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Abstract

Background—CD4*CD25MCD127!9/~ 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 CD4*CD257T 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.
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Allergic asthma is a chronic lung disease characterized by airway hyperreactivity that is
generally associated with Ty2-biased immune responses. Allergic asthmatic (AA) subjects
are distinguished from their nonallergic asthmatic (NA) counterparts based on high IgE
levels and positive skin test responses to common allergens. Functional studies of human
AA and NA cells also reveal distinct patterns of cellular interactions and intracellular
signaling pathways in each disease.2 The clinical symptoms of AA involve indicators of
systemic inflammation,3 such as increased serum levels of IL-4 and IgE.#> Nevertheless,
many cardinal inflammatory features of the disease occur at the airway.® Such localized
inflammatory responses have been attributed to the hyperresponsiveness of residential cell
subsets and recruited populations of both innate immune cells and Ty2-biased CD4* T
cells.”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.®

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-kinasel® 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.1 Furthermore, a balance
between the activities of phosphoinositide kinase-3 and its negative regulator, the lipid
phosphatase phosphatase/tensin homolog deleted on chromosome 10 (PTEN), is also critical
for the proper transduction of chemotactic signals.12 Previous studies successfully identified
a number of chemokines potentially responsible for the recruitment of T2-biased immune
cells to the airways of AAsubjects. In human subjects eosinophilia is associated with
increased levels of IL-5 and eotaxins (CCL11, CCL24, and CCL26) in the bronchoalveolar
lavage fluid (BALF) of AA subjects,13-1% whereas neutrophilia is associated with
upregulation of BALF CXCL8.16 Airway infiltration of T2-biased CD4* T cells is linked
to the increased expression of CCL17, CCL22,17:18 and possibly CCL117-20 (conflicting
data) in the BALF of AA subjects. These cells also express CCR4 and CCRS, receptors of
CCL17/CCL22 and CCL1, respectively,2! implicating the involvement of these chemokines
in T2-biased CD4* T-cell trafficking. Mechanistic studies of these chemokines in mice
confirmed the critical importance of CCL17/CCL22 in the recruitment of T2-biased CD4*
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 Ty2-biased CD4* T-cell recruitment to the
airway,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 CD4*CD25"CD127!°/~regulatory T
(Treg) cells play a key role in regulating inflammatory responses in asthmatic subjects.28
Treg cells are CD4*CD25NCD127'9/-T cells chiefly involved in peripheral tolerance.?? In
human allergic asthma Treg cells do not suppress the proliferation and cytokine production
of allergen-stimulated CD4* T cells in AA subjects and healthy individuals.3%:31
Furthermore, several murine studies have demonstrated that the induction of Treg cell
function reverses airway hyperresponsiveness32 and protects against experimentally induced
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asthma.33 Collectively, these findings suggest a role of Treg cells in controlling T2
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-induced TNF receptor, and the lymphocyte activation gene,3 have been
associated withTreg cell activity.3435Treg cells also expressmultiple chemokine receptors,
controlling their migration to different organs and tissues.3 Previous reports have shown
that like T2-biased CD4* 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 hyperactive immune responses.37:3% 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,? suggesting 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 evidence of a decreased chemotactic response in AA Treg cells,
specifically 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
FEV (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. CD4* T cells were purified
with CD4* Rosette Kits (Stemcell Technologies, Vancouver, British Columbia, Canada).
From these CD4" T cells, Treg and CD4*CD25°T (non-Treg) cells were pre-enriched by
means of magnetic isolation and subsequently 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.?! Specific migration of
purified Treg and non-Treg cells was evaluated with a 5-um Transwell system (Corning
Costar, Corning, NY). Cells (5 x 10%) were suspended in 100 pL of RPMI 0.5% BSA and
added to the top compartment. Five hundred microliters of chemokine solutions (PeproTech,
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Inc, Rocky Hill, NJ) at various concentrations was added to the lower compartment.
Migration was assayed for 2.5 hours at 37°C, and then the inserts were removed. Migrated
Treg and non-Treg cells were enumerated with an automatic 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 (10°) were stimulated with optimal chemokine
concentrations and incubation times (derived from chemotaxis assays) and lysed with lysis
buffer (R&D Systems). Each sample was assayed in triplicate. Western blot reconfirmation
experiments were performed with phospho-AKT antibodies (Cell Signaling Technology,
Danvers, Mass). After stimulation, 108 Treg cells were lysed in sample buffer and subjected
to downstream assays according to the manufacturer’s protocol.

Statistical analysis

RESULTS

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 median values for normally distributed or nonnormally distributed
data, respectively. A detailed description of each statistical test is available in the figure
legends.

