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XCL1 Enhances Regulatory Activities of
CD4*7CD25"#"CD127"°*~ T Cells in Human Allergic Asthma'

Khoa D. Nguyen,* Alison Fohner,* Jerome D. Booker,* Chen Dong,* Alan M. Krensky,"

and Kari C. Nadeau*

Chemokine-mediated recruitment of regulatory cell subsets to the airway during inflammation and enhancement of their
activities are potential strategies for therapeutic development in allergic asthma (AA). In this study, we aim to explore the
role of XCL1, a chemokine associated with immune suppression and allergy, on CD4* CD25™#"CD127"°™~ regulatory T cell
(Treg) function in AA. Flow cytometry and PCR analysis showed a reduction in XCL1 and XCR1 expression in AA Treg
compared with healthy control and nonallergic asthmatic counterparts. This reduction in XCL1 expression was associated
with the suboptimal regulatory function of Treg in AA. Interestingly, incubation with recombinant human XCL1 signifi-
cantly increased Treg-mediated suppression and cytotoxicity by up-regulating expression of XCL1 and chief effector mol-
ecules of Treg function. Altogether, these results suggest an association between dysregulated XCL1 expression and reduced

Treg activities in AA, as well as a potential role of XCL1 in reversing defective Treg function in the disease.

of Immunology, 2008, 181: 5386-5395.

llergic asthma is a chronic lung disease characterized by
A airway hyperreactivity, generally associated with Th2-

biased immune responses. Such localized inflammatory
responses have been attributed to the hyperresponsiveness of res-
idential cell subsets and recruited populations of both innate im-
mune cells and Th2-biased CD4™" T cells (1, 2). However, recent
findings suggested that other regulatory cell types, such as natu-
rally occurring regulatory T cells (Treg),® also play a key role in
mediating immune responses in allergic asthma (AA; Ref. 3). Treg
are CD47CD25"#"CD127""'~ T cells that are chiefly involved in
peripheral tolerance (4). In human AA, Treg do not suppress the
proliferation and cytokine production of allergen-stimulated CD4*
T cells in AA subjects as well as in healthy individuals (5, 6).
Furthermore, several murine studies have demonstrated that the
induction of Treg function reverses airway hyperresponsiveness
(7) and protects against experimentally induced asthma (8). Col-
lectively, these findings suggest a role of Treg in controlling Th2
inflammation in AA.

Immune regulation by Treg has been suggested as a multi-
factorial phenomenon. Several molecules such as Foxp3, IL-10,
TGF-B, CTLA-4, glucocorticoid-induced TNF receptor, and
lymphocyte activation gene 3, have been associated with reg-
ulatory activities of Treg (9, 10). Treg also express multiple
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chemokine receptors controlling their migration to different tis-
sues (11). In specific disease models, chemokines and their re-
ceptors have also been shown to be critical determinants for
optimal Treg function. CCR2" Treg are suggested to be more
suppressive against pneumonitis progression than CCR2™
counterparts (12). Chemotactic responses of Treg to CCL17 and
CCL22 are beneficial in mounting effective immune responses
in several forms of cancer (13, 14). CXCR3™ Treg are involved
in immune tolerance in graft-vs-host diseases (15). Thus, mod-
ulation of Treg function by chemokines is a promising strategy
for therapeutic development.

Although a large number of studies up-to-date have explored
the role of chemokines in regulating inflammatory responses in
AA, mechanisms of action of chemokines on Treg function in
AA have not been well established. Thus, this study aims to
investigate the role of chemokines in functional maintenance of
Treg in AA. Our preliminary analysis of several T cell-associ-
ated chemokine/chemokine receptor mRNA transcripts showed
distinct profiles between Treg and CD4+CD25~ responder T
cells (see Fig. 1B). More interestingly, our analysis showed
significant differences in the expression of XCL1 and XCR1
between healthy control (HC) Treg and AA Treg, suggesting an
involvement of this chemokine and its receptor in AA pathobi-
ology (see Fig. 1B).

XCL1 (Iymphotactin) is a chemokine with relatively similar
structure to that of CC and CXC chemokines with its associated
receptor XCR1 (16). XCL1 and XCRI1 are expressed in many
lymphocyte subsets such as T cells and NK cells (17). Besides
its specific chemotactic properties on these cell populations,
XCLI can exert a potent stimulatory effect on their suppression
and cytotoxicity against tumors and responder T cells (18-20).
Moreover, XCL1 has been reported to play a role in recruitment
of lymphocytes to areas of allergic inflammation (21, 22).
Therefore, along with our preliminary mRNA analysis of
XCL1/XCR1 expression by Treg, these evidences prompt us to
examine possible interaction between XCL1 and Treg in AA. In
this study we show that reduced Treg function in AA is
associated with dysregulation of their XCL1 expression, and
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this chemokine is involved in the modulation of Treg-mediated
suppression and cytotoxicity in AA.

