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Abbreviations used

AA: Allergic asthmatic

AKT: Protein kinase B

BALF: Bronchoalveolar lavage fluid

ERK1/2: Extracellular signal-regulated kinase 1/2

HC: Healthy control

NA: Nonallergic asthmatic

Non-Treg: CD41CD252 T

Phospho-AKT: Phosphorylated AKT (or protein kinase B)

PTEN: Phosphatase/tensin homolog deleted on

chromosome 10

Treg: CD41CD25hiCD127lo/2 regulatory T
Background: CD41CD25hiCD127lo/2 regulatory T cells have
been suggested to be critical regulators of inflammatory
processes in allergic asthma. Recent studies reported a selective
decrease in the frequency of regulatory T cells in the
bronchoalveolar lavage fluid of allergic asthmatic (AA) subjects,
prompting the possibility of defective recruitment of these cells
to the airway in response to chemokines produced during
asthmatic inflammation.
Objectives: This study aimed to characterize the chemotactic
profile of circulating regulatory T cells in AA subjects in
response to chemokines abundantly produced in airway
inflammation, such as CCL1, CCL17, and CCL22.
Methods: The study was performed in a cohort of 26 AA, 16
healthy control, and 16 non-AA subjects. We used chemotaxis
assays to evaluate cell migration, flow cytometry to examine
chemokine receptor expression, and phospho-ELISA to study
consequent signaling pathways in regulatory T cells.
Results: Regulatory T cells, but not CD41CD252T cells, from
AA subjects showed decreased chemotactic responses,
specifically to CCL1, in comparison with their healthy control
and non-AA counterparts. Decreased CCL1-mediated
chemotaxis in AA regulatory T cells was associated with
decreased phosphorylation of protein kinase B (AKT), a protein
involved in chemokine intracellular signaling. Furthermore, the
decreased chemotactic response to CCL1 in AA regulatory T
cells significantly correlated with asthma severity and decreased
pulmonary function in AA subjects.
Conclusions: These results provide the first evidence of
dysfunction in the chemokine signaling pathway in AA
regulatory T cells. (J Allergy Clin Immunol nnnn;nnn:
nnn-nnn.)
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Allergic asthma is a chronic lung disease characterized by
airway hyperreactivity that is generally associated with TH2-bi-
ased immune responses. Allergic asthmatic (AA) subjects are dis-
tinguished from their nonallergic asthmatic (NA) counterparts
based on high IgE levels and positive skin test responses to com-
mon allergens. Functional studies of human AA and NA cells also
reveal distinct patterns of cellular interactions and intracellular
signaling pathways in each disease.1,2 The clinical symptoms of
AA involve indicators of systemic inflammation,3 such as in-
creased serum levels of IL-4 and IgE.4,5 Nevertheless, many car-
dinal inflammatory features of the disease occur at the airway.6

Such localized inflammatory responses have been attributed to
the hyperresponsiveness of residential cell subsets and recruited
populations of both innate immune cells and TH2-biased CD41

T cells.7,8 It has been suggested that on allergenic challenge the
former produce signaling factors to cause preferential trafficking
of the latter to areas of airway inflammation.9

Chemokines are a major class of regulators of immune cell
trafficking. Through interaction with G protein–coupled receptors
on target cell surfaces, these molecules initiate a signaling cascade
with hallmark activation of the phosphoinositide 3-kinase10 and
subsequent activation of downstream effectors of the chemotactic
signaling pathway, such as Protein kinase B (AKT) (a Pleckstrin
homology domain protein), extracellular signal-regulated kinase
1/2 (ERK1/2; a mitogen-activated protein kinase), or both.11

Furthermore, a balance between the activities of phosphoinositide
kinase-3 and its negative regulator, the lipid phosphatase phospha-
tase/tensin homolog deleted on chromosome 10 (PTEN), is also
critical for the proper transduction of chemotactic signals.12 Previ-
ous studies successfully identified a number of chemokines poten-
tially responsible for the recruitment of TH2-biased immune cells to
the airways of AA subjects. In human subjects eosinophilia is asso-
ciated with increased levels of IL-5 and eotaxins (CCL11, CCL24,
and CCL26) in the bronchoalveolar lavage fluid (BALF) of AA
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subjects,13-15 whereas neutrophilia is associated with upregulation
of BALF CXCL8.16 Airway infiltration of TH2-biased CD41 T
cells is linked to the increased expression of CCL17, CCL22,17,18

and possibly CCL117-20 (conflicting data) in the BALF of AA sub-
jects. These cells also express CCR4 and CCR8, receptors of
CCL17/CCL22 and CCL1, respectively,21 implicating the involve-
ment of these chemokines in TH2-biased CD41 T-cell trafficking.
Mechanistic studies of these chemokines in mice confirmed the
critical importance of CCL17/CCL22 in the recruitment of TH2-
biased CD41 T cells to the airway.22 Studies of CCL1 resulted in
conflicting results. To date, 3 of 5 studies suggested that CCL1 is
important for TH2-biased CD41 T-cell recruitment to the air-
way,23-25 whereas the other 2 studies did not.26,27 Nevertheless,
all studies thus far have focused strictly on chemotactic responses
of inflammatory cells instead of potential regulatory cell subsets
in asthmatic inflammation.