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 Repository at www.jacionline.org). /n 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 indices. Because there might be variations in sensitivity
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to chemokines by cells obtained from different clinical groups, we performed titration
experiments for all AA, HC, and NA groups. Titration experiments 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 subject 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 response 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 cytometry with
those of Treg cells obtained from our combined sorting scheme. We found no significant
differences in chemotactic responses in Treg cells obtained from 2 different sorting methods
(see Fig E2, B). Therefore it is unlikely that magnetic beads significantly influenced Treg
cell motility. Altogether, these results suggest 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 expression of
CCRS, the specific receptor of CCL1 on Treg cells. In addition, we also analyzed the
expression of CCRA4, 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-
allophycocyanin; 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 downstream 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
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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 jn vitro.

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 CCRS8 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 expression 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 potential contributors to the decreased phosphorylation of
AKT in AA Treg cells. However, no significant differences in the expression of total
AKTand 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, O).

Defective CCL1 signaling pathway in allergic asthmatic Treg cells correlated with disease
severity and clinical assessment of pulmonary function (FEV1)

Correlation analysis of /n vitro cellular function and clinical parameters of allergic asthma
was performed. We found a significant 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 phosphorylation 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).

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 October 30.


http://www.jacionline.org
http://www.jacionline.org

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nguyen et al.

Page 7

Both chemotactic indices and phospho-AKT induction by Treg cells in response to CCL1
positively correlated with FEV1, a parameter 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 | and see Fig
E5).

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 corticosteroids 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 similar effects of
steroids on CCL1 chemotactic response (Fig 4, A, and see Fig E6). The down modulatory
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 regulatory function and signaling pathways of Treg cells, to investigate whether
this cytokine could reverse the defective CCL1 signaling in AA Treg cells. However, 1L-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, O).

DISCUSSION

Whether CCL1 is involved in the recruitment of inflammatory CD4* 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, features of human allergic asthma.*6
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 allergic inflammation.38
Our study here reveals a dysfunction in CCL1 signaling that is specific to allergic asthmatic
Treg cells 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
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there was no significant difference in serum levels of CCL1 between AA and HC subjects.4’
Thus it is unlikely that this /in vitro hyporesponsiveness to CCL1 by AA Treg 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 AA Treg
cells is associated with a decreased phosphorylation of AKT, an important protein in
chemotactic signaling pathway. It is unlikely that a global defect in the phosphoinositide-3
kinase signaling pathway occurred in AA Treg cells because CCL1 stimulation of AA Treg
cells leads to phosphorylation of ERK1/2, a downstream effector of phosphoinositide-3
kinase signaling 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
pathway. These results suggest that a specific deregulation of signaling events proximally
downstream of CCL1-CCRS8 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 Tp2-associated chemokines in airway inflammation,*8 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 /n7 vitro with prednisone, toward CCL1, CCL17, and CCL22. Paired
comparison 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 /n vitro migratory 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 regulation of
Treg cells against airway-specific T2 inflammation. Alternatively, it is possible that non-
Treg cell-specific chemoattractants 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 primary
immune defects. Thus it could be possible that the predominantly T2 environment of
allergic asthma interfered with the optimal migratory potentials of Treg cells. Further
examination of the distribution and function of CCR8" Treg cells in the BALF of AA
subjects, as well as the role of T2 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.4® However,
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lovastatin treatment was also associated with a predominant T2 immune response. This
finding not only showed that specifically targeting Treg cells is feasible but also highlighted
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 characterized. 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
accumulation of Treg cells in the BALF of AA subjects. CCL1 presents a potential
molecular target for therapeutic development in allergic asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 CD4*CD25" T

Phospho-AKT Phosphorylated AKT (or protein kinase B)

PTEN Phosphatase/tensin homolog deleted on chromosome 10

Treg CD4*CD25MCD127'9/~ regulatory T
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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.
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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 Kruskal-Wallis test was used for analyses of CCL1
response by Treg and non-Treg cells and severity analysis because 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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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. CD4* T
cells were gated from these lymphocytes. From CD4* 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; £/7C, fluorescein isothiocyanate;
PE, phycoerythrin. B, CCR4 and CCR8 expression by Treg cells. CCR4 and CCR8
expression 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 normal distribution and equal variances.
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FIG 3.

Expression of molecules involved in chemotactic signaling pathways by Treg cells. A,
Phosphorylation 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 because the data were not normally
distributed. ANOVA was used for the rest of the analyses because the data had equal
variances and normal distributions.
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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 between cells from the same AA subjects that were collected
with and without steroid withdrawal enforcement. 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 ¢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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