Tree, mold 51 74
AA8 34 29 Moderate 10 mg daily  Fluticasone, salmeterol 250 mg twice daily 376 Cat, mold 60 76
AA9 18 13 Moderate  None Fluticasone, salmeterol 250 mg twice daily 756 Grass, dust mite 76 81
AA10 19 15 Moderate  None Fluticasone, salmeterol 250 mg twice daily 788 Weed, grass 73 82
AATT 21 15 Moderate  None Fluticasone, salmeterol 250 mg twice daily 298 Grass, dust mite 79 76
AA12 18 17 Moderate  None Fluticasone, salmeterol 250 mg twice daily 1,305 Tree, dust mite 67 81
AA13 22 5 Mild None Albuterol puffs, 2 every wk 275 Grass 92 80
AA14 21 6 Mild None Albuterol puffs, 2 every wk 373 Mold 85 82
AA1S5 29 25 Mild None Albuterol puffs, 2 every wk 205 Grass, mold 90 80
AAl6 29 2 Mild None Albuterol puffs, 2 every wk 254 Grass 91 81
AA17 25 18 Mild None Albuterol puffs, 2 every wk 190 Tree 84 80
AA18 21 12 Mild None Albuterol puffs, 2 every wk 342 Weed, dog 87 81
AA19 19 14 Mild None Albuterol puffs, 2 every wk 298 Grass, dust mite 93 86
AA20 27 19 Mild None Albuterol puffs, 2 every wk 569 Grass, dog 88 80
AA21 26 11 Mild None Albuterol puffs, 2 every wk 304 Dust mite, dog 86 82
2629 =197 1671 £1.77 74.05 = 3.41 779 £ 1.1
NA1 18 3 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 51 67
NA2 28 23 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 53 72
NA3 47 19 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 55 69
NA4 22 9 Severe 20 mg daily ~ Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 58 73
NA5 34 2 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 56 71
NA6 18 3 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 54 77
NA7 18 12 Severe 20 mg daily  Fluticasone, salmeterol 500 mg twice daily ~ Less than 50  None 59 72
NA8 27 22 Moderate  None Fluticasone, albuterol puffs, 1 every wk Less than 50  None 61 76
NA9 38 32 Moderate  None Fluticasone, albuterol puffs, 1 every wk Less than 50  None 69 76
NA10 23 13 Moderate  None Albuterol puffs, 2 every wk Less than 50  None 73 77
NA11 27 14 Moderate  None Albuterol puffs, 2 every wk Less than 50  None 76 76
NA12 35 18 Moderate  None Albuterol puffs, 2 every wk Less than 50  None 79 75
NA13 25 5 Mild None Albuterol puffs, 2 every wk Less than 50  None 95 80
NAT4 19 n/a Mild None Albuterol puffs, 1 every wk Less than 50  None 91 86
NA15 21 3 Mild None Albuterol puffs, 1 every wk Less than 50  None 88 81
NA16 25 13 Mild None Albuterol puffs, 1 every wk Less than 50  None 95 82
NA17 18 3 Mild None Albuterol puffs, 2 every wk Less than 50  None 94 85
NA18 24 2 Mild None Albuterol puffs, 2 every wk Less than 50  None 91 81
NAT9 29 6 Mild None Albuterol puffs, 1 every wk Less than 50  None 89 82
NA20 31 5 Mild None Albuterol puffs, 1 every wk Less than 50  None 95 80
NA21 24 4 Mild None Albuterol puffs, 1 every wk Less than 50  None 91 80
26.24 * 1.64 10.55 = 1.92 749 + 3.7 77.24 + 1.08

Definition of abbreviations: AA = allergic asthma; NA = nonallergic asthma; n/a = not available.

Statistical Analysis

All statistical procedures were performed with Prism software (Graph-
Pad, San Diego, CA). Data were tested for normality (Kolmogorov-
Smirnov test) and variance equality (Bartlett’s test) before being
subjected to appropriate statistical tests. Differences with P < 0.05
were considered statistically significant.

