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Contribution of CCR4 and CCRS8 to antigen-specific T2 cell
trafficking in allergic pulmonary inflammation

Zamaneh Mikhak, MD,* Mieko Fukui, MD,? Alireza Farsidjani, BS,? Benjamin D. Medoff, MD,** Andrew M. Tager, MD,*®

and Andrew D. Luster, MD, PhD? Boston, Mass

Background: Recruitment of antigen-specific Ty2 cells into the
lung is critical for the development of allergic airway
inflammation. Although CCR4 and CCRS are preferentially
expressed on Ty2 cells and CCR4, CCR8, and CXCR3 ligands
are increased in asthma, the specific relative contribution of
these receptors to antigen-specific Ty2 cell trafficking into the
allergic lung is not known.

Objective: To determine the relative contribution of the
chemokine receptors CCR4, CCR8, and CXCR3 to antigen-
specific T2 cell trafficking in a murine model of allergic
pulmonary inflammation.

Methods: We used adoptive transfer experiments to compare
the trafficking of wild-type antigen-specific Ty2 cells with
antigen-specific Ty2 cells deficient in CCR4, CCRS, or CXCR3.
Results: CCR4-deficient antigen-specific T2 cells failed to traffic
efficiently into the lung and the airways. In contrast, CCRS8-
deficient antigen-specific T2 cells accumulated in these sites.
Trafficking of CXCR3-deficient antigen-specific Ty2 cells and
CCR4-deficient and CCR8-deficient antigen-specific Ty1 cells
were comparable to their wild-type counterparts. Approximately
60% of IL-4-producing antigen-specific T cells expressed CCR4.
Disruption of CCR4-mediated antigen-specific T2 cell
trafficking decreased the levels of Ty2-type cytokines in the
airways and reduced airway eosinophilia and mucus production.
Conclusions: Our study demonstrates that CCR4 is required for
the efficient entry of antigen-specific T2 cells into the lung and
the airways in a murine model of allergic pulmonary
inflammation. (J Allergy Clin Inmunol EEEE; ENN:NEN-NEN,)
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The accumulation of Ty2 cells in the airways after antigen
challenge is critical for the development of allergic airway inflam-
mation and has been shown to be a result of T2 recruitment from
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Abbreviations used
7-AAD: 7-Amino-actinomycin D
BAL: Bronchoalveolar lavage fluid
BrdU: 5-Bromo-2-deoxyuridine
CCL: CC chemokine ligand
CCR: CC chemokine receptor
CXCL: CXC chemokine ligand
CXCR: CXC chemokine receptor
PAS: Periodic acid-Schiff
TLN: Thoracic lymph node

draining lymph nodes and not from proliferation in the lung or
airways.1 This recruitment process depends on chemoattractant
receptor signaling on antigen-specific Ty2 cells” in response to
signal transducer and activator of transcription 6-inducible
chemokines in the lung.3

CCR4 and CCRS8 are chemokine receptors preferentially ex-
pressed on T2 cells*” and therefore are likely to participate in the
recruitment of antigen-specific Ty2 cells to sites of allergen
exposure. CD4™ T cells that infiltrate the lung or the airways of
patients with asthma have been shown to express not only CCR4
and CCR8 but also CXCR3.*"'? Furthermore, CCR4, CCR8, and
CXCR3 ligands are increased in the lung or the bronchoalveolar
lavage fluid (BAL) of patients with asthma and in mouse models
after allergen challenge.'''® These studies implicate CCR4,
CCRS8, and CXCR3 in T-cell trafficking in asthma but do not estab-
lish the specific functional roles of these receptors or their relative
contribution to the trafficking of antigen-specific T2 cells.

Despite the preponderance of indirect evidence in the literature
for a critical role for CCR4 and CCRS in the pathogenesis of
asthma, studies using CCR4-deficient or CCR8-deficient mice
have led to conflicting results. Although some studies show a
decrease in markers of allergic airway inflammation,'>'7"" other
studies show no difference between wild-type and CCR4-deficient
or CCR8-deficient mice.?> This raises the possibility that CCR4
and CCRS8 may play different roles on different cell types with the
final outcome depending on the balance of the effect of CCR4 or
CCRS8 deficiency on different cells. For example, CCR4 and
CCRS are not only expressed on T2 cells, which are sufficient
to induce the asthma phenotype,’?’24 but are also expressed on reg-
ulatory T cells, which attenuate the asthma phenotype.?>>’ There-
fore, to understand the role of CCR4 and CCRS in the pathogenesis
of asthma, one must examine the role of these receptors in each cell
type. Furthermore, understanding the relative contribution of each
chemokine receptor to the trafficking of Ty2 cells and its degree of
overlap with other receptors is a prerequisite to assessing the effi-
cacy of blocking any one receptor as a therapeutic strategy.
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Here we compare the impact of CCR4, CCR8, or CXCR3
deficiency on the trafficking of antigen-specific Ty2 cells by using
an adoptive transfer model of allergic pulmonary inflammation and
define the relative contribution of CCR4, CCR8, and CXCR3 to
Ty2 cell trafficking in asthma pathogenesis.

