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Pulmonary Ty2 response in Pseudomonas
aeruginosa-infected patients with

cystic fibrosis

Dominik Hartl, MD,? Matthias Griese, MD,? Matthias Kappler, MD,? Gernot Zissel,
PhD,® Dietrich Reinhardt, MD,? Christian Rebhan, MD,? Dolores J. Schendel, PhD,*¢
and Susanne Krauss-Etschmann, MD? Munich and Freiburg, Germany

Background: Pseudomonas aeruginosa infection determines the
course of cystic fibrosis (CF) lung disease. Studies in human
peripheral blood indicate that P aeruginosa infection is
associated with a predominant T2 immune response, whereas
Tyl responses are accompanied by a better pulmonary
outcome.

Objective: Analyses of peripheral blood may not correspond
directly with the local pulmonary immune response. Therefore,
we asked whether the Ty1/TH2 response is altered in
bronchoalveolar lavage fluid from P aeruginosa—infected
patients with CF.

Methods: Bronchoalveolar lavage fluid was obtained from

12 patients with CF chronically infected with P aeruginosa,

11 noninfected patients with CF, and 8 healthy controls.
Pulmonary CXCR3" (Ty1) and CCR4* (Ty2) expressing
CD4* and CD8" lymphocytes were quantified by flow
cytometry. Levels of Tyl-associated (IL-2, IFN-y, IFN-y
inducible T cell-a chemoattractant, Monokine induced by
IFN-v, IFN-vy inducible protein of 10 kd) and Ty2-associated
(IL-4, IL-5, IL-10, thymus and activation-regulated chemokine
[TARC], macrophage-derived chemokine) cytokines and
chemokines and a panel of proinflammatory molecules were
quantified at the protein level. Chemokines mRNA levels
were assessed by real time RT-PCR.

Results: P aeruginosa—infected patients with CF had
significantly higher levels of pulmonary CCR4"CD4* (Ty2)
cells, IL-4, IL-13, and TARC and lower levels of IFN-y
compared with noninfected patients with CF and healthy
controls. Bronchoalveolar lavage fluid levels of IL-4, IL-13, and
TARC correlated inversely with FEV, in P aeruginosa—infected
patients with CF.

From “the Children’s Hospital of the Ludwig-Maximilians-University of
Munich; °the Medical Center, Department of Pneumology, University
Hospital, Freiburg; and the Institute of Molecular Immunology and
dthe Immune Monitoring Platform, GSF-National Research Center for
Environment and Health, Munich.

Supported by grants from the Else-Kroner-Fresenius = Stiftung, the
Friedrich-Baur-Stiftung, the University and Science Program of the
Ludwig-Maximilians-University (HWP), and the Clinical Cooperation
Groups Pediatric Immune Regulation and Immune Monitoring.

Received for publication June 14, 2005; revised September 15, 2005; accepted
for publication September 16, 2005.

Auvailable online November 29, 2005.

Reprint requests: Susanne Krauss-Etschmann, MD, Children’s Hospital of the
Ludwig-Maximilians-University, and GSF-National Research Center for
Environment and Health, Clinical Cooperation Group Pediatric Immune
Regulation, Lindwurmstr 2a, D-80337 Munich, Germany. E-mail: susanne.
krauss-etschmann@med.uni-muenchen.de.

0091-6749/$32.00

© 2005 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2005.09.023

204

Conclusion: These results reveal the prevalence of a pulmonary
Tx2 immune response in P aeruginosa—infected patients with
CF. The modulation of the pulmonary Ty2 response in

P aeruginosa infection may be an option for the treatment

of P aeruginosa lung disease in patients with CF. (J Allergy
Clin Immunol 2006;117:204-11.)

Key words: Cystic fibrosis, Pseudomonas aeruginosa, bronchoalve-
olar lavage fluid, TARC, MDC, CCR4, Tyl/Ty2, cytokines

Progressive lung disease is the leading cause
of morbidity and mortality in patients with cystic fibrosis
(CF)." The majority of chronic pulmonary infections in
patients with CF is caused by P aeruginosa,” and ap-
proximately 80% of patients with CF become chronically
infected.* P aeruginosa infection in CF is associated
with deterioration of pulmonary function and a higher
mortality,>® especially when the bacterium converts to
its mucoid form.” Despite a cellular and humoral®’
immune response against P aeruginosa with pulmonary
accumulation of granulocytes,'® secretion of antimicro-
bial peptides,11 lysozyme,12 and lactoferrin,''* patients
with CF are incapable of clearing chronic P aeruginosa
lung infection even with intensive antibiotic treatment.
In addition to host factors that limit the efficacy of
immune reactions,'> P aeruginosa has developed several
mechanisms to escape innate and adaptive immune
responses. These include the formation of impenetrable
biofilms,"® an intrinsic ability to develop resistance to an-
tibiotics,'!” and the release of a large number of virulence