Materials and Methods

Human subjects

The study was approved by the Stanford Administrative Panel on Human
Subjects in Medical Research. All subjects signed informed consent forms
before participating in the study. The diagnosis of asthma was assessed via
National Heart, Lung, and Blood Institute guidelines (www.nhlbi.nih.gov/
guidelines/asthma/asthgdln.pdf), using clinical symptoms, signs, and
forced expiratory volume in 1 s (FEV,). Asthma was defined by airflow
obstruction that is at least partially reversible and is measured by spirom-
etry. Reversibility is determined by an increase in FEV, of >200 ml and
>12% from baseline measure after inhalation of short-acting [3,-agonist.
Comprehensive clinical data were collected at each patient visit, including
history, disease severity, medication status, common allergens, IgE level,
and FEV,. AA and nonallergic asthmatics (NA) were classified based on
physical exam, history, and elevated blood IgE levels (>50 IU/ml for AA)
and positive skin tests to allergens (for AA). Patients with FEV, <60%
were considered severe. Those in the range of 60—80% were considered
moderate, and those with FEV, >80% were considered mild. HC were
defined as nonsmoking subjects >13 years of age with a total serum IgE of
<25 TU/ml, negative skin testing as compared with positive histamine con-
trol, and no evidence of lung diseases. In addition, on spirometry testing,
there was no evidence of obstructive or restrictive lung disease for HC.
Bronchoalveolar lavage fluid (BAL) samples were collected with a stan-
dardized protocol for clinical research at Lucile Packard Children’s Hos-
pital (Palo Alto, CA).

Cell isolation

CD4™" T cells were first isolated from buffy coats derived from up to 400
ml of whole blood with CD4 ™" Rosette Kit (StemCell Technologies). CD4 "
T cells were incubated with anti-CD127-allophycocyanin and anti-
CD25-PE and anti CD4-FITC Abs (Miltenyi Biotech) before undergoing
flow cytometry sorting for CD4"CD25""CD127"°"~ Treg and
CD4"CD25 " responder T cells.

Suppression assays

Autologous Treg and responder T cells were cultured at 75,000 cells per
ml of RPMI 1640 plus 10% FBS plus 1% L-glutamine (C medium)
while allogeneic irradiated APCs (CD3™ depleted cells) were cultured
at 750,000 per ml of C medium. Anti-CD3 Abs (clone HIT3; BD Bio-
sciences) were used at 2 pug/ml. Cells and Ab solution were plated at 50
wul per well in 96-well U-bottom plates. Additional medium was added
to wells so that the final volume in each well reached 200 wl. Cells were
pulsed with 1 wCi of thymidine (25 ul) per well on day 6 and harvested
on day 7 with a cell harvester. Thymidine incorporation was determined
using a 1450 Microbeta Wallac Trilux liquid scintillation counter. To
evaluate effects XCL1 and other chemokines on Treg-mediated sup-
pression, recombinant human XCL1 (gifts from the Krensky Labora-
tory, Stanford University, Stanford, CA), CCL1, CCLS5, CCL17, and
CCL22 (PeproTech) were introduced into the assays at various concen-
trations at day 0. For analysis of ex vivo effects of steroids and IL-4 on
Treg function, prednisone (Novartis Pharmaceuticals) and IL-4
(PeproTech) were added at day O to cell cultures at 1000 U/ml. Prolif-
eration assays with Treg alone and responder T cells alone were also
performed in the presence of XCL1 and other chemokines. All assays
were performed in triplicates.

Flow-based killing assay

Treg were left inactivated in C medium with supplemented IL-2 at 10U/ml
for 4 days after purification. Alternatively, they were stimulated with plate-
bound anti-CD3 (clone HIT3; BD Biosciences)/CD46 (clone E4.3; BD
Biosciences) Abs, each at 5 ug/ml, for 4 days in C medium with supple-
mented IL-2 as previously described (23, 24). Responder T cells
(CD4"CD25™ targets) were stimulated with plate-bound anti-CD3/CD28
Abs (BD Biosciences), each at 5 wg/ml, in C medium with supplemented
IL-2 for 4 days. Responder T cells were then labeled with CFSE (Invitro-
gen) at the final concentration of 2 uM at 37°C in the dark for 10 min and
washed with PBS. Treg were cocultured with CFSE-labeled targets for 4 h
at ratio of 5 X 10° or 5 X 10* Treg to 5 X 10* responder T cells (10:1 and
1:1) at 37°C. 7-aminoactinomycin D (7-AAD; Sigma-Aldrich) was added
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after 4 h at 1 pg/ml in PBS with 1% paraformaldehyde before flow cy-
tometry analysis.

Cell staining

For granzyme A and granzyme B detection, Treg were stimulated with
plate-bound CD3/CD46 Abs, each at 5 ug/ml, in C medium with supple-
mented IL-2 at 10U/ml for 4 days. For Foxp3, XCL1, and XCR1 detection,
cells were analyzed right after purification, except for XCL1 incubation
experiments, where cells were incubated with XCLI in C medium and
supplemented IL-2 for 4 days. For IL-10 and TGF-f3 detection, cells were
stimulated with PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (1 ug/ml;
Sigma-Aldrich) for 5 h in the presence of brefeldin A (diluted 1X solution
was added in the last 2.5 h; BioLegend). Cells were fixed and permeabil-
ized with Cytofix/Cytoperm solution (BD Biosciences), then stained with
Abs for Foxp3-FITC (clone 206D), IL-10-PE (BioLegend), granzyme
A-PE (BD Biosciences), and granzyme B-PE (Caltag Laboratories). XCL1/
XCR1 and TGF-B detection were performed with purified anti-human
XCL1/XCR1 and TGF-$ Abs (R&D Systems) and conjugated with FITC
and PE secondary Abs per manufacturers’ standard protocols. Data were
collected on a FACSCalibur (BD Biosciences) and then analyzed with
FlowJo software (Tree Star).