RESULTS

Healthy Control Natural Regulatory T Cells Induce Tolerogenic
Dendritic Cells via an IL-10-dependent Mechanism

It has previously been established that activated effector T cells
express both CD25 and CD127 and could be distinguished from
natural regulatory T cells, which express high levels of CD25 and
little to no CD127 (22, 23). Therefore, to avoid contamination of
activated effector T cells, CD25 and CD127 antibodies were used
for our sorting strategy (see Figure E1A in the online supple-
ment). Natural regulatory T cells were defined as CD4+CD25"C-
D127~ cells whereas effector T cells were defined as
CD4+CD25-CD127~ cells (Figure E1A). Purified natural regu-
latory T cells indeed showed more than 95% purity, indicated by
the high expression of Foxp3, their cardinal marker, compared

with effector T cells (Figure E1B). The influence of natural
regulatory T cells on the dendritic cell phenotype was evaluated
by comparing the percentage change in expression of CDA40,
CD80, DR, TNF-«, and IL-10 in purified dendritic cells rested in
complete medium alone with those that been cultured with
autologous natural regulatory T cells. Healthy control natural
regulatory T cells and dendritic cells were co-cultured at 2:1, 1:1,
and 1:2 ratios for various amounts of time (20, 30, (and 40 h) (see
Figure E2 in the online supplement). In healthy control subjects,
natural regulatory T-cell-primed dendritic cells showed de-
creased expression of CD40, CD80, and DR (Figure 1A).
Furthermore, dendritic cells were negatively isolated from
co-cultures with anti-CD3 microbeads and subsequently stimu-
lated with LPS to analyze their cytokine production. To avoid
aggregation of dendritic cells and natural regulatory T cells into
cell clusters, isolation medium was supplemented with 5 mM
EDTA, a calcium-chelating reagent used to prevent cell clump-
ing. Analysis of reisolated dendritic cells by staining with anti-
CD3 antibody and examination of cell morphology showed more
than 99% purity by this method (see Figure E3 in the online
supplement). LPS stimulation of dendritic cells reisolated from
cultures with natural regulatory T cells showed a marked reduction
in TNF-a production and enhanced expression of IL-10 (Figure
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Figure 1. Modulation of phenotype of healthy control dendritic cells cultured with various autologous T-cell subsets. (A) Top: Representative
fluorescence-activated cell-sorting plots of expression of CD40, CD80, DR, tumor necrosis factor (TNF)-«, and IL-10 in healthy control dendritic cells
(DCs) in the presence of autologous natural regulatory T cells (Treg)/effector T cells (Teff) or in cultures with complete medium alone. Dashed line
plots represent isotype control staining. Bottom: Percentage changes in expression of CD40, CD80, DR, TNF-a, and IL-10 in DCs in the presence of
natural regulatory T cells or effector T cells (n = 14 for each group). (B) Effects of blocking IL-10 antibody (alL-10) on phenotypic alteration of
healthy control DCs cultured with autologous natural regulatory T cells (n = 5 for each group). Negative control experiments were performed with
low-endotoxin IgG1 antibody. Dot-plot graphs with horizontal bars represent median values. Wilcoxon tests were used for statistical analyses of DR
expression on DCs in (B) because the data were not normally distributed. Paired t tests were used for statistical analyses of the rest of the data with
normal distribution in (A) and (B).

1A). Titration experiments showed that optimal effects of natural in which natural regulatory T cells were replaced by effector T
regulatory T cells on the phenotype of dendritic cells occur at a 1:1 cells, did not induce significant changes in dendritic cell pheno-
cell ratio after 30 hours, which was used for subsequent experi- type (Figure 1A). Therefore, these results suggested that the
ments. Under these conditions, healthy control natural regulatory ability to induce the tolerogenic phenotype of dendritic cells was
T cells markedly suppressed the expression of CD40, CD80, DR, specific to the natural regulatory T-cell subset.

and TNF-a and up-regulated IL-10 production by autologous Several lines of evidence have suggested that IL-10 was
dendritic cells (Figure 1A). Interestingly, parallel control co-cultures, critical for induction of the tolerogenic phenotype of antigen-
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presenting cells (14, 15). To investigate whether IL-10 was
involved in the induction of tolerogenic dendritic cells by
natural regulatory T cells, we used blocking antibodies against
IL-10 in our co-culture system with healthy control cells. We first
examined the efficacy of neutralizing antibodies against IL-10
by analyzing the ability of this reagent to block IL-10-mediated
phosphorylation of STAT3 in dendritic cells in vitro. We found
that neutralizing antibodies at 5 wg/ml completely inhibited
STATS3 activation in dendritic cells that were stimulated with
recombinant IL-10 at 50 ng/ml (see Figure E4A in the online
supplement). This concentration of blocking antibodies was
used for subsequent experiments. Introduction of IL-10-block-
ing antibodies into co-cultures suppressed the induction of
tolerogenic dendritic cells, which was not seen in parallel
cultures with isotype control antibodies (Figure 1B). Thus,
IL-10 was necessary for natural regulatory T-cell-mediated
induction of tolerogenic dendritic cells.