Emerging evidence suggests that naturally occurring
CD41CD25hiCD127lo/2 regulatory T (Treg) cells play a key
role in regulating inflammatory responses in asthmatic subjects.28

Treg cells are CD41CD25hiCD127lo/2 T cells chiefly involved in
peripheral tolerance.29 In human allergic asthma Treg cells do not
suppress the proliferation and cytokine production of allergen-
stimulated CD41 T cells in AA subjects and healthy individ-
uals.30,31 Furthermore, several murine studies have demonstrated
that the induction of Treg cell function reverses airway hyperres-
ponsiveness32 and protects against experimentally induced
asthma.33 Collectively, these findings suggest a role of Treg cells
in controlling TH2 inflammation in patients with allergic asthma.

Immune regulation by Treg cells has been suggested as a
multifactorial phenomenon. Several molecules, such as Foxp3,
cytotoxic T lymphocyte–associated antigen 4, glucocorticoid-in-
duced TNF receptor, and the lymphocyte activation gene,3 have been
associated with Treg cell activity.34,35 Treg cells also express multiple
chemokine receptors, controlling their migration to different organs
and tissues.36 Previous reports have shown that like TH2-biased
CD41 T cells, Treg cells express high levels of CCR4 and CCR8
and functionally respond to CCL1 and CCL17/CCL22.37,38 These
data suggest that Treg cells are potentially able to migrate toward
these chemokines on allergic/airway inflammation to suppress hyper-
active immune responses.37,39 Furthermore, the most recent study of
Treg cells in allergic asthma revealed that Treg cell numbers decrease
in the BALF but not in the peripheral blood of AA subjects,40 suggest-
ing the possibility of defective recruitment of Treg cells to the airway
on asthmatic inflammation. Thus this study aims to investigate the
migratory potentials of Treg cells in AA subjects toward chemokines
implicated in T-cell recruitment during asthmatic inflammation, such
as CCL1 and CCL17/CCL22. Our data provide the first line of evi-
dence of a decreased chemotactic response in AATreg cells, specif-
ically with a dysfunction in CCL1 intracellular signaling pathway.
METHODS

Human subjects
The study was approved by the Stanford Administrative Panel on Human

Subjects in Medical Research. The study population included 22 AA subjects,

16 healthy control (HC) subjects, and 16 NA subjects. All subjects signed

informed consent forms before participating in the study. Comprehensive

clinical data were collected at each patient visit, including history, disease

severity, medication status, common allergens, IgE level, and FEV1 (see

Tables E1 and E2 in this article’s Online Repository at www.jacionline.org).

A detailed description of human subjects is available in the Methods section

in this article’s Online Repository at www.jacionline.org.
Cell isolation
Buffy coats were derived from up to 450 mL of whole blood. CD41 T cells

were purified with CD41 Rosette Kits (Stemcell Technologies, Vancouver,

British Columbia, Canada). From these CD41 T cells, Treg and CD41CD252

T (non-Treg) cells were pre-enriched by means of magnetic isolation and sub-

sequently purified through flow cytometric sorting. A detailed description of

the cell isolation protocol is available in this article’s Online Repository.

Chemotaxis assays
The chemotaxis protocol was performed as previously described.41 Spe-

cific migration of purified Treg and non-Treg cells was evaluated with a

5-mm Transwell system (Corning Costar, Corning, NY). Cells (5 3 105)

were suspended in 100 mL of RPMI 0.5% BSA and added to the top compart-

ment. Five hundred microliters of chemokine solutions (PeproTech, Inc,

Rocky Hill, NJ) at various concentrations was added to the lower compart-

ment. Migration was assayed for 2.5 hours at 378C, and then the inserts

were removed. Migrated Treg and non-Treg cells were enumerated with an au-

tomatic cell counter (Beckman Coulter, Fullerton, Calif) in a similar method

used to quantify the starting cell populations. The number of cells migrated to

specific chemokines was divided by the number of spontaneously migrated

cells to calculate chemotactic indices. Each assay was performed in triplicate.

Flow cytometry
Surface staining for CCR4 and CCR8 was performed with an R&D

Systems (Minneapolis, Minn) protocol. Data were acquired on a FACSCalibur

(BD Biosciences, San Jose, Calif). The data acquisition threshold was set on a

forward-scatter channel to exclude dead cells and debris with very low size.

Compensation of flow cytometric data was performed electronically with

FlowJo software (Treestar, Inc, Ashland, Ore) for standardization.

ELISA and Western blotting
Quantitation of phosphorylated AKT (phospho-AKT; also known as

protein kinase B), phosphorylated ERK1/2, total AKT, and total PTEN

protein levels was performed with ELISA kits from R&D Systems. Treg cells

(106) were stimulated with optimal chemokine concentrations and incubation

times (derived from chemotaxis assays) and lysed with lysis buffer (R&D Sys-

tems). Each sample was assayed in triplicate. Western blot reconfirmation ex-

periments were performed with phospho-AKT antibodies (Cell Signaling

Technology, Danvers, Mass). After stimulation, 106 Treg cells were lysed in

sample buffer and subjected to downstream assays according to the manufac-

turer’s protocol.

Statistical analysis
All statistical procedures were performed with Prism software (GraphPad, Inc,

San Diego, Calif). Data were tested for normality (Koromonov-Smirnov test) and

variance equality (Bartlett test) before being subjected to appropriate statistical

tests. Differences with a P value of less than .05 were considered statistically

significant. Correction for multiple comparisons was performed by using the Bon-

ferroni method. In dot-plot graphs horizontal bars represent mean or medianvalues

for normally distributed or nonnormally distributed data, respectively. A detailed

description of each statistical test is available in the figure legends.