Quantitative PCR (QT-PCR) analysis

RNA was isolated using RNeasy kits (Qiagen) according to the manufac-
turer’s protocol. Similar cell number (200,000 for peripheral blood cells
and 100,000 for BAL cells) were used for each subject. For cDNA syn-
thesis, 500 ng of total RNA was transcribed with cDNA transcription re-
agents (Applied Biosystems) using random hexamers, according to the
manufacturer’s protocol. Gene expression was measured in real time using
primers and other reagents purchased from Applied Biosystems and
SuperArray. All PCR assays were performed in triplicates. Data were pre-
sented as relative fold expression of the candidate gene to the expression of
the housekeeping gene B2-microglobulin.

Statistical analysis

Data were tested for normality and variance equality before being sub-
jected to appropriate statistical tests. All statistical procedures were per-
formed with Prism software (GraphPad). Differences with p < 0.05 were
considered statistically significant. Correction for multiple comparisons
was performed via Bonferroni method.

Results
Decreased XCLI and XCRI expression by allergic asthmatic
Treg

Subjects included 11 HC, 11 mild-to-severe AA, and 7 mild-to-
moderate NA (Table I). CD4*CD25"e"CD127'"~ Treg and
CD47CD25~ cells (responder T cells) were isolated by flow cy-
tometry sorting. Purity of Treg and responder T cells was con-
firmed with intracellular staining for Foxp3 to be more than 95 and
99%, respectively (Fig. 1A). To confirm our preliminary QT-PCR
data (Fig. 1B), we performed flow cytometry analysis of XCL1/
XCR1 protein expression in Treg among three subject groups. Our
results showed a reduced expression of XCL1/XCRI1 in Treg from
AA subjects compared with HC and NA in both percentage of
XCL1-positive cells and the mean fluorescent intensity (MFI) (Fig.
1, C and D). We also examined responder T cells that showed
significantly lower expression of XCL1/XCR1 compared with
Treg, but no significant differences among three subject groups
(Fig. 1, C and D), suggesting that the reduction in XCL1 expres-
sion in AA was specific to Treg.

Furthermore, we collected BAL from allergen-challenged AA,
NA, and HC subjects to investigate the possible involvement of
XCLI in airway inflammation in AA. We first examined XCL1
levels in BAL via ELISA. We found that XCL1 levels from AA
BAL were significantly lower than those from HC and NA subjects
(Fig. 1E). We subsequently purified Treg from these BAL samples
via flow cytometry sorting to analyze their XCL1 expression. Due
to the small numbers of Treg obtained from BAL, we performed
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Table 1. Subject demographics”

XCL1 ENHANCES Treg ACTIVITIES IN HUMAN AA

D Age (years) Duration (years) Severity Medications IgE (IU/ml) Allergen Status FEV, (%)
AAl 35 3 Severe ICS, OCS, Salmeterol 164 Tree, Grass, Mold, Weed 54
AA2 16 14 Severe OCS, Xolair 3470 Tree, Weed, Cat 52
AA3 23 22 Moderate ICS, Salmeterol 2361 Weed, Dust Mite 71
AA4 20 16 Moderate ICS, Salmeterol 1493 Weed, Dust Mite 73
AAS 13 10 Moderate Albuterol 186 Weed, Grass 73
AA6 15 5 Mild ICS, Salmeterol 275 Grass 82
AA7 29 25 Mild Albuterol 205 Grass, Mold 90
AA8 19 5 Mild Albuterol 508 Weed 92
AA9 38 36 Mild Albuterol 292 Tree, Grass 93
AA10 18 2 Mild Albuterol 455 Dust Mite 90
AAll 17 11 Mild Albuterol 141 Weed, Dog 95

22.1 £25 13.6 £3.2 868.2 = 3344 87.5£3.0
NAI 42 21 Moderate ICS, Albuterol less than 50 N/A 69
NA2 44 N/A Mild Albuterol less than 50 N/A 85
NA3 55 N/A Mild Albuterol less than 50 N/A 88
NA4 25 5 Mild Albuterol less than 50 N/A 95
NAS 38 N/A Mild Albuterol less than 50 N/A 92
NA6 19 N/A Mild Albuterol less than 50 N/A 91
NA7 45 25 Mild Albuterol less than 50 N/A 85

38.3 £4.7 17.0 £ 6.1 less than 50 86.4 £ 3.2

“1CS, inhaled corticosteroids; N/A, not available.

QT-PCR analysis of XCL1 mRNA expression in these cells in-
stead of examining XCL1/XCRI1 protein expression. Similar num-
bers of Treg were used for each subject in PCR analysis. Our
results showed that Treg from AA subjects expressed significantly
lower levels of XCL1 mRNA transcripts compared with HC and
NA subjects (Fig. 1F). Altogether, these data suggested that the
reduced XCL1 expression in Treg in AA was associated with air-
way inflammation in the disease.