Allergic Asthmatic Natural Regulatory T Cells Are Less
Efficient in Inducing Tolerogenic Dendritic Cells

Similar assays were subsequently performed with allergic asth-
matic and nonallergic asthmatic cells. Frequencies of circulating
natural regulatory T cells, their expression of Foxp3 (measured
by mean fluorescence intensity), and the purity of isolated
natural regulatory T cells were not significantly different among
all subject groups (Figures E1A and E1B). Dendritic cells from
all subject groups also exhibited no significant differences in the
expression of DR, CD40, CD&0, IL-10, and TNF-« in cultures
without natural regulatory T cells (Figure 2A). However, in co-
culture assays, we found that allergic asthmatic natural regula-
tory T cells were significantly less able to induce the tolerogenic
phenotype of autologous dendritic cells than healthy control
counterparts (Figure 2B; and see Figure ES in the online
supplement). Furthermore, dendritic cells were reisolated from
co-cultures and assayed for their ability to stimulate allogeneic
effector T-cell proliferation. The purity of reisolated dendritic
cells (>99%) was similar among all subject groups (Figure E3).
Their stimulatory potential was evaluated by comparing the
change in 3H incorporation between assays using purified
dendritic cells cultured in complete medium alone and those
using natural regulatory T-cell-primed dendritic cells. The same
source of allogeneic healthy control effector T cells was used in
each assay to control for individual variation in lymphoprolifer-
ative potential. 3H incorporation assays showed that natural
regulatory T-cell-primed dendritic cells from subjects with
allergic asthma were significantly more stimulatory than healthy
control dendritic cells (Figure 2B and Figure E4B). Further-
more, analysis of nonallergic asthmatic cells did not show
significant differences compared with healthy control subjects,
suggesting that this functional defect was specific to allergic
asthmatic but not nonallergic asthmatic cells (Figures 2A and
2B).

To investigate whether this phenomenon resulted from in-
trinsic defects in allergic asthmatic natural regulatory T cells, we
cultured dendritic cells from healthy control subjects (or subjects
with allergic asthma) with allogeneic allergic asthmatic (or
healthy control) natural regulatory T cells. Our analysis showed
that healthy control dendritic cells cultured with allogeneic
allergic asthmatic natural regulatory T cells exhibited a subopti-
mal tolerogenic phenotype compared with those cultured with
autologous healthy control natural regulatory T cells (Figure 3).
However, allergic asthmatic dendritic cells cultured with alloge-
neic healthy control natural regulatory T cells exhibited a similar
tolerogenic phenotype compared with healthy control natural
regulatory T-cell-primed healthy control dendritic cells (Figure

3). Collectively, these results suggested that the defective in-
duction of tolerogenic dendritic cells in subjects with allergic
asthma was specifically associated with a potential functional
defect in allergic asthmatic natural regulatory T cells, but not
dendritic cells.

Suboptimal Induction of Tolerogenic Dendritic Cells by
Natural Regulatory T Cells in Subjects with Allergic Asthma
Is Associated with Their Reduced Expression of IL-10