METHODS
Mice

Thy1.1* OTIL, Thy1l.2" OTIL and CXCR3 /" mice were obtained as previ-
ously described.”® CCR8 ™'~ mice were a gift from Sergio A. Lira (Mount Sinai
School of Medicine, New York, NY).]7 CCR4 ™'~ and C57BL/6 mice were pur-
chased from the Jackson Laboratory. All mice were in the C57BL/6 background.
CCR4™/~OTII, CXCR3 ™/~ OTII, CCR8 '~ OTII, and Thy1.1" Thy1.2* mice
were bred in our laboratory. Chemokine receptor-deficient OTII mice were gen-
erated by breeding male OTII mice with female chemokine receptor—deficient
mice. The male mice from the first generation were bred again with female che-
mokine receptor—deficient mice. The chemokine receptor—deficient male mice
in the second generation were identified by genotyping using specific
primers.'7?*?° All mice were age-matched and sex-matched and used at 6 to
8 weeks of age. Mice were housed under specific pathogen-free conditions.
All experiments were performed according to protocols approved by the Massa-
chusetts General Hospital Subcommittee on Research Animal Care.

Generation of Ty2 and Ty1 cells

CD4™" T cells were isolated from spleens and pooled lymph nodes of OTII and
chemokine receptor—deficient OTII mice by using CD4 Dynabeads (Dynal,
Invitrogen, Carlsbad, Calif). Purified CD4™ T cells (5 X 10° cells/mL) were
activated in the presence of irradiated (3000 rad) splenocytes (2 X 10° cells/
mL), 1 ug/mL ovalbumin peptides»3_339, and 1.5 ug/mL anti-CD28 (BD Phar-
mingen, San Diego, Calif) in a 24-well plate. T2 cells were generated by
activating the cells in the presence of IL-4 (PeproTech, Rocky Hill, NJ) and
anti-IFN-y (R46A2). Tyl cells were generated by activating the cells in the
presence of IL-12 (PeproTech) and anti-IL-4 (11B1 1).2% Cells were fed with
IL-2 (5-10 U/mL; PeproTech) initially on day 2 and then daily until used between
days 5 and 7. Intracellular staining was performed as previously described.”®

Adoptive transfer models

For competitive adoptive transfers, OTII (Thy1.1") and chemokine recep-
tor—deficient OTIL (Thy1.2+) cells were mixed at a 1:1 ratio at 20 million
cells/mL and injected into recipient Thy1.1*Thy1.2" mice. For separate adop-
tive transfers, 5 million OTII (Thy1.2™) or chemokine receptor—deficient OTII
(also Thy1.2™) Ty;2 cells were injected into separate Thyl.1" recipient mice.
All injections were performed at 0.5 mL via the tail vein. One day after adop-
tive transfer, mice were given 3 daily 5% ovalbumin (Sigma, St Louis, Mo)
challenges, for 20 minutes each day, by using a nebulizer (Pulmo Aide, Devil-
biss, Somerset, Pa). In some experiments, 2 mg, 5-bromo-2-deoxyuridine
(BrdU) at 10 mg/mL was injected intraperitoneally before the third ovalbumin
challenge. Either 2 or 24 hours after the last challenge, BAL, lungs, thoracic
lymph nodes (TLNs), and spleens were isolated.

BAL and lymphocyte isolation

BAL was performed with six 0.5-mL aliquots of PBS with 0.6 mmol/L
EDTA. Lungs were minced and digested in RPMI medium containing 0.28
Wunsch U/mL Liberase Blenzyme (Roche, Garden City, United Kingdom)
and 30 U/mL DNase (Sigma) for 45 minutes at 37°C. Single-cell suspensions
from tissues were passed through 70-pm cell strainers (Fisher, Pittsburgh, Pa),
lysed with red blood cell lysis buffer (Sigma), and washed. BAL differential
cell counts were determined using Diff-Quik—stained (Baxter Diagnostics,
Deerfield, I11) cytocentrifuged cell preparations.