RESULTS

Specific reduction in CCL1-mediated chemotaxis in

AA Treg cells
Treg and non-Treg cells were isolated by using a combined

method of magnetic and flow cytometric sorting to greater than
95% purity on reanalysis (see Fig E1 in this article’s Online Repos-
itory at www.jacionline.org). In vitro chemotaxis assays were used
to evaluate the migratory potentials of each cell type toward several
chemokines known to be associated with AA pathophysiology, as
well as migration of Treg and non-Treg cells, such as CCL1,
CCL17, and CCL22. The chemotactic response of each cell subset
to a particular chemokine was analyzed by using chemotactic indi-
ces. Because there might be variations in sensitivity to chemokines
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FIG 1. Chemotactic patterns of Treg and non-Treg cells. A, Specific migration of Treg and non-Treg cells

toward CCL1, CCL17, and CCL22. Optimal dosages of each chemokine were used in these experiments.

B, Chemotactic responses of Treg cells from AA clinical subsets with respect to disease severity. The Krus-

kal-Wallis test was used for analyses of CCL1 response by Treg and non-Treg cells and severity analysis be-

cause the data were not normally distributed. ANOVA was used for the rest of the analyses because the data

had normal distributions and equal variances.
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by cells obtained from different clinical groups, we performed titra-
tion experiments for all AA, HC, and NA groups. Titration experi-
ments showed that optimal chemotaxis in Treg and non-Treg cells
was induced at specific concentrations of each chemokine (Treg
cells: 200 nmol/L CCL1, 100 nmol/L CCL17, and 200 nmol/L
CCL22; non-Treg cells: 200 nmol/L for all chemokines in all sub-
ject groups; see Fig E2, A, in this article’s Online Repository at
www.jacionline.org). These specific conditions were then used to
evaluate the migration of Treg and non-Treg cells in each clinical
group. At the optimal chemokine concentration, chemotactic re-
sponse to CCL1 in AA Treg cells was significantly lower than
that seen in HC and NA subjects (Fig 1, A). In contrast, CCL17
and CCL22 induced chemotaxis of AA Treg cells as potently as
those from HC and NA subjects. We did not observe differential
chemotactic patterns to CCL1, CCL17, and CCL22 in non-Treg
cells among AA, HC, and NA subjects. A possible explanation
for this differential responsiveness to CCL1 in Treg and non-Treg
cells from AA subjects is that Treg cells, but not non-Treg cells,
were exposed to magnetic beads during the isolation process and
consequentially exhibited lower chemotactic response to CCL1.
To investigate whether magnetic beads affect Treg cell migration,
we compared chemotactic responses to CCL1, CCL17, and
CCL22 of Treg cells that were only sorted by means of flow cytom-
etry with those of Treg cells obtained from our combined sorting
scheme. We found no significant differences in chemotactic re-
sponses in Treg cells obtained from 2 different sorting methods
(see Fig E2, B). Therefore it is unlikely that magnetic beads signif-
icantly influenced Treg cell motility. Altogether, these results sug-
gest that the hyporesponsiveness to CCL1-mediated chemotaxis is
specific to the Treg cell population in AA subjects.

Surface receptor of CCL1 is not decreased in AA

Treg cells
Reduced chemotactic response to a chemokine could result from

a decreased expression of the receptor specific to that chemokine,
abnormal intracellular signaling pathway downstream of the
chemokine receptor, or both. Thus we first investigated the expres-
sion of CCR8, the specific receptor of CCL1 on Treg cells. In
addition, we also analyzed the expression of CCR4, the receptor of
CCL17 and CCL22 on Treg cells. Treg cells in PBMCs were
identified in a similar manner to that of sorted Treg cells, with triple
staining for CD4, CD25, and CD127 (Fig 2, A). Negative thresholds
for CCR4 and CCR8 expression were derived by staining of Treg
cells with an isotype control antibody (mouse anti-human IgG1–al-
lophycocyanin; see Fig E3, A, in this article’s Online Repository at
www.jacionline.org). Similar to previous reports, we found that a
majority of Treg cells express CCR4 and CCR8.37,38 We found
no significant differences in the expression of CCR4 and CCR8
on Treg cells among AA, HC, and NA subjects (Fig 2, B). Similar
analysis of CCR4 and CCR8 expression was performed on non-
Treg cells, which showed no significant differences among the 3
subject groups (see Fig E3, B). Thus these results suggest that the
selective decrease in CCL1-mediated chemotaxis in AA Treg cells
is unlikely to result from a decreased expression of CCR8.

Decreased CCL1-induced phosphorylation of AKT in

AA Treg cells
We next attempted to investigate the signaling cascade down-

stream of the CCL1-CCR8 axis in Treg cells. Although the precise
signaling mechanism of the CCL1-CCR8 axis has not been fully
characterized, the phosphoinositide 3-kinase signaling pathway has
been implicated as a pivotal regulator of signaling cascades of
several chemokines, including CCL1.10 Downstream effectors of
this phosphoinositide 3-kinase signaling pathway involve several
molecules, such as AKT and ERK1/2.11 On receiving chemokine
stimulus, the phosphorylation of these proteins occurs and triggers
further downstream activation of transcription factors required for
cell migration. Thus we used phospho-ELISA to characterize the
phosphorylation status of these signaling molecules in response to
CCL1, CCL17, and CCL22 in vitro.
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FIG 2. CCR4 and CCR8 expression by Treg cells. A, Gating of Treg cells from PBMCs. Lymphocytes were

gated by means of characteristic side scatter and forward scatter. CD41 T cells were gated from these lym-

phocytes. From CD41 T cells, Treg cells were identified by using CD127 and CD25 markers. CD25 and CD127