To investigate whether IL-10 was associated with the functional
defect of allergic asthmatic natural regulatory T cells, we first
analyzed IL-10 expression and secretion by purified natural
regulatory T cells in all subject groups by fluorescence-activated
cell sorting and ELISA. PMA- and ionomycin-stimulated
allergic asthmatic natural regulatory T cells showed a significant
decrease in intracellular IL-10 expression, measured as total
mean fluorescence intensity, percentage of IL-10* cells, and
mean fluorescence intensity of IL-10" cells, compared with
healthy control subjects and subjects with nonallergic asthma
(Figure 4A). Similarly, IL-10 secretion by allergic asthmatic
natural regulatory T cells, measured by ELISA, was signifi-
cantly lower compared with those of healthy control subjects
and subjects with nonallergic asthma (Figure 4A). Because
natural regulatory T cells in co-cultures with dendritic cells
were stimulated with anti-CD3 antibody, we also examined
their IL-10 production under this condition. We first used Akt
activation as the readout for natural regulatory T cell respon-
siveness to anti-CD3 stimulation (24). Natural regulatory T cells
from all subject groups expressed similar levels of total Akt and
phosphorylated Akt in response to anti-CD3 stimulation (Fig-
ure E4C). However, IL-10 production in response to this
stimulation was significantly lower in allergic asthmatic natural
regulatory T cells compared with healthy control and non-
allergic asthmatic counterparts (Figure E4D). These results
suggested that whereas natural regulatory T cells among all
subject groups are equally responsive to anti-CD3 stimulation,
their defective IL-10 production was specific to subjects with
allergic asthma. Furthermore, correlation analysis showed a sig-
nificant positive correlation between the ability of natural
regulatory T cells to induce tolerogenic dendritic cells and their
expression of secreted IL-10 (Figure 4B). Altogether, these
results suggested that suboptimal induction of tolerogenic
dendritic cells by allergic asthmatic natural regulatory T cells
was associated with their diminished expression of IL-10.

Expression of IL-10 by Natural Regulatory T Cells and Their
Ability to Induce Tolerogenic Dendritic Cells Are Correlated
with Asthma Severity and Can Be Modulated with

Oral Corticosteroids

Correlation analysis of in vitro cellular function and clinical
parameters of allergic asthma was performed. The ability of
natural regulatory T cells to suppress CD40, DR, and TNF-«a
expression by dendritic cells in subjects with severe and moder-
ate allergic asthma was significantly reduced compared with
those with mild disease (Figure 5A). In addition, the ability of
natural regulatory T cells to suppress IL-10 production and
CD80 expression by dendritic cells in subjects with severe
allergic asthma was significantly lower than in subjects with
mild and mild/moderate disease, respectively (Figure 5A). Fur-
thermore, expression of IL-10 in natural regulatory T cells from
subjects with severe and moderate allergic asthma was also
significantly lower than in those with mild disease (Figure 5B).
Otbher clinical parameters such as subject age, asthma duration,
and IgE level were not significantly correlated with any param-
eters of in vitro cellular function (data not shown).
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Figure 2. Phenotypic and functional alteration in dendritic cells (DCs) cultured with autologous natural regulatory T cells (Treg) from subjects with
allergic asthma, healthy control subjects, and subjects with nonallergic asthma. (A) Bottom right: Representative fluorescence-activated cell-sorting
(FACS) plot of sorting strategy for circulating dendritic cells. Costaining with lineage cocktail antibodies and DR identified DR*Lineage~ dendritic
cells from CD3 T-cell-depleted fraction. Top and bottom left: Expression of CD40, CD80, DR, tumor necrosis factor (TNF)-a, and IL-10 in purified
dendritic cells among the three subject groups, in cultures without natural regulatory T cells (n = 21 for each group). (B) Top: Representative FACS
plots of expression of CD40, CD80, DR, TNF-a, and IL-10 in dendritic cells in the presence or absence of autologous natural regulatory T cells from
representative subjects with allergic asthma (AA), healthy control subjects (HC), and subjects with nonallergic asthma (NA). Bottom: Percentage
changes in expression of CD40, CD80, DR, TNF-a, and IL-10 in purified dendritic cells cultured with autologous natural regulatory T cells among the
three subject groups (n = 21 for each group). Percentage change in 3H incorporation in proliferation assays, using purified dendritic cells or natural
regulatory T cell-cultured dendritic cells to stimulate allogeneic effector T-cell proliferation, was used to assess the stimulatory potential of dendritic
cells. A similar source of allogeneic effector T cells was used for all assays. Dot-plot graphs with horizontal bars represent median values. Kruskal-Wallis
tests were used for statistical analysis of CD80 on dendritic cells in (A) and percentage changes in CD40, CD80, and DR expression on dendritic cells
were used in (B) because the data had unequal variances. Analysis of variance was used for statistical analyses of the rest of the data with normal
distribution and equal variances. MFI = mean fluorescence intensity.