Flow cytometry reagents
Fluorescent-conjugated antimouse mAbs and 7-amino-actinomycin D
(7-AAD) were from BD Pharmingen. Staining for CCR4 was performed
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FIG 1. Contribution of CCR4, CCR8, and CXCR3 to antigen-specific T2 cell
trafficking. A, Homing indices for the OTIl and CCR4™"OTIl (n = 14 in 4
experiments), OTIIl, and CXCR3™OTll (n = 6in 2 experiments) and OTII
and CCR8 ™/~ 0TIl Ty2-cell cotransfers (n = 17in 5 experiments). B, Sample
flow-cytometry plots. C, Homing indices for OTIl and CCR4~/~OTIl and OTII
and CCR8/~OTII Ty1 cell cotransfers (n = 6-9 in 2 to 3 experiments).

with a chimeric CCL22-IgG fusion protein from Daniel J. Campbell** (Benar-
oya Research Institute, Seattle, Wash) after blocking with rat and mouse serum
(Sigma). Fluorescent-conjugated F(ab’)2 fragment, goat antihuman IgG (Fc-
specific; Jackson Immunoresearch Laboratory, West Grove, Pa) was used as
the secondary reagent.

Airway hyperreactivity

Mice were anesthetized with ketamine (80 mg/kg), intubated, placed in a
whole-body plethysmograph (Buxco, Wilmington, NC), and ventilated with a
rodent ventilator (Harvard Apparatus, Holliston, Mass). The average resis-
tance and compliance were determined by software over a period of 3 minutes
after exposing the mice to aerosolized methacholine (Sigma) at doubling con-
centrations from 0 to 16 mg/mL delivered in line with the ventilator breaths.

Quantitative PCR

RNA was isolated from lung (Qiagen, Hilden, Germany) and converted to
cDNA and analyzed by quantitative PCR as previously described® with the
Mx4000 Multiplex Quantitative PCR System (Stratagene, Agilent Technolo-
gies, Santa Clara, Calif).

Cytokine and chemokine analysis
Cytometric bead array (BD Biosciences) and ELISA kits (R&D Systems,
Minneapolis, Minn) were used per the manufacturer’s instructions.

Histology

Paraffin-embedded lung tissue was stained with hematoxylin and eosin or
periodic acid-Schiff (PAS). A blind investigator scored tissue sections based on
extent of cellular infiltration and loss of normal lung architecture with O = normal,
1=<25%,2 = 25% t0 50%, 3 = 50% to 75%, and 4 = >75% of lung tissue with
inflammation. PAS scores were assigned by a blind investigator examining 10
consecutive fields per slide with 0 = <5% PAS-positive goblet cells, 1 = 5% to
25%, 2 = 25% to 50%, 3 = 50% to 75%, and 4= >75% staining.”'

Statistical analysis

All experiments were performed at least twice with a minimum of 3 mice per
group per experiment. Each mouse was used as a data point. Pooled data are
presented as means = SEMs. Statistical significance was determined using the
unpaired 2-tailed Student 7 test in experiments comparing 2 groups and by
ANOVA in experiments comparing 3 groups. P <.05 was considered significant.
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FIG 2. Impact of CCR8 deficiency on in vivo proliferation of antigen-specific Ty2 cells. A, Sample flow-
cytometry plots of BrdU incorporation by CD4*Thy1.2" cells in OTIl and CCR8™/~OTIl Ty2-cell recipients.

n

6 to 7 per group in 2 experiments. B, Percentage of BrdU"CD4"Thy1.2"* cells. C, Number of

CD4*Thy1.2* cells. D, Number of BrdU"CD4*Thy1.2" cells. E, Fold difference, calculated as number of
CD4"Thy1.2* cells in CCR8 ™/~ OTII T,2-cell recipients:number of CD4*Thy1.2" cells in OTII T.2-cell recipi-
ents at 2 and 24 hours after the third ovalbumin challenge. n = 6 to 7 per group per time in 2 experiments.

RESULTS

CCR4 deficiency diminishes antigen-specific Ty2 cell
trafficking into the lung and the airways, whereas
CXCR3 and CCR8 deficiency are not associated with
a trafficking defect

To study the relative contribution of CCR4, CCRS, and CXCR3
to the trafficking of antigen-specific Ty2 cells, we compared the
homing of wild-type OTII Ty2 cells, which are transgenic for
the T-cell receptor recognizing ovalbumin peptides,;_339, With
the homing of OTII Ty2 cells deficient in CCR4, CCRS, or
CXCR3 into the lung and the airways in vivo, using a competitive
adoptive transfer model.*> We chose an adoptive transfer
approach to isolate the effect of deficiency in CCR4, CCRS, or
CXCR3 on antigen-specific Ty2 cells from that in all other cell
types.33 The competitive transfer provides a sensitive tool
because the homing of different cell populations are directly com-
pared in the same recipient mouse.