Allergic asthmatic Treg exhibited suboptimal suppressive and
cytotoxic activities

Standard *H incorporation assays were used to evaluate sup-
pressive activities of Treg against autologous responder T cells.
Responder T cells were exposed to plate-bound anti-CD3 Abs
as TCR stimuli in the presence of irradiated CD3-depleted
APCs from allogeneic HC and autologous Treg. To avoid po-
tential individual variations in proliferative responses of re-
sponder T cells in the interpretation of suppressive function of
Treg, the degree of suppression of responder T cell proliferation
by Treg was quantitated by percentage reduction in *H uptake
in cocultures of Treg and responder T cells compared with cul-
tures of responder T cells alone for each subject. Treg from both
AA subjects and HC exhibited suppressive activities against
responder T cell proliferation (Fig. 2A). However, AA Treg
showed markedly reduced suppressive activities against autol-
ogous responder T cell proliferation in comparison to HC Treg.
This phenomenon was observed at both 1:1 and 1:4 ratios of
Treg to responder T cells (Fig. 2A). Interestingly, Treg from NA
subjects showed no significant changes in suppressive activities
against autologous responder T cell proliferation compared with
HC Treg (Fig. 2A), suggesting that reduced Treg-mediated sup-
pression is specific to AA.

In addition to their ability to suppress cell proliferation, Treg
have recently been shown to possess potent cytotoxicity against
a wide range of target cells upon TCR stimulation by either
anti-CD3/CD28 Abs or anti-CD3/CD46 Abs (23, 24). There-
fore, this functional property of Treg was also examined in AA
subjects by a flow-based killing assay previously described by
Grossman et al. (24). Treg (effectors) were cultured for 4 days
with IL-2 or with additional stimuli and IL-2 while responder T

cells (targets) were activated with IL-2 and plate-bound anti-
CD3/CD28 Abs for 4 days (please see Materials and Methods
for detailed stimulation protocols). At the beginning of the as-
says, responder T cells were labeled with CFSE and incubated
with Treg. Responder T cell death was detected by 7-AAD
staining of CFSE-labeled cells before flow cytometry analysis.
As previously demonstrated, anti-CD3/CD46 stimulation of
Treg and anti-CD3/CD28 stimulation of responder T cells
showed optimal killing of responder T cells by Treg (24). Thus,
this method of activation was chosen to examine Treg function.
We have performed killing assays with anti-CD3/CD28 stimu-
lation of Treg and killings assays with unactivated responder T
cells and found suboptimal cytotoxicity, similar to studies de-
scribed by Grossman et al. (Ref. 23; data not shown). The
4-hour killing assays at 1:1 ratio of Treg to autologous re-
sponder T cells showed evidence of responder T cell death,
which increased with IL-2 and anti-CD3/CD46 stimulation of
Treg compared with Treg from cultures with IL-2 alone, in both
HC and NA subjects (Fig. 2C). Surprisingly, killing was unde-
tectable in AA subjects when Treg were not activated with anti-
CD3/CD46 Abs (Fig. 2C). By either adding anti-CD3/CD46
Abs or increasing cell ratio to 10:1 of Treg to autologous re-
sponder T cells, responder T cell death became apparent in AA
subjects but failed to reach the level from both HC and NA
subjects under the same experimental conditions (Fig. 2C).
Along with findings in suppression assays, these results sug-
gested a reduced regulatory function of Treg from AA subjects.

To rule out the possibility that the suboptimal suppression and
cytotoxicity observed above resulted from decreased susceptibility
of responder T cells to Treg activities, we have performed sup-
pression assays and killing assays with mixed allogeneic T cells
from HC and AA subjects. Treg or responder T cells from each AA
subject were paired with their HC counterparts in suppression and
killing assays. AA Treg showed reduced killing and suppression of
allogeneic responder T cells from HC subjects, whereas HC Treg
exerted optimal cytotoxicity and suppression against allogeneic
AA responder T cells (Fig. 2, B and D). These data suggested that
the reduced suppression and killing observed in this study resulted
from defective Treg function in AA.
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FIGURE 1. XCLI1 and XCR1 expression by Treg and responder T cells among three subject groups. A, Purity of flow cytometry-sorted Treg (top row)

and responder T cells (bottom row) in AA, HC, and NA representatives. FACS plots showed expression of CD25 and Foxp3 in sorted cells. B, Expression
of mRNA transcripts of chemokines and chemokine receptors by Treg and responder T cells in HC and AA subjects (n = 5 for each group). Data were
presented as fold expression of a candidate gene over the expression of the housekeeping gene B2-microglobulin. p values represented significant differences
from unpaired ¢ tests that had been corrected for multiple comparisons with Bonferroni method. C and D, Protein expression of XCR1 and XCLI1 by Treg
and responder T cells from AA (n = 7), HC (n = 5), and NA (n = 5) subjects. p values represented significant differences from ANOVA tests. E, Expression
of XCLI1 in BAL from AA, HC, and NA subjects by ELISA. F, Expression of XCL1 by BAL Treg from AA, HC, and NA subjects by QT-PCR. In E and
F, p values represented significant differences from Mann-Whitney tests that had been corrected for multiple comparisons with Bonferroni method (n =
4 for each group). Bar heights with SD error bars represented the average value of a triplicate sample. Dot plot graphs with horizontal bars represented

median values.