Cellular subsets used in the analyses described previously
were derived from subjects who were undergoing a 7-day
corticosteroid withdrawal procedure immediately before blood
was drawn. Therefore, to evaluate the effects of corticosteroids
on peripheral blood natural regulatory T-cell function, we
organized a second blood draw from six subjects with moderate

to cultures of natural regulatory T cells and dendritic cells from
subjects who were undergoing oral corticosteroid withdrawal also
enhanced the induction of tolerogenic dendritic cells (Figure 6A).
Concurrently, natural regulatory T cells from subjects receiving
uninterrupted oral corticosteroid therapy showed a significant
increase in IL-10 production (Figure 6B). Altogether, this

evidence suggested that oral corticosteroid therapy enhanced
natural regulatory T-cell expression of IL-10 and their ability to
induce tolerogenic dendritic cells.

to severe allergic asthma (AA1 to AAS, and AA7) who were
continuously on high-dose oral corticosteroids for 1 week before
blood was drawn (Table 1). In vitro functional assays of natural
regulatory T cells were performed to compare their ability to
induce tolerogenic dendritic cells. We found that natural regula-
tory T cells from subjects who were receiving uninterrupted oral
corticosteroid therapy showed a significant increase in their
ability to induce tolerogenic dendritic cells compared with those
derived from the same subjects undergoing an oral corticosteroid
withdrawal procedure (Figure 6A). Addition of exogenous IL-10

DISCUSSION

We have shown here that defective in vitro interaction between
natural regulatory T cells and dendritic cells from subjects with
allergic asthma led to the failure to induce the tolerogenic
phenotype of dendritic cells. In our study, natural regulatory
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Figure 3. Phenotypic and functional alteration in dendritic cells cultured with allogeneic natural regulatory T cells from subjects with allergic asthma
(AA) and healthy control subjects (HC). Percentage changes in expression of CD40, CD80, DR, tumor necrosis factor (TNF)-a, and IL-10 and
stimulatory potential (3H incorporation assay) of purified dendritic cells (DC) cultured with allogeneic natural regulatory T cells (Treg) between
subjects with allergic asthma and healthy control subjects (n = 7 for each group). Bar graphs with mean values and standard deviations. Wilcoxon
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Figure 4. Expression of IL-10 in natural regulatory T cells from subjects with allergic asthma (AA), healthy control subjects (HC), and subjects with
nonallergic asthma (AA). (A) Top left and middle: Intracellular expression of IL-10 by phorbol 12-myristate 13-acetate (PMA)- and ionomycin-
stimulated natural regulatory T cells from the three subject groups (n = 21 for each group). Data represent total IL-10 mean fluorescence intensity
(MFI), percentage of IL-10* cells, and IL-10 MFI of IL-10* cells. Top right: IL-10 secretion by PMA- and ionomycin-stimulated natural regulatory
T cells from the three subject groups (n = 21 for each group). Bottom: Fluorescence-activated cell-sorting plots of IL-10 expression by PMA- and
ionomycin-stimulated natural regulatory T cells from representative subjects with allergic asthma, healthy control subjects, and subjects with
nonallergic asthma. Gating threshold was defined using negative isotype control. (B) Correlation of IL-10 expression in PMA- and ionomycin-
stimulated natural regulatory T cells and different parameters of phenotypic and functional alteration in dendritic cells from subjects with allergic
asthma (n = 21 for each graph). Solid lines represent linear regression lines. Dashed curves represent 95% confidence intervals. Dot-plot graphs with
horizontal bars represent median values. Analysis of variance was used for statistical analyses of all data with normal distribution and equal variances
in (A). Pearson tests were used for correlation analyses of normally distributed data in (B). TNF-a = tumor necrosis factor-a.