gates were defined by using isotype controls. PerCP, Peridinin-chlorophyll-protein complex; FITC, fluores-

cein isothiocyanate; PE, phycoerythrin. B, CCR4 and CCR8 expression by Treg cells. CCR4 and CCR8 expres-

sion by Treg cells was measured based on mean fluorescence intensity (MFI), as well as percentages of cells

that express these chemokine receptors. ANOVA was used for all analyses because all data sets have nor-

mal distribution and equal variances.
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We first performed a kinetic study of the phosphorylation of
AKT and ERK1/2 in Treg cells from each clinical group.
Phosphorylated forms of AKT and ERK1/2 were detected by
means of analysis of their expressions in cell lysates collected
from purified Treg cells that were stimulated with CCL1,
CCL17, or CCL22. Stimulation of Treg cells with CCR4 ligand
(CCL17/CCL22) and CCR8 ligand (CCL1) phosphorylated
ERK1/2 and AKT, confirming the involvement of these proteins
in the signaling pathways of CCR4 and CCR8 ligands (see Fig
E4, A, in this article’s Online Repository at www.jacionline.
org).42-45 Kinetic study showed that optimal phosphorylation
of both AKT and ERK1/2 in Treg cells occurred after 5 minutes
(see Fig E4, A). Thus this time point was used to evaluate the ex-
pression of phospho-AKT and ERK1/2 in Treg cells from all
clinical groups. ELISA results showed a significant decrease in
phospho-AKT induction in AA Treg cells compared with that
seen in their HC and NA counterparts in response to CCL1
(Fig 3, A). In contrast, phospho-AKT induction in AA Treg cells
in response to CCL17 and CCL22 was comparable with that of
HC and NA Treg cells. These ELISA results were subsequently
confirmed by means of Western blotting, which indeed showed
a specific reduction in CCL1-induced AKT phosphorylation
in AA Treg cells compared with HC and NA Treg cells (see
Fig E4, D).

We next investigated the expression of total AKT protein and
PTEN, the negative regulator of AKT phosphorylation,12 as po-
tential contributors to the decreased phosphorylation of AKT in
AA Treg cells. However, no significant differences in the expres-
sion of total AKT and PTEN were found in Treg cells among AA,
HC, and NA subjects (Fig 3, D). Analysis of the phosphorylation
of ERK1/2, a signaling molecule involved (but not exclusively) in
phosphoinositide 3-kinase signaling response to CCL1 in Treg
cells, also showed no significant differences among the 3 subject
groups (Fig 3, C).
Defective CCL1 signaling pathway in allergic

asthmatic Treg cells correlated with disease

severity and clinical assessment of pulmonary

function (FEV1)
Correlation analysis of in vitro cellular function and clinical pa-

rameters of allergic asthma was performed. We found a signifi-
cant positive correlation between phospho-AKT induction in
AA Treg cells and their chemotactic indices in response to
CCL1 (Table I and see Fig E5 in this article’s Online Repository
at www.jacionline.org), suggesting that decreased AKT phospho-
rylation might contribute to the overall reduction in the migratory
potential of Treg cells in response to CCL1. Furthermore, Treg
cells from subjects with severe and moderate allergic asthma
had significantly lower chemotactic indices in response to
CCL1 compared with their counterparts with mild allergic asthma
(Fig 1, B). Phospho-AKT expression in Treg cells from subjects
with severe allergic asthma was also significantly less than that
of Treg cells from subjects with mild allergic asthma (Fig 3, B).
Both chemotactic indices and phospho-AKT induction by Treg
cells in response to CCL1 positively correlated with FEV1, a pa-
rameter of pulmonary function (Table I and see Fig E5). Other
clinical parameters, such as subject age, asthma duration, and
IgE level, were not significantly correlated with any parameters
of in vitro cellular function (Table I and see Fig E5).
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FIG 3. Expression of molecules involved in chemotactic signaling pathways by Treg cells. A, Phosphoryla-

tion of AKT by Treg cells in response to CCL1, CCL17, and CCL22 stimulation. B, Phospho-AKT expression of

Treg cells from AA clinical subsets with respect to disease severity. C, Expression of total AKT and PTEN and

phosphorylation of ERK1/2 by Treg cells in response to CCL1 stimulation. Optimal chemokine dosages from

chemotaxis assays and time points for phospho-AKT and phosphorylated extracellular signal-regulated

kinase 1/2 detection (5 minutes) from kinetics experiments were used in these experiments. The Kruskal-

Wallis test was used for the analyses of phospho-AKT expression by Treg cells and severity analysis be-

cause the data were not normally distributed. ANOVA was used for the rest of the analyses because the

data had equal variances and normal distributions.