Reduced Treg function in allergic asthmatics correlated with
decreased XCLI expression

Expression of molecules implicated in Treg-mediated suppres-
sion and cytotoxicity was examined next by intracellular stain-
ing on purified Treg. Our analysis focused on the expression of
Foxp3, IL-10, TGF-f3, granzyme A, and granzyme B. Treg from
all subject groups express similar numbers of Foxp3™ cells
(>95%); however, Treg from AA subjects expressed signifi-
cantly lower levels of Foxp3 than HC and NA subjects via MFI
analysis (Fig. 3A). IL-10 and TGF-S expression by Treg were
similar among HC, AA, and NA subjects (Fig. 3, B and O).
However, upon receiving anti-CD3/CD46 stimuli, AA Treg ex-
pressed markedly lower levels of granzyme A, in terms of gran-
zyme A" cells and MFI, and lower levels of granzyme B, in
terms of MFI, than did HC and NA subjects (Fig. 3, D and E).
Correlation analysis showed that Foxp3 expression positively
correlated with Treg-mediated suppression of responder T cell

proliferation, whereas granzyme A expression positively corre-
lated with Treg-mediated cytotoxicity against responder T cells
in AA subjects (Table II). Furthermore, XCL1 expression pos-
itively correlated with expression of Foxp3 and granzyme A
and granzyme B (Table II). We have performed correlation
analysis with XCR1 expression and found no significant corre-
lations with Treg function (data not shown). Altogether, these
data suggested that lower level of XCL1 was associated with
dysfunctional Treg activity in AA.

XCLI enhanced Treg-mediated suppression and cytotoxicity in
allergic asthmatics

XCL1 has been shown to improve immune suppression (18—
20). Along with this finding, the association between reduced
Treg function and decreased XCL1 expression in AA Treg
prompted us to examine the hypothesis that exogenous XCL1
could possibly improve Treg activity in AA. We introduced
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FIGURE 2. Quantitation of in vitro suppressive and cytotoxic activities of Treg among three subject groups. A, Bar graphs showed representatives of sup-
pression assays in HC, AA, and NA subjects. Dot plot graphs showed summary of degree of suppression at 1:4 and 1:1 ratio of Treg to responder T cells. B,
Allogeneic suppression assays at 1:4 and 1:1 ratio of Treg to responder T cells. C, Bar graphs showed representatives of killing assays in HC, AA, and NA subjects.
Treg (inactivated or activated with anti-CD3/CD46 Abs) and responder T cells (activated with anti-CD3/CD28 Abs in all experiments) were cocultured at 1:1 and
10:1 ratios. Killing was quantitated by levels of 7-AAD incorporation by CFSE* responder T cells in each cell culture. Dot plot graphs showed summary of degree
of killing at 1:1 and 10:1 ratio of Treg to responder T cells. D, Allogeneic killing assays at 1:1 and 1:10 ratio of Treg to activated responder T cells. Horizontal
bars in dot plot graphs represented median values. In A and C, bar heights with SD error bars represented the average value of a triplicate sample. p values
represented significant differences from ANOVA tests of AA (n = 11), HC (n = 11), and NA (n = 7) subjects. In B and D, bar heights with SD error bars
represented the average value of five subjects. p values represented significant differences from ANOVA tests (n = 5 for each group).

XCL1 in suppression assays and killing assays of Treg against those concentrations of XCL1 used by previous studies (17, 21).
responder T cells from AA subjects. The optimal dose of XCL1 For suppression assays, XCL1 was added in cell cultures at the
was determined to be 200 ng/ml (Fig. 44), which was similar to beginning of the 7-day assay. For killing assays, XCL1 was
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FIGURE 3. Expression of effector molecules of Treg function among three subject groups. A, Foxp3 expression by Treg in AA, HC, and NA subjects.
B, IL-10 expression by Treg in AA, HC, and NA subjects. C, TGF-f3 expression by Treg in AA, HC, and NA subjects. D, Granzyme A expression by Treg
in AA, HC, and NA subjects. E, Granzyme B expression by Treg in AA, HC, and NA subjects. Data were presented by means of percentages as well as
MEFI of cells that expressed candidate molecules. Horizontal bars in dot plot graphs represented median values. p values represented significant differences
from ANOVA tests of AA (n = 7), HC (n = 5), and NA (n = 5) subjects.
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Table II. Correlation analysis of selected parameters of Treg function, clinical assessment of allergic asthma, and XCLI expression

by Treg

FoxP3 MFI versus

Degree of Suppression 4:1 Ratio

Degree of Suppression 1:1 Ratio

N 7
RValue 0.8929
p Value 0.01239

7
0.7857
0.048

Granzyme A MFI versus

Degree of Killing 10:1 Ratio

Degree of Killing 10:1 Ratio with CD3/CD46

N 7 7
RValue 0.955 0.8829
p Value 0.0028 0.0123
XCLI1 MFI versus Foxp3 MFI
N 7
RValue 0.937
p Value 0.0067