T-cell-induced tolerogenic dendritic cells exhibited lower ex-
pression of HLA-DR and costimulatory molecules (CD40 and
CD80), down-regulated expression of the proinflammatory cyto-
kine TNF-a, and up-regulated expression of the immunosuppres-
sive cytokine IL-10. These dendritic cells are also less able to
stimulate effector T-cell proliferation than dendritic cells that had
not been exposed to natural regulatory T cells. These character-
istics were consistent with the previously reported phenotype and
function of tolerogenic dendritic cells (11, 25). It is worth noting
that because of the nature of the in vitro system, it is not clear how
the microenvironment at sites of allergic inflammation would
affect the interaction between natural regulatory T cells and
dendritic cells. It is likely that in these local environments,
functional interference by other inflammatory mediators might
also contribute to the impairment of natural regulatory T-cell
activity with respect to the induction of tolerogenic dendritic cells
in subjects with allergic asthma (26, 27). Alternatively, compen-
sation for the defective function of natural regulatory T cells

might occur via activities of other antiinflammatory or tolero-
genic cell subsets, such as adaptive regulatory T cells (28).
Therefore, a more extensive functional analysis of pulmonary
natural regulatory T cells as well as other adaptive regulatory T
cells with respect to the induction of tolerogenic dendritic cells
would yield further insights about the potential presence of
several dynamic immunomodulatory mechanisms at sites of
allergic inflammation in vivo.

The impaired interaction between natural regulatory T cells
and dendritic cells reported here was associated with defective
natural regulatory T-cell function in subjects with allergic asthma,
but not dendritic cells, as healthy control regulatory T cells
efficiently induced the tolerogenic phenotype in allergic asth-
matic dendritic cells. In contrast to previous studies, which
demonstrated that impaired natural regulatory T-cell function
was limited to only a subset of subjects with allergic asthma (29—
31), our study used a more stringent gating method (22, 23) for
flow sorting to avoid contamination of CD25+CD127'°~ natural
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Figure 5. Correlation between in vitro cellular functions and the severity of asthma. (A) Phenotypic alteration in natural regulatory T-cell (Treg)-
primed dendritic cells from subjects with allergic asthma of various degrees of severity (n = 7 for subjects with severe asthma, n = 5 for subjects with
moderate asthma, n = 9 for subjects with mild asthma). (B) IL-10 expression in phorbol 12-myristate 13-acetate- and ionomycin-stimulated natural
regulatory T cells from subjects with allergic asthma with various degrees of severity (n = 7 for subjects with severe asthma, n = 5 for subjects with
moderate asthma, n = 9 for subjects with mild asthma). Dot-plot graphs with horizontal bars represent median values. The Kruskal-Wallis test was
used for statistical analyses of data with small sample sizes. MFI = mean fluorescence intensity.

regulatory T cells with CD25+CD127" activated effector T cells,
which are present at particularly high frequency in the peripheral
blood of subjects with severe allergic asthma. This difference in
methodology could perhaps explain why those studies did not find
a consistent decrease in natural regulatory T-cell function in
allergic asthma. In addition, our data also suggested that defec-
tive natural regulatory T-cell-mediated induction of tolerogenic
dendritic cells is specific to the allergic subtype of asthma but not
the nonallergic subtype. Our data did not rule out the possibility
that natural regulatory T cells exhibit distinct suboptimal regu-
latory function in other allergic and pulmonary diseases. A
possible explanation is that each disease possesses a signature
inflammatory environment. Thus, the effects of the systemic and
local cytokine milieu of each disease on natural regulatory T-cell
function might well be different.

IL-10 has been suggested to be an important antiinflammatory
mediator in allergic asthma via its suppressive activities against
activation of Th2-biased CD4* T cells and airway hyperreactivity
(32, 33). Here we showed that IL-10 indeed mediated the
induction of tolerogenic dendritic cells by natural regulatory T
cells. Blocking I1.-10 led to a suboptimal induction of tolerogenic
dendritic cells in healthy control subjects. In addition, defective
induction of tolerogenic dendritic cells in allergic asthma was
associated with reduced expression of IL-10 by natural regulatory
T cells. Exogenous IL-10 was able to rescue the defective
induction of tolerogenic dendritic cells by natural regulatory
T cells in allergic asthma. These results are consistent with the
reported role of IL-10 in inducing the tolerogenic phenotype of

antigen-presenting cells (16, 34). Furthermore, we showed that
oral corticosteroid therapy could up-regulate IL-10 expression by
natural regulatory T cells and concurrently enhance their ability
to induce tolerogenic phenotype of dendritic cells, consistent with
previous reports on the induction of IL-10 expression by cortico-
steroids (35, 36). Interestingly, we did not observe modulatory
effects of B-agonists on IL-10 expression of natural regulatory
T cells as demonstrated by Peek and colleagues (36). This
discrepancy might be due to the fact that in their in vitro study,
B-agonists could directly act on natural regulatory T cells in cell
cultures whereas in our in vivo study, these drugs, which are
designed to have low systemic absorption so that their main sites
of action are at the airway, did not directly act on circulating
regulatory T cells.