TABLE I. Correlation of in vitro cell function and clinical parameters of AA

Age Asthma duration IgE FEV1 Phospho-AKT

Phospho-AKT

N value 22 22 22 22 —

R value 20.3192 20.3737 20.2249 0.9005 —

P value .1476 .0866 .3144 <.0001 —

Chemotactic index

N value 22 22 22 22 22

R value 20.3208 20.2929 20.2146 .8197 0.8478

P value .1454 .1859 .3375 <.0001 <.0001

Data were presented with N, P, and R values. The Spearman test was used for all analyses because all data sets were not normally distributed.
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Modulation of CCL1 responsiveness in Treg cells by

corticosteroids
We next investigated the possible influences of corticosteroids on

chemotactic responses of Treg cells to CCL1. Because corticoste-
roids have been reported to impede lymphocyte chemotaxis, a 12-
hour steroid withdrawal on blood donation was enforced in all AA
subjects used in our analysis of Treg cell function. For selected
subjects with different disease severity and steroid dosages, we
collected blood samples twice: the first time without steroid
withdrawal and the second time with steroid withdrawal. These
samples were then used to evaluate the effects of steroids on
chemotaxis of Treg cells. Paired analysis of Treg cells from these
subjects showed that steroids indeed exerted a negative influence on
the chemotactic response of Treg cells toward CCL1, as shown by
significantly lower chemotactic indices and phospho-AKT levels of
Treg cells from blood samples without steroid withdrawal (Fig 4,
A). Steroid withdrawal experiments of Treg cells from NA subjects,
as well as studies of Treg cells from HC subjects, incubated with
high-dose prednisone ex vivo (1000 ng/mL for 24 hours) showed
similar inhibitory effects of steroids on chemotactic response of
Treg cells to CCL1 (see Fig E6 in this article’s Online Repository
at www.jacionline.org). Studies of non-Treg cells also yielded sim-
ilar effects of steroids on CCL1 chemotactic response (Fig 4, A, and
see Fig E6). The downmodulatory effects of steroids on Treg and
non-Treg cell chemotaxis were not specific to CCL1 because these
phenomena were observed in assays with CCL17 and CCL22 (see
Fig E7 in this article’s Online Repository at www.jacionline.org). In
addition to steroids, we also performed incubation experimentation
of Treg cells from AA subjects with IL-2, a critical cytokine for reg-
ulatory function and signaling pathways of Treg cells, to investigate
whether this cytokine could reverse the defective CCL1 signaling in
AATreg cells. However, IL-2 (at 100 IU/mL for 24 hours) did not
significantly upregulate the chemotactic response of Treg cells to
CCL1 (Fig 4, B). Increasing (or decreasing) IL-2 concentration,
as well as incubation time, also did not enhance the chemotactic
response of Treg cells (see Fig E4, C).

DISCUSSION
Whether CCL1 is involved in the recruitment of inflammatory

CD41 T cells to the airway on asthmatic inflammation has been a
controversial subject,23-25 possibly because of different protocols
to obtain and examine BALF,17-19 as well as the use of different
mouse models of asthma, which recapitulate most, but not all, fea-
tures of human allergic asthma.46 Nevertheless, the most recent
study has suggested that CCL1 is important in human Treg cell
motility and possibly involved in their recruitment to areas of al-
lergic inflammation.38 Our study here reveals a dysfunction in
CCL1 signaling that is specific to allergic asthmatic Treg cells

http://www.jacionline.org
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FIG 4. Modulation of CCL1 response in Treg cells by oral corticosteroids (OCS) and other cytokines. A, The

effects of OCS on chemotactic response to CCL1 in Treg and non-Treg cells. Comparisons were made be-

tween cells from the same AA subjects that were collected with and without steroid withdrawal enforce-

ment. B, The effects of IL-2 on chemotactic response to CCL1 in Treg cells. IL-2 data represented

incubation of Treg cells with 100 IU/mL IL-2 for 24 hours (see this article’s Online Repository for other

time points and dosages). The paired t test was used for the analyses of chemotactic indices. The Wilcoxon

test was used for all other analyses because the data were not normally distributed.
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but not non-Treg cells. Decreased chemotactic response to CCL1 in
AA Treg cells is not due to differential CCR8 expression because
ex vivo expression of CCR8 by Treg cells was similar among the
3 subject groups. In addition, it has been reported that there was
no significant difference in serum levels of CCL1 between AA
and HC subjects.47 Thus it is unlikely that this in vitro hyporespon-
siveness to CCL1 by AATreg cells resulted from previous exposure
to circulating CCL1 in vivo. In fact, our study of the CCL1/CCR8
signaling pathway in Treg cells reveals that the decreased response
to CCL1 by AATreg cells is associated with a decreased phospho-
rylation of AKT, an important protein in chemotactic signaling
pathway. It is unlikely that a global defect in the phosphoinosi-
tide-3 kinase signaling pathway occurred in AATreg cells because
CCL1 stimulation of AA Treg cells leads to phosphorylation of
ERK1/2, a downstream effector of phosphoinositide-3 kinase sig-
naling that is also involved in several other signaling pathways at
a level similar to that seen in HC Treg cells. Furthermore, decreased
phosphorylation of AKT in AA Treg cells is specific to the CCL1-
CCR8 signaling pathway but not the CCL17/CCL22-CCR4 path-
way. These results suggest that a specific deregulation of signaling
events proximally downstream of CCL1-CCR8 ligation and before
AKT phosphorylation might be present in AA Treg cells. This
hypothesis is currently being investigated in our laboratory.