XCL1 MFI versus

Granzyme A MFI

Granzyme B MFI

N 7
RValue 0.8469
p Value 0.0238

7
0.8455
0.0238

FEV, (%) versus

Degree of Suppression 4:1 Ratio

Degree of Suppression 1:1 Ratio

N 11
RValue 0.621
p Value 0.0414

11
0.7443
0.0086

FEV, (%) versus

Degree of Killing 10:1 Ratio

Degree of Killing 10:1 Ratio with CD3/CD46

N 11 11
RValue 0.6995 0.8238
p Value 0.0166 0.0018

added at the beginning of the 4-day activation period of Treg
with IL-2 and plate-bound anti-CD3/CD46 Abs. Suppression
assay results showed a significant enhancement of AA Treg
suppression of autologous responder T cell proliferation at 1:1
cell ratio in the presence of XCL1 (Fig. 4B). Further cultures of
AA Treg/responder T cell alone in the presence of XCL1 indi-
cated no significant effects of XCL1 on either Treg or responder
T cell proliferation, suggesting that XCL1 modulated suppres-
sive activity of Treg rather than proliferative potential of re-
sponder T cells or Treg (Fig. 4C). Killing assays of AA Treg
against autologous responder T cells also showed a significantly
elevated level of responder T cell death in cultures with XCL1
(Fig. 4B). This phenomenon was not due to XCL1 effects on
cell viability, because analysis of both Treg and responder T
cells before and after 4-day cultures by trypan blue exclusion
assay or propidium iodide/annexin staining showed no signifi-
cant signs of XCL1-induced cell death (data not shown).
Because chemokines possess shared signaling pathways, we
also tested the specificity of the XCL1 effect by introducing
other chemokines such as CCL1, CCLS5, CCL17, and CCL22
into suppression and killing assays. These chemokines were
chosen due to their suggested involvement in Treg function and
AA. Interestingly, CCL1, CCL17, and CCL22 did not enhance
regulatory activities of AA Treg (Fig. 4B). CCL5, a chemokine
associated with T cell activation and proliferation (25, 26), as
well as asthma exacerbation (27, 28) in similar experimental
settings, resulted in further reduction in AA Treg-mediated sup-
pression and cytotoxicity (Fig. 4B). Cultures of CCLS5 with Treg
or responder T cell alone also suggested that CCLS5 possibly

reduced Treg function by acting via expansion/activation of re-
sponder T cells, because CCL5 incubation induced a significant
increase in responder T cell proliferation but not Treg prolif-
eration (Fig. 4C).

To confirm the role of XCL1 in modulating Treg function, we
performed suppression assays and killing assays with XCL1 and
XCRI neutralizing Abs. We performed these assays on HC sub-
jects that exhibited normal Treg function. These blocking re-
agents were added at day O in suppression assays and at the
beginning of the 4-day activation period of Treg in killing
assays. In suppression assays, both neutralizing Abs re-
duced Treg suppressive function against responder T cell pro-
liferation (Fig. 4D). Killing assays with XCL1 or XCR1 neu-
tralizing Abs also resulted in a reduction in cytotoxicity of Treg
against target cells (Fig. 4D). Similar experiments were per-
formed with “negative control” IgG1 Abs (BD Biosciences) that
did not show any influences on regulatory activities of Treg
(Fig. 4D).

XCLI up-regulated expression of XCR1/XCLI and molecules
associated with Treg-mediated suppression and cytotoxicity in
allergic asthmatics

In association with these functional findings, we examined the ef-
fects of recombinant XCL1 on the expression of Foxp3, IL-10,
TGF-, granzyme A, and granzyme B, as well as XCL1/XCRI1 by
Treg. For Foxp3, IL-10, TGF-S, and XCL1/XCR1 detection, Treg
were incubated with XCL1 in C medium with IL-2 supplement for
4 days before analysis. For granzyme A and granzyme B detection,
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FIGURE 4. Modulation of Treg-mediated suppression and cytotoxicity by XCL1. A, Effects of exogenous XCL1 and several other chemokines
on Treg-mediated suppression of responder T cell proliferation at different concentrations. Representative data of cocultures of Treg and responder
T cells at 1:1 ratio comes from an AA subject. Each data point represented the average values of a triplicate sample from an AA subject. B, Effects
of XCLI and several other chemokines on Treg-mediated suppression and cytotoxicity against autologous responder T cells in AA subjects. Optimal
concentration of XCL1 and CCLS5 (200 ng/ml) were used in these experiments. Chemokines that showed no effects on Treg function were also used
at 200 ng/ml. Horizontal bars in dot plot graphs represented median values. p values represented significant differences from paired ¢ tests between
assays with AA cells alone and assays with chemokine-primed AA cells (n = 11 for each group). C, Effects of XCL1 and several other
chemokines on Treg anergy and responder T cell proliferation in AA subjects. Fold changes in proliferation were compared with 1 (indicating no
changes) in statistical tests. Increased proliferation of CCLS5-primed responder T cells was statistically significant (p < 0.0001). D, Suppres-
sion and killing assays with blocking Abs against XCL1 or XCR1 in HC subjects. Optimal concentrations of blocking Abs were determined to be
25 wg/ml (R&D Systems). Negative control Abs (IgG1 Abs with low endotoxin; BD Biosciences) were used at the same concentration. Bar heights
with SD error bars represented the average value of 5 subjects. p values represented significant differences from ANOVA tests (n = 5 for each

group).

Treg were incubated with XCL1 and anti-CD3/CD46 Abs in C
medium with IL-2 supplement for 4 days. Exogenous XCL1 en-
hanced the expression of Foxp3, IL-10, TGF-B, granzyme A, and
granzyme B by Treg (Fig. 5, A-D). On the contrary, similar ex-
periments performed with other chemokines such as CCL1, CCLS5,
CCL17, and CCL22 did not show any significant modulatory ef-
fects of these chemokines on the expression of these proteins. In-
terestingly, incubation of Treg with XCLI1 up-regulated their
XCLI1 and XCR1 expression (Fig. 5, F and G), suggesting that
XCL1 may act on Treg via a positive feedback, autocrine
mechanism.