Data presented here did not rule out the possibility that
impaired induction of tolerogenic dendritic cells is due to an
intrinsic defect in allergic asthmatic natural regulatory T cells.
However, given several documented defects in the function of
regulatory T cells in allergic asthma (37-39), it is likely that this
functional impairment might be secondary to other immunolog-
ical abnormalities in the disease, for several reasons. First, the
reduced IL-10-dependent functional modulation of tolerogenic
dendritic cells by natural regulatory T cells from subjects with
allergic asthma might result from the absence of IL-10—-producing
natural regulatory T cells from the peripheral blood of subjects
with allergic asthma, possibly via retention or active recruitment
of these cells to local tissues (i.e., lymph nodes or airway) to
suppress allergic inflammation. Second, prednisone, an immuno-
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Figure 6. Modulation of phenotype of natural regulatory T-cell (Treg)-primed dendritic cells from subjects with allergic asthma and function of
natural regulatory T cells by oral corticosteroids (OCS) and exogenous IL-10. (A) Phenotypic and functional alteration in natural regulatory T-cell-
primed dendritic cells among subjects with allergic asthma undergoing an OCS withdrawal procedure and subjects receiving uninterrupted oral
corticosteroid therapy (n = 6 for each group). Recombinant IL-10 was also introduced to natural regulatory T-cell-dendritic cell co-cultures to assess
the effects of exogenous IL-10 on phenotype and function of dendritic cells. (B) IL-10 expression in phorbol 12-myristate 13-acetate (PMA)- and
ionomycin-stimulated natural regulatory T cells among subjects with allergic asthma undergoing OCS withdrawal and uninterrupted OCS therapy
(n = 6 for each group). Paired t tests were used for statistical analyses of IL-10 expression by PMA- and ionomycin-stimulated natural regulatory
T cells because they were normally distributed. Wilcoxon tests were used for statistical analyses of the rest of the data because they were not
normally distributed. MFI = mean fluorescence intensity; TNF-a = tumor necrosis factor-a.

suppressive reagent that effectively reduced the predominant
Th2 cytokine environment in allergic asthma, could correct the
impaired natural regulatory T-cell function in the disease. Even
though corticosteroids might act to reverse the defective function
of an intracellular master regulator of natural regulatory T-cell
function such as Foxp3 (40), leading to subsequent modulation of
many of their immunosuppressive features, corticosteroids might
also reduce the severity of inflammation in allergic asthma,
leading to less pronounced effects of these mediators on natural
regulatory T-cell function. Thus, functional defects of natural
regulatory T cells might be secondary to the inflammatory nature
of allergic asthma. Alternatively, mobilization of regulatory
T cells from the circulation to local tissues by steroids might also
be a potential explanation for the reduced expression of IL-10
by circulating natural regulatory T cells from subjects with
allergic asthma. Mechanistic studies of how corticosteroids in-
fluence natural regulatory T-cell function in allergic asthma might
provide novel insights to determine whether these cells are
intrinsically defective in the disease.

To date, it is not known whether infectious tolerance or
direct suppression is the major mechanism of immune regula-
tion of natural regulatory T cells (17, 41). Given the paucity of
natural regulatory T cells, it is plausible to suggest that in-
fectious tolerance might be important in the amplification of
immunosuppressive signals by inducing tolerogenic phenotype
in other cellular subsets. Our study provides evidence of
defective IL-10-dependent induction of tolerogenic dendritic
cells mediated by natural regulatory T cells in allergic asthma.
We have also demonstrated the effectiveness of corticosteroids
in modulating this functional impairment. Thus, natural regu-
latory T-cell-mediated induction of tolerogenic dendritic cells
represents both a potential deregulated step in infectious

tolerance mechanisms in allergic asthma and a promising target
for therapeutic intervention to effectively manage clinical out-
comes of the disease.
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SUPPLEMENTARY FIGURE LEGENDS