Another important issue related to CCL1 response by Treg cells
is the medication status of study subjects. Even though inhaled
corticosteroids have been shown to impede T-cell migration
toward TH2-associated chemokines in airway inflammation,48 it
is unlikely that the observed reduction in chemotactic response
of Treg cells in AA subjects was chiefly mediated by steroids.
First, all subjects in our study were undergoing a 12-hour steroid
withdrawal procedure before blood was drawn for chemotaxis
study. Second, the decreased chemotactic response of Treg cells
was specific to CCL1, which is unlikely to only be mediated by
nonspecific immunosuppressive reagents, such as steroids. Our
data indeed showed a nonspecific inhibition of chemotaxis of
both HC Treg and non-Treg cells, which were incubated in vitro
with prednisone, toward CCL1, CCL17, and CCL22. Paired com-
parison of chemotatic responses of T cells from selected NA and
AA subjects before and after the steroid withdrawal study also
showed a nonspecific decrease in the chemotactic potential of
these cells mediated by steroids.
There is a significant correlation between the in vitro mi-
gratory capacity of Treg cells and asthma severity, as well
as pulmonary function, in AA subjects. These results suggest
that a decreased chemotactic response to CCL1 in AA Treg
cells could possibly lead to decreased accumulation of Treg
cells in the airway and subsequent ineffective immune regula-
tion of Treg cells against airway-specific TH2 inflammation.
Alternatively, it is possible that non-Treg cell–specific chemo-
attractants might be produced in abundance, leading to a
higher number of non-Treg cells infiltrating the airways. In
addition, defective Treg cell function in inflammatory diseases
has been suggested to be a reactionary phenomenon to pri-
mary immune defects. Thus it could be possible that the pre-
dominantly TH2 environment of allergic asthma interfered
with the optimal migratory potentials of Treg cells. Further
examination of the distribution and function of CCR81 Treg
cells in the BALF of AA subjects, as well as the role of
TH2 cytokines in the functional maintenance of Treg cells,
is required to confirm these hypotheses.

Our data implicate the potential role of Treg cells and CCL1 in
the development of new treatments for allergic asthma. Recently,
lovastatin, a hypolipidemic drug, was shown to specifically
recruit Treg cells to areas of inflammation through CCL1 in
mice.49 However, lovastatin treatment was also associated with a
predominant TH2 immune response. This finding not only showed
that specifically targeting Treg cells is feasible but also high-
lighted the specificity issue in current drug delivery systems.
The development of Treg cell–specific therapies have been
largely hindered because specific surface markers of Treg cells
are not known and distinct (chemotactic) signaling pathways in
Treg cells in comparison with effector T cells are not fully char-
acterized. It is anticipated that in the near future, advances in Treg
cell biology will potentially lead to Treg cell–specific therapies.
Our data here presented CCL1 as a promising molecular target
for therapeutic development in allergic asthma.

In conclusion, our data show that AA Treg cells might be
dysfunctional in the CCL1 chemotactic signaling pathway and
could possibly explain the previously reported decreased accu-
mulation of Treg cells in the BALF of AA subjects. CCL1
presents a potential molecular target for therapeutic development
in allergic asthma.
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Clinical implications: The CCL1-specific impaired migration of
Treg cells in allergic asthma might contribute to their reduced
frequency at sites of airway inflammation.
REFERENCES

1. Nguyen KD, Vanichsarn C, Nadeau KC. Increased cytotoxicity of CD41 invariant

NKT cells against CD4 1 CD25hiCD127lo/- regulatory T cells in allergic asthma.

Eur J Immunol 2008;38:2034-45.

2. Gernez Y, Tirouvanziam R, Nguyen KD, Herzenberg LA, Krensky AM, Nadeau

KC. Altered phosphorylated signal transducer and activator of transcription profile

of CD4 1 CD161 1 T cells in asthma: modulation by allergic status and oral cor-

ticosteroids. J Allergy Clin Immunol 2007;120:1441-8.

3. Jousilahti P, Salomaa V, Hakala K, Rasi V, Vahtera E, Palosuo T. The association of

sensitive systemic inflammation markers with bronchial asthma. Ann Allergy

Asthma Immunol 2002;89:381-5.
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Human subjects
AA and NA subjects were classified based on physical examination,

history, increased blood IgE levels (>50 IU/mL for allergic asthma), and

positive skin tests to allergens (for AA subjects). HC subjects were defined as

nonsmoking subjects greater than 13 years of age with a total serum IgE level

of less than 25 IU/mL, negative skin test results (compared with positive

histamine control), and no evidence of lung disease. In addition, there was no

evidence of obstructive or restrictive lung disease for HC subjects on

spirometric testing. Patients with FEV1 values of less than 60% were consid-

ered to have severe disease. Those in the range of 60% to 80% were considered

to have moderate disease, and those with FEV1 values of greater than 80%

were considered to have mild disease. Disease duration and disease severity

match between NA and AA subjects was attempted. Age match for all clinical

groups was also attempted as much as possible.
Cell isolation
The CD41 T-cell fraction was first incubated with CD25 microbeads (clone

BC96; Miltenyi Biotec, Bergisch Gladbach, Germany) to positively isolate

CD41CD251 T cells. This fraction was subsequently stained with CD25–phy-

coerythrin (clone 4E3, Miltenyi Biotec) and CD127–allophycocyanin (clone

SB199; BioLegend, San Diego, Calif) antibodies and eventually sorted for

CD41CD25hiCD127lo/2 Treg cells. The flowthrough fraction after magnetic

purification contained CD41CD252 cells (non-Treg cells). Cells were rested

in RPMI, 10% FBS, and 1% L-glutamine after purification for 2 hours before

undergoing downstream assays. The purity of each fraction was confirmed to

be more than 95% with Foxp3 staining (clone 206D, BioLegend). All proce-

dures were performed with manufacturers’ standard protocols.