We generated wild-type OTII (Thyl.17"), CCR4~/~0TI
(Thy1.2"), CCR8 /"OTI (Thyl.2"), and CXCR3 '~ OTII
(Thy1.2™) Ty2 cells in vitro under Ty2 polarizing conditions in
the presence of IL-4 and anti—-IFN-y. We established that there
was no difference between OTII T2 cells and chemokine recep-
tor—deficient OTII Ty2 cells in differentiation, chemotaxis to
CXCL12, activation, and proliferation (see this article’s Fig E1
in the Online Repository at www.jacionline.org). A mix contain-
ing equal numbers of wild-type OTII (OTII) Ty2 cells and either
CCR4™/OTII, CCR8 /~OTII, or CXCR3/~OTII Ty2 cells
was prepared. Each preinjection mix was stained for CD4,
Thyl.1, and Thy1.2 to determine the ratio of OTII cells to chemo-
kine receptor—deficient OTII cells. We then adoptively transferred
the OTII and CCR4 ™'~ OTII cell mix, the OTII and CCR8 ™/~
OTII cell mix, and the OTII and CXCR3/"OTII cell mix

intravenously into separate sets of recipient Thyl.1"Thyl.2"
mice. All recipient mice were given 3 daily aerosolized ovalbu-
min challenges. Twenty-four hours after the last challenge,
BAL, lungs, TLN, and spleens were harvested, and single-cell
suspensions were stained for CD4, Thy1.1, and Thy1.2. OTII cells
were identified as CD4 " Thy1.1". Chemokine receptor—deficient
cells were determined as CD4 " Thy1.2™, and recipient cells were
recognized as CD4 Thy1.1"Thy1.2". The homing index was
calculated as follows:

[%knockout-OTII/%OTII] ../ [%knockout-OTII/ %OTII]

input

We found that CCR4 '~ OTII T2 cells had a decreased homing
index into the BAL and the lung but not the TLN or spleen. The
homing index for the OTII and CCR4 '~ OTII Ty2-cell cotransfer
was 0.56 for the BAL, 0.72 for the lung, 0.96 for the TLN, and 1.03
for the spleen (Fig 1, A and B). The percentage of CCR4 '~ OTII
Ty2 cells was 50% and 35% lower than the percentage of OTII
Ty2 cells in the BAL and the lung, respectively (P <.05).

Surprisingly, CCR8 ™/~ OTII Ty2 cells had an increased hom-
ing index into the BAL, lung, and TLN, but not the spleen. The
homing index for the OTII and CCR8 ~/~ OTII Ty;2-cell cotransfer
was 1.5 for the BAL, 1.7 for the lung, 1.6 for the TLN, and 0.96 for
the spleen (Fig 1, A and B). The percentage of CCR8 '~ OTII T;2
cells was 43%, 74%, and 53% higher than the percentage of OTII
Ty2 cells in the BAL, lung, and TLN, respectively (P <.05).

In contrast with CCR4 and CCR8, CXCR3 deficiency did not
alter antigen-specific Ty2-cell trafficking. The homing index for
the OTII and CXCR3 ™/~ OTII Ty2-cell cotransfer was 1.09 for
the BAL, 1.05 for the lung, 0.94 for the TLN, and 1.1 for the spleen
(Fig 1, A). There was no difference in the percentage of OTII and
CXCR3™/~0TII Tu2 cells in the BAL, lung, TLN, and spleen.
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FIG 3. BAL cytokine and chemokine levels. A, T2 cytokine levels. B, Chemokine levels. n = 9 to 19 mice per
group in 2 to 4 separate experiments. *P < .05; **P < .005.

We next determined that CCR4 and CCRS deficiency did not
affect antigen-specific Tyl-cell trafficking. We generated OTII
(Thyl.1"), CCR4/“OTH (Thyl.2"), and CCRS8 ' OTII
(Thy1.2%) Tyl cells in vitro under Tyl polarizing conditions in
the presence of IL-12 and anti—IL-4. We established that there was
no difference between OTII Ty1 cells and chemokine receptor—de-
ficient OTII Tyl cells in differentiation, chemotaxis to CXCL12,
activation, and proliferation (data not shown). Competitive adoptive
transfers were performed as described. We observed that homing
indices in the BAL and lung ranged from 0.99 to 1.1 (Fig 1, O),
and there was no difference in the percentages of OTII Tyl cells
and CCR4~/~OTIl or CCR8 '~ OTII Ty1 cells in the BAL and lung.

CCRS8 deficiency does not affect the in vivo
proliferation of antigen-specific T2 cells

Unlike CCR4 '~ OTII and CXCR3~/~ OTII Tyy2 cells, CCR8 '~
OTII Ty2 cells accumulated in the TLN more than OTII T2 cells.
To determine whether differences in proliferation explain this obser-
vation, we compared the incorporation of BrdU,** a thymidine ana-
log, in OTII and CCR8 '~ OTII Ty2 cells in vivo.