Regulatory activities and XCL1 expression in allergic asthmatic
Treg were enhanced by steroid usage and inhibited by
exogenous IL-4

We next examined possible correlations between the reduction
in Treg function and disease parameters of asthma such as IgE
levels, disease severity, FEV,, disease duration, and allergic
status. We found no significant correlation between Treg func-
tion and IgE level, disease duration, or allergic status (data not
shown). Treg from AA subjects with moderate to severe asthma
had lower suppressive and cytolytic function compared with
those from mild AA subjects. However, the differences were not
statistically significant (data not shown). Degrees of suppres-
sion and killing were positively correlated with FEV, (Table
II). We did not analyze the correlation between inhaled corti-
costeroid usage and Treg function because blood samples from

these subjects were obtained after they had been on a 48-h
steroid withdrawal. Thus, their medication status might not rep-
resent the effects of inhaled corticosteroid on immune cells in
peripheral blood.

To test whether steroids could enhance Treg function, and to
assess the possible biological and clinical relevance of the ability
of XCL1 to enhance Treg function in AA subjects, we examined
AA Treg function in AA subjects with asthma exacerbation who
were treated with oral corticosteroid (OCS). AA subjects (AA1,
AA2, AA3, AA4, and AAS) were effectively treated with OCS,
and their blood samples were analyzed at day 2 of 5-day treatment
with OCS at 40 mg per day. Studies of Treg function from these
samples showed a significant increase in Treg activity (Fig. 6A).
We also tested ex vivo incubation of high dose prednisone (1000
ng/ml) with Treg from AA subjects that were on 48-h steroid with-
drawal and found that ex vivo treatment of AA Treg with steroids
also enhanced their suppressive and cytotoxic activities (Fig. 6A).
On the contrary, addition of high-dose IL-4 (1000 U/ml) to sup-
pression and killing assays of Treg obtained from OCS-treated AA
subjects reversed the steroid-mediated functional enhancement of
Treg (Fig. 6A).

To test whether steroids and IL-4 might enhance Treg func-
tion via modulation of their XCL1/XCR1 expression, we ex-
amined XCL1/XCRI levels in Treg from AA subjects before
and after OCS treatment, as well as Treg from OCS treated
subjects that were subsequently incubated with high dose IL-4.
XCL1 and XCR1 expression in Treg from AA subjects were
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FIGURE 5. Modulation of expression of effector molecules of Treg function by XCL1. A, Effects of XCL1 and several other chemokines on Foxp3 expression
of Treg in AA subjects. B, Effects of XCL1 and several other chemokines on IL-10 expression of Treg in AA subjects. C, Effects of XCL1 and several other
chemokines on TGF-£3 expression of Treg in AA subjects. D, Effects of XCL1 and several other chemokines on granzyme A expression of Treg in AA subjects. E, Effects
of XCL1 and several other chemokines on granzyme B expression of Treg in AA subjects. F, Effects of XCL1 and several other chemokines on XCR1 expression of Treg
in AA subjects. G, Effects of XCL1 and several other chemokines on XCL1 expression of Treg in AA subjects. Data were presented by means of percentages as
well as MFI of cells that expressed candidate molecules. Horizontal bars in dot plot graphs represented median values. p values represented significant differences
from paired ¢ tests between assays with AA cells alone and assays with chemokine-primed AA cells (n = 7 for each group).

significantly elevated after OCS treatment (Fig. 6, B and B). In
contrast, exogenous IL-4 suppressed XCL1/XCR1 expression
by Treg (Fig. 6, B and C). Altogether, these findings suggested
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FIGURE 6. Modulation of Treg function and XCLI expression by steroids and exogenous IL-4. A, Suppression assays and killing assays of Treg against
responder T cells in HC subjects (n = 11), sarcoidosis subjects (n = 5), sinusitis on high-dose OCS subjects (n = 5), atopic dermatitis subjects (n = 6), AA on
ex vivo prednisone (n = 6, ex vivo experiments), AA on 48 h steroid withdrawal before blood drawn (n = 11), AA on high-dose OCS (n = 6), AA on high-dose
OCS and ex vivo high-dose IL-4 (n = 6). B, XCR1 expression by Treg in AA on 48-h steroid withdrawal before blood was drawn, AA on high-dose OCS, AA
on high-dose OCS and ex vivo high-dose IL-4 (n = 5 for each group). C, XCLI expression by Treg in AA on 48 h steroid withdrawal before blood drawn,
AA on high-dose OCS, and AA on high-dose OCS and ex vivo high-dose IL-4 (n = 5 for each group). Data were presented by means of percentages as well as
MEFI of cells that expressed candidate molecules. Horizontal bars in dot plot graphs represented median values. p values represented significant differences from
paired 7 tests among assays with AA cells alone and assays with AA cells subjected to different treatments and experimental conditions.
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Discussion