Mouse models of chronic P aeruginosa infection
showed that Ty1-reacting mice had a better disease out-
come with an enhanced bacterial clearance, milder lung
inflammation, and better survival compared with Ty2-
reacting mice.”>** Studies with PBMCs of patients with
CF indicated that P aeruginosa—infected patients with
CF responded to P aeruginosa outer membrane protein
with a higher IL-4 secretion and lower IFN-y secretion
compared with noninfected patients. Because IFN-y pro-
duction correlated positively with lung function param-
eters, the hypothesis was put forward that shifting the
immune response toward a Tyl type may improve the
pulmonary outcome in P aeruginosa—infected patients.**
Similarly, a recent study showed that children chronically
infected with P aeruginosa had greater IL-4 production
in peripheral whole blood cultures than noninfected
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TABLE I. Patient characteristics
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Cystic fibrosis

Cystic fibrosis

non-Pseudomonas Pseudomonas Controls
N 11 12 8
Age, y 19.4 (17-37) 20 (16-37) 17.5 (12-19)
Sex, M:F 5/6 6/6 3/5
CFTR mutation 6 X AF508 8 X AF508 ND
4 X AF508/unknown 3 X AF508/unknown
1 X R553/unknown 1 X R347P/Q493x

Microorganisms in sputum 3 SA, 3 HI, 3 AF 4 SA,2HI 4 AF,30 0/8
Forced vital capacity (% predicted) 76 (69-121) 70 (52-106) ND
FEV, (% predicted) 67 (43-82) 62 (43-105) ND
MEF,5_75 (% predicted) 36 (27-64) 30 (14-80) ND
TLC (% predicted) 85 (66-96) 99 (90-124) ND
Inhaled glucocorticosteroids 5/11 6/12 0/8
Systemic glucocorticosteroids 0/11 0/12 0/8
Inhaled bronchodilators 8/11 10/12 0/8
Inhaled antibiotics 3/11%* 9/12 0/8
BALF cells

Viability (%) 75 (29-86) 79 (28-94) 82 (69-92)

Fluid recovery (%) 43 (19-62) 40 (14-66) 58 (45-72)

Total cells X 10%/mL 2900 (60-3800)* 3430 (100-9740) 165 (94-233)

Neutrophils (%) 68 (53-79) 61 (10-96) 1 (0-3)

Eosinophils (%) 1 (0-3) 2 (0-4) 0 (0-1)

Macrophages (%) 29 (10-36) 31 (4-63) 87 (76-95)

Lymphocytes (%) 5 (4-10) 4 (1-22) 3 (1-8)

Results are expressed as medians with ranges shown in parentheses.

SA, Staphylococcus aureus; HI, Hemophilus influenzae; AF, Aspergillus fumigatus; O, others; CFTR, cystic fibrosis transmembrane conductance; MEF ;s 75,
midexpiratory flow between 25% and 75% of the forced vital capacity; TLC, total lung capacity.

*P < .05: Pseudomonas-infected compared with noninfected patients with CF.

Abbreviations used
BAL: Bronchoalveolar lavage
BALF: Bronchoalveolar lavage fluid
CF: Cystic fibrosis
G-CSF: Granulocyte colony-stimulating factor
IP-10: IFN-vy inducible protein of 10 kd
ITAC: IFN-vy inducible T cell-oc chemoattractant
MCP: Macrophage chemotactic protein
MDC: Macrophage-derived chemokine
Mig: Monokine induced by IFN-y
MIP: Macrophage inflammatory protein
OdDHL: N-(3-oxododecanoyl)-homoserine lactone
TARC: Thymus and activation-regulated chemokine
Tc: T cytotoxic cell type

patients with CF.*> In another approach, the effect of
single P aeruginosa signaling molecules on Tyl/TyH2
immune responses was studied. N-(3-oxododecanoyl)-
L-homoserine lactone (OdDHL) is used by P aeruginosa
to coordinate population behavior and the expression of
numerous virulence factors in a process termed quorum-
sensing.”® However, these studies yielded conflicting re-
sults. Thus, OdDHL suppressed IL-12 production in
LPS-treated murine macrophages and led to the formation
of IgE antibodies in IL-4—stimulated PBMCs,?” whereas

IFN-y production was increased in OdDHL-treated
murine splenic T cells.?®?’

In view of these conflicting data, we asked whether
Tyl/Ty2-related immune responses toward pulmonary
P aeruginosa infection could be assessed more precisely.
Because analyses in peripheral blood may not correspond
to the pulmonary immune response in CF, bronchoalveo-
lar lavage fluid (BALF) was studied.