OTII (Thyl 2%)and CCR8 '~ OTII (Thy1.2™) T2 cells were
generated in vitro and adoptively transferred via the tail vein into
separate Thyl.1" C57BL/6 recipient mice. Mice were given 2
daily ovalbumin challenges. Before the third ovalbumin chal-
lenge, mice were injected with 2 mg BrdU intraperitoneally.
The lung and the TLN were harvested 2 hours after BrdU injec-
tion, and single-cell suspensions were stained for CD4, Thyl.1,
and Thy1.2. The extent of BrdU staining was determined in anti-
gen-specific Ty2 cells identified as CD4 " Thy1.2" cells in the
lymphocyte gate. We analyzed BrdU incorporation after the third
ovalbumin challenge because the number of antigen-specific cells
increases dramatically at this time point (data not shown). We
gave a short pulse of BrdU to minimize the effect of T-cell
trafficking from one site to another.

There was no difference in the percentage of antigen-specific
cells that were BrdU™ in the TLN or the lung between OTII Ty;2-
cell recipients and CCR8 ™/~ OTII Ty2-cell recipients (Fig 2, A
and B). The rate of BrdU incorporation, and thus proliferation,
was higher in the TLN compared with the rate of BrdU incorpo-
ration and proliferation in the lung for both OTII and CCR8™'~

OTII Ty2-cell recipients over a period of 2 hours (Fig 2, B; P
< .005), providing support that most antigen-specific Ty2-cell
proliferation occurs in the draining lymph node.’

The number of antigen-specific cells (CD4 Thy1.2") was 3.2-
fold higher in the TLN of CCR8 ’~OTII Ty2-cell recipients
compared with OTII Ty2 cell recipients 2 hours after the third
ovalbumin challenge (Fig 2, C). As a result, despite equal rates of
proliferation of OTII and CCR8™/~0OTII Ty2 cells, the number of
antigen-specific cells that were BrdU" (CD4 " Thyl1.2*BrdU™)
was 3.4-fold higher in the TLN of CCR8 '~ OTII Ty2-cell recipi-
ents compared with OTII Ty2-cell recipients (Fig 2, D). This
indicates that more CCR8 ™/~ OTII Ty2 cells enter the TLN and
proliferate.

Between 2 to 24 hours after the third ovalbumin challenge, the
difference between the number of antigen-specific Ty2 cells in
CCR8™/~OTII and OTII Ty2-cell recipients decreased in the
TLN but increased in the lung (Fig 2, E), suggesting that anti-
gen-specific T2 cells leave the TLN and accumulate in the lung
over time.

Because CCRS8 has been shown to protect T cells against
apoptosis,35 we compared staining with 7-AAD, an apoptosis
marker, in vivo in OTII and CCR8 '~ OTII Ty2 cells and observed
no differences between the 2 groups (see this article’s Fig E2 in
the Online Repository at www.jacionline.org).

Disruption of CCR4-mediated and CCR8-mediated
antigen-specific Ty2-cell trafficking alters the
expression of cytokines and chemokines in the BAL

We next evaluated the impact of interrupting CCR4-mediated
and CCR8-mediated antigen-specific Ty2-cell trafficking on the
asthma phenotype. OTII, CCR4 ™/~ OTIL and CCR8 '~ OTII T2
cells were generated in vitro and adoptively transferred via the
tail vein into separate recipient mice. Recipient mice were given
daily aerosolized ovalbumin challenges for 3 days. Twenty-four
hours after the last ovalbumin challenge, lungs were harvested for
histologic assessment, BAL total cell count and differential were
determined, BAL cytokine and chemokine protein levels were
measured, and airway hyperresponsiveness was assessed.

‘We found that IL-4, IL-5,1L-13, CCL17, and CCL1 levels were
markedly lower in CCR4 ™/~ OTII Ty2-cell recipients compared
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FIG 4. CCR4 expression by IL-4-producing antigen-specific T cells. A, CCR4 expression on in vitro-gener-
ated OTIl and CCR4™/~OTII T2 cells. n = 4 experiments. B, Intracytoplasmic staining for IL-4 and surface
staining for CCR4. n = 3 experiments. C, CCR4 expression on CD4*Thy1.2" isolated from the BAL. n = 6
in 2 experiments. Control on the x-axis is the secondary reagent used in CCR4 staining.

with OTII Ty2-cell recipients (Fig 3, A and B). In contrast,
IL-4, IL-5, CCL22, and CCL1 levels were markedly higher in
CCR8 ™/~ OTII Ty2-cell recipients compared with OTII Ty;2-cell
recipients. There was a trend toward increased levels of IL-13 in
CCR8/70TII Ty2-cell recipients (P = .07; Fig 3, A and B).