FIG E1. Purity of Treg and non-Treg cells. Expression of CD25 and Foxp3 by purified Treg and non-Treg cells

in representative AA, HC, and NA subjects. PE, Phycoerythrin; FITC, fluorescein isothiocyanate.
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FIG E2. Titration of chemokines used in chemotaxis assays. A, Titration of chemokine dosage for each clin-

ical group. B, Comparison between chemotactic responses of flow cytometry–sorted Treg cells (open bars)

and flow cytometry– and magnetic bead–sorted Treg cells (solid bars) to CCL1, CCL17, and CCLL22 in each

clinical group. Data represented means and SDs from 3 and 5 representatives from each clinical group in Fig

E2, A and B, respectively. In Fig E2, B, the Wilcoxon test was used for paired analyses because the data were

not normally distributed.
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FIG E3. CCR4 and CCR8 expression in Treg and non-Treg cells. A, Gating of CCR41 cells and CCR81 cells in Treg and non-Treg cells. Negative thresholds for

CCR4 and CCR8 expression by Treg and non-Treg cells were derived from isotype controls. FITC, Fluorescein isothiocyanate; APC, allophycocyanin. B, CCR4

and CCR8 expression by non-Treg cells. The Kruskal-Wallis test was used for the analysis of the percentages of CCR41 cells because the data were not nor-

mally distributed. ANOVA was used for the rest of the analyses because the data had normal distributions and equal variances. MFI, Mean fluorescence

intensity.
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FIG E4. Phosphoprotein analysis of chemokine signaling pathways. A, Kinetics of AKT phosphorylation in

response to CCL1, CCL17, and CCL22 in each clinical group. B, Kinetics of ERK1/2 phosphorylation in

response to CCL1, CCL17, and CCL22 in each clinical group. C, Titration of IL-2 dosage and kinetics of IL-2

incubation with respect to its effects on CCL1 dysfunction in AA Treg cells. Data represented means and

SDs from 3 representatives from each clinical group. ‘‘0’’ time points mean baseline chemotactic responses

without any IL-2 supplement or any added chemokines. D, Expression of phospho-AKT in Treg cells from

AA, NA, and HC representatives in response to CCL1, CCL17, CCL22, and rapamycin (positive control). Un-

stimulated samples were used as negative controls. b-Actin expression was used to control for equal load-

ing. Optimal concentrations and stimulation times used in Western blot experiments were derived from

previous phospho-ELISA works.
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FIG E5. Correlation of in vitro cell functions and clinical parameters of allergic asthma. The Spearman test

was used for correlation analyses of nonnormally distributed data. Dotted lines represent the 95% CIs. Solid

lines represented the best-fitted lines of the data.
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FIG E6. Effects of oral corticosteroids (OCS) on CCL1 chemotactic responses of Treg and non-Treg cells from HC and NA subjects. Comparisons were made

between cells from the same NA subjects that were collected with and without steroid withdrawal enforcement. HC cells were incubated with 1000 ng/mL

OCS for 24 hours before being subjected to downstream assays. The Wilcoxon test was used for the paired analysis of nonnormally distributed data.
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FIG E7. Effects of oral corticosteroids (OCS) on CCL17 and CCL22 chemotactic responses of Treg and

non-Treg cells from AA, NA, and HC subjects. A, Chemotaxis assays of non-Treg cells toward CCL17. B,

Chemotaxis assays of non-Treg cells toward CCL22. C, Chemotaxis assays of Treg cells toward CCL17. D,

Chemotaxis assays of Treg cells toward CCL22. Comparisons were made between cells from the same

AA (or NA) subjects collected with and without steroid withdrawal enforcement. HC cells were incubated

with 1000 ng/mL OCS for 24 hours before being subjected to downstream assays. The Wilcoxon tests

were used for the paired analyses of nonnormally distributed data (HC Treg and non-Treg cells in CCL22

chemotaxis assays). Paired t tests were used for all other analyses because the data were normally

distributed.
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TABLE E1. Subject demographics