Even though chemokines have been implicated in immune toler-
ance by Treg, their effects have mostly been associated with en-
hanced motility of total Treg or a Treg subset in response to che-
mokines produced during inflammation in a particular disease.
Data presented in this study provided a direct linkage between
XCL1 and Treg function in humans. We found that the reduction
in peripheral Treg function was associated with decreased XCL1
expression by Treg in AA, and airway inflammation in AA was
associated with decreased XCL1 levels from BAL and BAL Treg.
Furthermore, we showed the potent modulatory effect of recom-
binant human XCL1 in rescuing the impaired Treg function in AA.
Mechanistically, our data suggested that XCL1 neither affected the
proliferative capacity of responder T cells and Treg nor induced
their apoptosis. In fact, AA Treg incubated with XCL1 up-regu-
lated their expression of chief effector molecules of their cytotox-
icity and suppressive function. Foxp3, granzyme A, and granzyme
B expression were up-regulated in AA Treg that were incubated
with XCL1. IL-10 and TGF-@ levels in AA Treg were not de-
creased compared with control subjects but were also up-regulated
by exogenous XCLI treatment. These results suggested that the
XCL1 might act on (a) common regulatory molecule(s) which is
(are) upstream of these effector molecules of Treg function. Inves-
tigation of candidate regulatory molecules, such as STATS (pre-
viously implicated in regulating cytotoxic enzyme expression; Ref.
29), Foxp3 expression (30), and IL-10 expression (31) in several
lymphocyte subsets (including Treg) is underway in our labora-
tory. Furthermore, exogenous XCL1 also up-regulated the expres-
sion of XCL1 and XCR1 by Treg, suggesting that it might act via
an autocrine, positive feedback mechanism. This hypothesis was
strengthened by data from blocking XCL1 and XCRI1 experiments
as neutralizing Abs impeded Treg-mediated suppression and cy-
totoxicity. Because neutralizing XCL1 signaling only resulted in a
partial reduction but not a complete abrogation of Treg suppressive
function and cytotoxicity, it is likely that XCL1 signaling is not the
one and only determinant, but is one of several signaling networks
that control Treg activity. Nevertheless, these results suggested a
potential role for XCL1 in optimal functional maintenance of Treg.

It is well-established that chemokine responses in lymphocytes,
specifically in T cells, occur via shared pathways. Therefore, it is
likely that other chemokines could also enhance Treg function in
a similar manner. We have tested several chemokines, such as
CCL1, CCL5, CCL17, and CCL22, and found that unlike XCL1,
these chemokines were not able to enhance the defective Treg
function in AA. In addition, the specificity of XCL1 activity was
confined within the Treg population, but not responder T cells.
Even though responder T cells express lower levels of XCRI1,
which could be a potential explanation for its lower responsiveness
to XCL1, it is still possible that there is differential intracellular
connectivity between Treg and responder T cells downstream of
XCL1. Altogether, these observations suggested that distinct sig-
naling pathways and/or regulatory mechanisms might be available
to XCL1 and Treg. Investigation of key signaling cascades asso-
ciated with Treg function and GPCR/XCLI1 signaling, such as the
AKT/PTEN/mTOR and STATS pathways, is underway in our lab-
oratory to further explore the mechanism of action of XCLI1
on Treg.

In contrast with previous studies that demonstrated that decrease
in Treg function is only limited to a subset of AA subjects (5, 6,
32), our study used a more stringent gating method for flow sorting
procedure to avoid contamination of CD25"2" activated effector T
cells (particularly present in high frequency in peripheral blood of
severe AA subjects). This difference in methodology could per-
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haps be the reason why those studies did not find a consistent
decrease in Treg function in AA. Furthermore, we found no ab-
normality in suppressive and killing function of Treg in subjects
with other allergic and pulmonary diseases, which were consistent
with previous reports (Fig. 64). Vukmanovic-Stejic and colleagues
reported that circulating Treg from atopic dermatitis subjects were
able to suppress responder T cell proliferation (33). Miyara and
colleagues found that circulating Treg from sarcoidosis failed to
suppress TNF-a production by responder T cells but indeed pos-
sessed potently suppressive activities against responder T cell pro-
liferation (34). Cytotoxic potential of Treg was not examined in
these studies. Altogether, these data suggested that suboptimal cy-
totoxicity and suppressive function of Treg are specific to AA but
not other allergic and pulmonary diseases. However, our data did
not rule out the possibility that Treg function in other allergic and
pulmonary diseases exhibits distinct suboptimal regulatory func-
tions. An explanation for distinct abnormalities in Treg function
observed in several allergic and pulmonary diseases could be that
each disease possesses a signature inflammatory environment.
Thus, the effects of systemic and/or local cytokine/chemokine mi-
lieu of each disease on Treg function might very well be different.

Our studies did not rule out the possibility that XCL1/Treg dys-
function is the primary defect in AA; however, data presented in
this study suggested that the defective Treg function in AA might
be secondary to abnormalities in other immune responses in the
disease. First, OCS, an immunosuppressive reagent that effectively
reduced the predominant Th2 cytokine environment in AA, could
correct the impaired Treg function in AA. In addition, this func-
tional enhancement was associated with the up-regulation of
XCL1. Second, Treg from OCS-treated subjects (with normalized
suppressive and cytotoxic activities) incubated with high-dose
IL-4 in vitro exhibited significantly lower regulatory activities,
which associated with their lower expression of XCL1. These re-
sults were consistent with a previous report that also found that
XCLI expression in lymphocytes could be suppressed by high-
dose IL-4, a signature cytokine in AA pathogenesis (18). Thus, it
is plausible to suggest that decreased XCL1 level in Treg and their
associated suboptimal suppression and cytotoxicity could result
from the presence of IL-4 at high concentration both systemically
and locally (i.e., in the airway) in AA. Furthermore, it is also
possible that OCS might indirectly modulate Treg function in AA
by suppressing the inflammatory manifestation driven by IL-4.
Collectively, these results suggested that altered inflammatory en-
vironment in AA is a possible cause of the defective Treg function
and XCL1 expression in the disease.

In conclusion, our study described a reduction in Treg function
in AA that is associated with dysregulated XCL1 expression. More
importantly, data presented in this study pointed to a novel role of
the chemokine XCL1 in the functional maintenance of Treg. Thus,
XCL1 is a promising molecular target for therapeutic development
to rescue Treg-mediated immune regulation in AA and possibly
other diseases.
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