Majority of IL-4 producing antigen-specific T2 cells
express CCR4

To understand better the contribution of CCR4 on antigen-
specific Ty2 cells to the delivery of T2 cytokines into the airway,
we performed surface staining for CCR4 by using a CCL22-IgG
fusion protein30 along with intracytoplasmic staining for IL-4. We
determined that 66% (*£5%) of in vitro—generated OTII Ty2 cells
express CCR4 (Fig 4, A). CCR4 staining with the CCL22-IgG
fusion protein was specific because CCR4™/7OTII Ty2 cells
had only 3% staining (Fig 4, A). Intracytoplasmic staining for
IL-4 revealed that ~39% of in vitro—generated OTII Ty2 cells ex-
press IL-4, and ~30% express both IL-4 and CCR4 (Fig 4, B). On
average, 62% (*8%) of IL-4—producing OTII Ty2 cells express
CCRA4. To determine CCR4 expression of antigen-specific Ty2

cells in vivo, BAL cells were isolated from Thyl.1" recipient
mice after adoptive transfer of OTII (Thy1.2+) Ty2 cells and 3
ovalbumin challenges. BAL cells were stained for CD4,
Thyl.2, and CCR4, and antigen-specific cells were identified in
the lymphocyte gate as CD4 Thyl.2". CCR4 staining was
detected on 53% (+5) of CD4"Thy1.2" in the BAL (Fig 4, C).
Similar staining studies for CCR8 were not possible because of
high background staining with commercially available polyclonal
mouse anti-CCRS antibodies (data not shown).

Absence of CCR4-mediated or CCR8-mediated
antigen-specific Ty2-cell trafficking modifies
markers of allergic airway and pulmonary
inflammation

As expected,3’24 OTII Ty2-cell recipient mice developed lung
and airway eosinophilic inflammation, airway mucus hypersecre-
tion, and airway hyperresponsiveness. We found that BAL eosin-
ophil counts were decreased by 53% in CCR4~/~OTII and
increased by 64% in CCR8 '~ OTII Ty2-cell recipients compared
with OTII Ty2-cell recipient mice. Total cell count was also
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10to 16. B, Histology score, n = 7to 17. C, PAS score, n = 6 to 14. D and E, Airway hyperresponsiveness after
methacholine (MC) challenges, n=7. ¥*P < .05; **P < .005. TCC, Total cell count; lymph, lymphocytes; mono,

monocytes; neut, neutrophils; eos, eosinophils.

increased by 42% in CCR8 ™/~ OTII Tyy2-cell recipients (Fig 5, A).
The histology and PAS scores were 33% and 30%, respectively,
lower in CCR4 ™/~ OTII, and 40% and 32%, respectively, higher
in CCR8/7OTII Ty2-cell recipients compared with OTII
Ty2-cell recipients (Fig 5, B and C). There was a trend toward
a decrease in the percentage change in resistance by invasive
plethysmography between CCR4™/7OTII Ty2-cell recipients
and the other 2 groups at 1 mg/mL and 2 mg/mL methacholine.
However, this difference did not reach statistical significance.
There was also no statistically significant difference among the
3 groups in percentage change in compliance as measured by
invasive plethysmography (Fig 5, D and E).

DISCUSSION

In this study, we have delineated the role of CCR4, CCRS, and
CXCR3 in antigen-specific Ty2-cell trafficking. We have shown
that CCR4 deficiency decreases antigen-specific Ty2-cell traf-
ficking into the allergic lung, CXCR3 deficiency has no impact,
and CCRS deficiency leads to an accumulation of these cells.
The roles of CCR4 and CCR8 were specific for antigen-specific
Ty2 cells because antigen-specific Ty1-cell trafficking was not
affected by CCR4 or CCRS deficiency.