Patient ID Age (y) Asthma duration (y) Severity Medication

AA1 56 15 Severe Fluticasone, salmeterol: 500 mg twice daily

AA2 35 32 Severe Fluticasone, salmeterol: 500 mg twice daily

AA3 37 34 Severe Fluticasone, salmeterol: 500 mg twice daily

AA4 21 15 Severe Fluticasone, salmeterol: 500 mg twice daily

AA5 18 17 Severe Fluticasone, salmeterol: 500 mg twice daily

AA6 16 14 Severe Fluticasone, salmeterol: 500 mg twice daily

AA7 18 16 Severe Fluticasone, salmeterol: 250 mg twice daily

AA8 34 29 Moderate Fluticasone, salmeterol: 250 mg twice daily

AA9 18 13 Moderate Fluticasone, salmeterol: 250 mg twice daily

AA10 17 15 Moderate Fluticasone, salmeterol: 250 mg twice daily

AA11 21 15 Moderate Fluticasone, salmeterol: 250 mg twice daily

AA12 18 17 Moderate Fluticasone, salmeterol: 250 mg twice daily

AA13 15 5 Mild Albuterol puffs, 2/wk

AA14 21 6 Mild Albuterol puffs, 2/wk

AA15 29 25 Mild Albuterol puffs, 2/wk

AA16 29 2 Mild Albuterol puffs, 2/wk

AA17 38 36 Mild Albuterol puffs, 1.5/wk

AA18 18 17 Mild Albuterol puffs, 1/wk

AA19 18 17 Mild Albuterol puffs, 1/wk

AA20 15 5 Mild Albuterol puffs, 1/wk

AA21 21 6 Mild Albuterol puffs, 1/wk

AA22 21 6 Mild Albuterol puffs, 1/wk

24.27 6 2.179 16.23 6 2.07

NA1 15 3 Severe Fluticasone, salmeterol: 500 mg twice daily

NA2 28 23 Severe Fluticasone, salmeterol: 500 mg twice daily

NA3 47 19 Severe Fluticasone, salmeterol: 500 mg twice daily

NA4 22 9 Severe Fluticasone, salmeterol: 500 mg twice daily

NA5 18 23 Severe Fluticasone, salmeterol: 500 mg twice daily

NA6 25 5 Severe Fluticasone, salmeterol: 500 mg twice daily

NA7 42 21 Moderate Fluticasone, albuterol, puffs 1/wk

NA8 44 – Moderate Albuterol puffs, 2/wk

NA9 45 25 Mild Albuterol puffs, 2/wk

NA10 55 – Mild Albuterol puffs, 2/wk

NA11 25 5 Mild Albuterol puffs, 2/wk

NA12 19 – Mild Albuterol puffs, 1/wk

NA13 11 3 Mild Albuterol puffs, 1/wk

NA14 15 13 Mild Albuterol puffs, 1/wk

NA15 19 4 Mild Albuterol puffs, 1/wk

NA16 35 15 Mild Albuterol puffs, 1/wk

29.06 6 3.42 12.92 6 2.37
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TABLE E2. Chemotactic index, phospho-AKT level, and clinical parameters of asthma of subjects

Patient ID Comments Allergic status FEV1 Chemotactic index Phospho-AKT

AA1 Steroid withdrawal 12 h before second blood draw* Tree, mold 52 1.429988159 3.193611

AA2 Steroid withdrawal 12 h before second blood draw* Cat 53 1.609667123 3.366863

AA3 Steroid withdrawal 12 h before second blood draw* Tree, dust mite 56 1.521250439 3.561444

AA4 Steroid withdrawal 12 h before second blood draw* Tree 57 1.483614232 3.251166

AA5 Steroid withdrawal 12 h before second blood draw* Dog 58 2.847170972 3.289645

AA6 Steroid withdrawal 12 h before blood draw Mold 52 2.293563721 3.581024

AA7 Steroid withdrawal 12 h before blood draw Tree, grass 55 2.302546396 4.988029

AA8 Steroid withdrawal 12 h before blood draw Cat, mold 73 2.135721493 5.009265

AA9 Steroid withdrawal 12 h before blood draw Weed 76 2.470334743 6.934832

AA10 Steroid withdrawal 12 h before blood draw Weed, grass 73 2.496126877 7.268035

AA11 Steroid withdrawal 12 h before blood draw Grass, dust mite 79 2.601930991 5.548491

AA12 Steroid withdrawal 12 h before blood draw Tree, dust mite 67 1.860215054 5.223027

AA13 Steroid withdrawal 12 h before second blood draw* Grass 92 3.278354633 7.607166

AA14 Steroid withdrawal 12 h before second blood draw* Mold 85 3.866158656 7.754362

AA15 Steroid withdrawal 12 h before second blood draw* Grass, mold 90 3.608086785 7.43685

AA16 Steroid withdrawal 12 h before second blood draw* Grass 91 2.810528316 5.287654

AA17 Steroid withdrawal 12 h before second blood draw* Tree, grass 93 3.407161926 7.364318

AA18 Steroid withdrawal 12 h before blood draw Cat 95 2.937595129 7.828383

AA19 Steroid withdrawal 12 h before blood draw Dog, dust mite 96 4.27696832 7.828383

AA20 Steroid withdrawal 12 h before blood draw Weed, grass 92 5.168918919 9.211026

AA21 Steroid withdrawal 12 h before blood draw Tree, cat 94 3.599328013 11.5698

AA22 Steroid withdrawal 12 h before blood draw Tree, grass 95 2.920969832 9.775785

76.09 6 3.62 2.769 6 0.21 6.222 6 0.51

NA1 Steroid withdrawal 12 h before blood draw None 51 4.751769975 10.81055747

NA2 Steroid withdrawal 12 h before blood draw None 53 4.396421531 12.38808571

NA3 Steroid withdrawal 12 h before blood draw None 55 5.292004049 16.55371966

NA4 Steroid withdrawal 12 h before blood draw None 58 5.619329096 34.03530547

NA5 Steroid withdrawal 12 h before blood draw None 59 4.505046315 30.92297959

NA6 Steroid withdrawal 12 h before blood draw None 59 6.415036675 25.62070896

NA7 Steroid withdrawal 12 h before second blood draw* None 69 4.508648039 30.92297959

NA8 Steroid withdrawal 12 h before second blood draw* None 85 6.259968102 14.76721929

NA9 Steroid withdrawal 12 h before second blood draw* None 85 5.936614467 11.86923077

NA10 Steroid withdrawal 12 h before second blood draw* None 88 5.26615112 19.63818182

NA11 Steroid withdrawal 12 h before second blood draw* None 95 7.620159348 30.92297959

NA12 Steroid withdrawal 12 h before second blood draw* None 91 4.69254835 24.688

NA13 Steroid withdrawal 12 h before blood draw None 88 4.297269841 16.14878882

NA14 Steroid withdrawal 12 h before blood draw None 83 8.224229909 10.49745902

NA15 Steroid withdrawal 12 h before blood draw None 95 5.533470296 24.73900826

NA16 Steroid withdrawal 12 h before blood draw None 94 8.101769032 10.38476839

75.5 6 4.24 5.714 6 0.33 20.31 6 2.12

Summary data represent means and SDs.

*These subjects donated blood twice. Steroid withdrawal was not enforced in the first donation. Subjects did not have any changes in treatment between 2 blood donations.

Chemotactic and AKT phosphorylation data represented results from experiments that were all performed with cells from subjects on steroid withdrawal.
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