SUPPLEMENTARY FIGURE 1. Distribution and phenotype of circulating natural
regulatory T cells from allergic asthmatic, healthy control, and non-allergic
asthmatic subjects. A. (Left) Frequency of circulating natural regulatory T cells among 3
subject groups (n=21 for each group). (Right) Representative FACS plot of sorting
strategy for circulating natural regulatory T cells from purified CD4" T cells. Co-staining
with CD127 and CD25 identified the natural regulatory T cell subset. Gatings for
CD4"CD25*CD127"" natural regulatory T cells and CD4*CD25" effector T cells were
established based on negative thresholds from staining with isotype controls. B. (Left)
Expression of Foxp3 in purified natural regulatory T cells among 3 subject groups (n=21
for each group). (Right) FACS plots of Foxp3 and CD25 expression in purified natural
regulatory T cells and effector T cells from representative allergic asthmatic (AA),
healthy control (HC), and non-allergic asthmatic (NA) subjects. Dot-plot graphs with
horizontal bars represented median values.

SUPPLEMENTARY FIGURE 2. Titration of cell ratios and incubation times for co-
cultures of natural regulatory T cells and dendritic cells from allergic asthmatic,
healthy control, and non-allergic asthmatic subjects. Percentage changes in expression
of CD40, CD80, DR, TNF-a, and IL-10 in purified dendritic cells cultured with
autologous natural regulatory T cells from allergic asthmatics (A), healthy controls (B),
and non-allergic asthmatics (C). Data represent cultures of natural regulatory T cells and
dendritic cells at 2:1, 1:1, and 1:2 ratios. Cells were analyzed after being cultured for 20,

30, and 40 hours (n=3 experiments with similar results).



SUPPLEMENTARY FIGURE 3. Re-isolation of natural regulatory T cells and
dendritic cells from allergic asthmatic, healthy control, and non-allergic asthmatic
subjects after co-cultures. Representative FACS plots of natural regulatory T cells and
dendritic cells in co-cultures (1 row) and after re-isolation with CD3 microbeads (2"
and 3" rows). Purity of re-isolated natural regulatory T cells and dendritic cells from
representative allergic asthmatic, healthy control, and non-allergic asthmatic subjects
were evaluated by cell morphology and CD3 staining.

SUPPLEMENTARY FIGURE 4. A. Inhibition of IL-10 activity in vitro by neutralizing
antibody against IL-10 (n=5). Efficacy of neutralizing antibody was tested by its ability to
inhibit recombinant IL-10 mediated activation of STAT3 in purified dendritic cells. Data
represented expression of phosphorylated STAT3 (phospho-STAT3) in unstimulated
dendritic cells or stimulated dendritic cells from representative healthy controls in the
presence of different concentrations of neutralizing antibodies against IL-10. Media with
recombinant IL-10 was pre-incubated with neutralizing antibody against I1L-10 for 0.5
hours before being added to cell cultures. B. Proliferation of effector T cells measured by
H2 incorporation in stimulation assays with purified dendritic cells or natural regulatory T
cell-primed dendritic cells. C. Comparison of responses to anti-CD3 stimulation by
natural regulatory T cells among 3 subject groups (n=21 each). Responses to anti-CD3
stimulation were measured by anti-CD3 antibody-mediated activation of AKT in natural
regulatory T cells. Data represented expression of phosphorylated AKT (phospho-AKT)
in response to anti-CD3 stimulation and total AKT by natural regulatory T cells. D. IL-10
secretion by natural regulatory T cells from 3 subject groups in response to anti-CD3

stimulation (n=21 for each group). Paired t-tests were used for statistical analysis of the



data with normal distribution in A. ANOVA were used for statistical analysis of the data
with normal distribution and equal variances in C and D. Dot-plot graphs with horizontal
bars represented median values.

SUPPLEMENTARY FIGURE 5. Expression of CD40, CD80, DR, TNF-a, and IL-10 in
Treg-primed dendritic cells among 3 subject groups (n=21 for each group). ANOVA was

used for statistical analysis of the data with normal distribution and equal variances.
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SUPPLEMENTARY FIGURE 2
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SUPPLEMENTARY FIGURE 4
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SUPPLEMENTARY FIGURE 5
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