There are conflicting reports in the literature on the effect of
CCR4 deficiency on allergic airway inflammation. CCR4~/~
mice sensitized with ovalbumin and challenged 14 days later
with 5 daily intranasal ovalbumin doses developed airway inflam-
mation, airway hyperresponsiveness, and serum IgE levels com-
parable to wild-type mice.”> Moreover, the use of CCR4
blocking antibody did not inhibit allergic airway inflammation
in a guinea pig model.>* However, airway hyperresponsiveness
and eosinophilia were diminished in CCR4™"" mice in a chronic
Aspergillus model,'® and in another report using CCL17 blocking
antibody in ovalbumin-sensitized mice before ovalbumin chal-
lenges.19 There is also discrepancy on the effect of CCR8 defi-
ciency on allergic airway inflammation. For example, 3 studies
used an active immunization model with ovalbumin and alum,
but only 1 found a difference between wild-type and CCR8™'~
mice.!”?%2! In addition, there was no difference in BAL eosino-
philia after adoptive transfer of CD4" cells isolated from

ovalbumin-immunized wild-type and CCR8 '~ mice,”” whereas
CCRS deficiency led to a decrease in allergic airway inflamma-
tion in a mast cell-dependent model.'* In all of these reports,
the CCR4 or CCRS axis was interrupted in all cell types, includ-
ing regulatory T cells. The outcome of each study most likely dif-
fered on the basis of the animal model used and the balance of the
effect of CCR4 or CCRS deficiency on multiple cell types. Our
study is the first to isolate the role of CCR4 and CCRS in the traf-
ficking of antigen-specific Ty2 cells from all other cell types by
using competitive and separate adoptive transfer models.
Among the chemokine receptors studied, CCR4 was the only
receptor required for the efficient recruitment of antigen-specific
Tw2 cells into the lung and the airways. We show that approximately
60% of antigen-specific Ty2 cells express CCR4 before their adop-
tive transfer and after trafficking into the airways. This level of
CCR4 expression is consistent with the 50% trafficking defect
seen with CCR4 '~ antigen-specific T2 cells. It is also similar to
what has been described in subjects with asthma.”'® We also dem-
onstrate that approximately 60% of IL-4—producing antigen-specific
T2 cells express CCR4. This explains the dramatic decline in BAL
Ty2-type cytokines in CCR4~/~ OTII Ty;2-cell recipient mice com-
pared with OTII Ty2-cell recipients. In addition, CCR4/~0OTI
Ty2-cell recipients had a 50% reduction in airway eosinophilia
and a modest decrease in overall lung parenchymal inflammation
and airway mucus production but no change in airway hyperrespon-
siveness. This indicates that the residual Ty?2 cells and Ty2-type cy-
tokines were sufficient to preserve some markers of allergic lung and
airway inflammation. In this study, we focused on CCR4, CCRS, and
CXCR3, and the relative contribution of other chemoattractant re-
ceptors to the residual T2-cell trafficking remains to be determined.
We show that although CXCR3 had no impact on the traffick-
ing of antigen-specific T2 cells, CCR8 '~ OTII Ty2 cells accu-
mulated in the lung, BAL, and TLN. This increased accumulation
was not a result of decreased apoptosis or increased rate of prolif-
eration. However, although the rate of proliferation was the same
between OTII and CCR8 ™/~ OTII Ty2 cells, there were more
CCR8™/~OTII Ty2 cells proliferating in the TLN. This resulted
in more CCR8™/~OTII Ty2 cells being available to leave the
TLN and accumulate in the lung over time. The reason for the
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increased trafficking of CCR8 ™/~ OTII Ty;2 cells into the TLN is
not clear. However, we speculate that in the absence of CCRS8
signaling, CCR8 '~ OTII Ty2 cells are not responsive to constitu-
tive CCRS ligands expressed in organs, such as the skin,”® and are
thus more available for recruitment and subsequent proliferation
in the TLN. These data demonstrate that the functional role of
any given chemokine receptor and its ligands cannot be predicted
from in vitro studies or studies of ligand and receptor expression
and highlight the complexity of the chemokine system in vivo.

In summary, we have isolated the role of CCR4, CCRS, and
CXCR3 on antigen-specific T2 cells from the role of these re-
ceptors on all other cell types by using an adoptive transfer model
of allergic pulmonary inflammation. In so doing, we have deter-
mined that CCR4 is required for the efficient entry of antigen-
specific Ty2 cells into the allergic lung and the airways.

We thank Sergio Lira (Mount Sinai, New York, NY) for the CCR8™/™
mouse, Craig Gerard (Children’s Hospital, Boston, Mass) for the CXCR3 ™/~
mouse, and Daniel Campbell (Benaroya Research Institute, Seattle, Wash) for
the CCL22-1gG fusion protein DNA construct.

Clinical implications: Inhibition of CCR4-mediated Ty2-cell

trafficking may contribute to asthma therapy.
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METHODS
Profile of OTIl, CCR4~/~OTIl, CCR8~/~OTII, and
CXCR3~/~OTII Ty2 cells

Having observed trafficking differences, we examined whether deficiency
in CCR4, CCR8, or CXCR3 alters the differentiation, chemotaxis, activation,
and proliferation of OTII Ty2 cells. OTII, CCR47/7OTII, CCR87/70TII, and
CXCR3 /" OTII Ty2 cells were generated in vitro under Tyy2-polarizing con-
ditions. Intracytoplasmic staining for IL-4 and IFN-y revealed IL-4 and not
IFN-v secretion. There was no difference in the percentage of IL-4—producing
cells between OTII and any of the chemokine receptor-deficient OTII T2 cells
(Fig E1, A). Chemotactic responses were determined in triplicates as percent of
input cells that migrated in response to media with and without 100 ng/mL
CXCL12 using 5-pm pore size ChemoTx micro chemotaxis devices (Neuro-
robe, Inc, Gaithersburg, Md) and after 1 1/2 hours of incubation at 37°C. Che-
motaxis assays to CXCL12, as a control, revealed no difference among OTII,
CCR4”’OTII, CCRS”’OTII, and CXCR3 "/~ OTlI cells in the percentage of
input cells that migrated toward CXCL12 or media alone (Fig E1, B). Further-
more, staining for activation markers CD25, CD44, CD69, and CD62 ligand
showed no difference in activation status of OTII cells and CCR4 ™’ ~OTII,
CCR8™/ ~OTII, and CXCR3 ~/“OTII cells (Fig E1, C). To assess proliferation
in vivo, OTIL, CCR4~'~OTII, CXCR3 '~ OTIL, and CCR8 '~ OTII T2 cells
(all Thy1.2™) were generated in vitro, stained with carboxyfluorescein succi-
nimidyl ester (CFSE), and injected into separate recipient Thy1.1" mice. After
3 ovalbumin challenges, BAL cells were isolated and stained for CD4 and
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Thy1.2. The extent of cellular proliferation of antigen-specific cells was deter-
mined by analyzing CFSE staining of CD4 " Thy1.2" cells before injection
(Fig E1, D, right line) and after recovery from the BAL after ovalbumin chal-
lenges (Fig E1, D, left lines). The amount of CFSE is reduced by a factor of 2
with each cell division. The level of CFSE staining decreased from before to
after ovalbumin challenges to the same extent in OTII, CCR4™/70TIL,
CCR8™/~OTIL and CXCR3 ™/~ OTII cells. These data indicate that the traf-
ficking differences observed among OTII, CCR4™/ “OTII, and CCR8 /0TI
T"2 cells were not a result of differences in differentiation, chemotaxis, activa-
tion, or proliferation.

CCR8 deficiency does not affect the apoptosis of

antigen-specific T2 cells

To evaluate whether CCR8 deficiency alters the apoptosis of antigen-specific
Ty2 cells, we used staining with 7-AAD, a marker of apoptotic cells. OTII
(Thy1.2") and CCR8 ™/~ 0TIl (Thy1.2%) Ty2 cells were generated in vitro and
adoptively transferred via the tail vein into separate recipient Thy1.1" mice that
were then given 3 daily ovalbumin challenges. Lungs were harvested, and single
cell suspensions were stained with 7-AAD and fluorescent-conjugated antibodies
for CD4, Thyl.1, and Thyl.2. Antigen-specific T2 cells were identified as
CD4*Thy1.2™ cells in the lymphocyte gate. The extent of 7-AAD staining was
the same in CD4*Thy1.2" cells in OTII and CCR8 /~ OTII Ty2-cell recipients
(Fig E2), indicating no difference in apoptosis.
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FIG E1. CCR4, CCR8, or CXCR3 deficiency does not change the profile of antigen-specific T2 cells. A, Intra-
cytoplasmic staining for IL-4 and IFN-y, n = 4 experiments. B, Chemotaxis assay to media or media with 100
ng/mL CXCL12. n = 3 experiments, each performed with triplicates for each cell type. C, Staining for activa-
tion markers. The line to the left designates staining with isotype control antibody. The superimposed lines
to the right represent OTIl and chemokine receptor-deficient OTII Ty2 cells, respectively. n = 3 experiments.
D, CFSE staining before adoptive transfer (right line) and after recovery from the BAL (left lines). n = 9 mice

per group in 3 experiments.
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FIG E2. CCR 8 deficiency does not affect the apoptosis of antigen-specific
T2 cells. 7-AAD staining of CD4" Thy1.2" isolated from the lung of OTll and
CCR8™/~ OTII Ty2-cell recipients. The superimposed red and orange lines to
the right designate 7-AAD staining in the 7-AAD" gates in OTIl and CCR8 ™/~
OTIl Ty2-cell recipients. The superimposed green and blue lines to the left
designate 7-AAD staining in the antigen-specific gate, identified as
CD4"Thy1.2" cells in the lymphocyte gate, in OTIl and CCR8 ™/~ OTII T2-
cell recipients. n = 6 to 7 per group in 2 separate experiments.
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