Chemokines attract T cells through their corresponding
rc:ce:ptors.30’31 Thus, Ty2 cells express the chemokine
receptor CCR4 and are attracted by the CCR4 ligands,
thymus and activation-regulated chemokine (TARC), and
macrophage-derived chemokine (MDC). In contrast, Ty1
cells express CXCR3 and are attracted by IFN-y inducible
T cell-a chemoattractant (ITAC), monokine induced by
IFN-y (Mig), and IFN-y inducible protein of 10 kd
(IP-10).3>%

To assess the Ty1/Ty2 immune response in lungs of
P aeruginosa—infected and noninfected patients with CF,
the frequencies of CCR4™ (Ty2) and CXCR3™ (Tyl)
T cells and levels of Tyl-related (IL-2, IFN-y, IP-10,
ITAC, Mig) and Ty2-related (IL-4, IL-5, IL-10, TARC,
MDC) molecules were quantified in BALF. In addition,
levels of proinflammatory cytokines and chemokines
(TNF-a, granulocyte colony-stimulating factor [G-CSF],
IL-1B, IL-6, IL-8, macrophage inflammatory protein
[MIP]-18, macrophage chemotactic protein [MCP]-1)
were analyzed.
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TABLE Il. Primer sequences

mRNA target Oligonucleotides (forward/reverse)
GAPDH F: GAAGGTGAAGGTCGGAGTC
R: GAAGATGGTGATGGGATTTC
1L-8 F: TCTTGGCAGCCTTCCTGATT
R: TCCAGACAGAGCTCTCTTCCATC
TNF-a F: AGGAACAGCACAGGCCTTAGTG
R: AAGACCCCTCCCAGATAGATGG
L4 F: AGAAGACTCTGTGCACCGAGTTGA
R: CTCTCATGATCGTCTTTAGCCTTT
IL-5 F: CTTGGCACTGCTTTCTACTCATC
R: TGCAGGTAGTCTAGGAATTGGTT
IFN-y F: GCATCCAAAAGAGTGTGGAG
R: ATGCTCTTCGACCTCGAAAC
IL-6 F: CTTTTGGAGTTTGAGGTATACCTAG
R: CGCAGAATGAGATGAGTTGTC
IL-1B F: CAGGGACAGGATATGGAGCAA
R: ATGTACCAGTTGGGGAACTG
IL-2 F: ACAGCTACAACTGGAGCATT
R: TGCTGTCTCATCAGCATATT
MCP-1 F: TGAAGCTCGCACTCTCGCCT
R: GTGGAGTGAGTGTTCAAGTCs
MIP-1B8 F: CCTCACCTCTGAGAAAACC
R: GCAACAGCAGAGAAACAGTGAC
G-CSF F: TAGAGCAAGTGAGGAAGATCCAGG
R: AGTTCTTCCATCTGCTGCCAGATG
IL-10 F: AGCTGAGAACCAAGACCCAGA
R: GGGCTGGGTCAGCTATCC
TARC F: CTTCTCTGCAGCACATCC
R: AAgACCTCTCAAGGCTTTG
MDC F: AGGACAGAGCATGGCTCGCCTACAGA
R: TAATGGCAGGGAGGTAGGGCTCCTGA
ITAC F: GCTATAGCCTTGGCTGTGATATTGTG
R: CTGCCACTTTCACTGCTTTTACC
IP-10 F: TCTAAGTGGCATTCAAGGAGTACC
R: CAGTAAATTGATGGCCTTCGA
Mig F: TGCAAGGAACCCCAGTAGTGA
R: GGTGGATAGTCCCTTGGTTGG
METHODS

Patients and healthy controls

Twenty-three clinically stable patients with CF (mean FEV; 70%
of predicted), including 17 patients with CF from a previous study,**
were selected for this study. All patients were free from acute pulmo-
nary exacerbation. The diagnosis of CF was confirmed by clinical
features consistent with CF and 2 independent positive sweat chloride
tests (>60 mEq/L). Chronic P aeruginosa infection was diagnosed if
the organism was isolated in at least 2 consecutive sputum samples
with a minimum of a 6-month interval. All P aeruginosa sputum-
positive patients also had P aeruginosa in BALF culture (>10%
colony-forming units/mL BALF*'?),

Twelve patients with CF were infected with P aeruginosa
(CF+P), whereas 11 patients had no detectable P aeruginosa infec-
tion (CF—P). All CF+P patients had mucoid forms of P aeruginosa
and >2 elevated precipitating antibody titers against purified antigens
from P aeruginosa (alkaline protease, exotoxin A, and elastase) as de-
tected in serum by ELISA. None of the patients had received systemic
antibiotic therapy within 2 weeks before the bronchoalveolar lavage
(BAL). The patient characteristics and BALF cellular subsets are
shown in Table 1.
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Eight healthy subjects were selected as control group. These
patients were considered as healthy; that is, they had no systemic
disease, no suspected or proven pulmonary disease, no atopic disease,
were free of respiratory tract infections, and were overlapping in age
with most of the patients with CF. These patients underwent elective
tonsillectomy under general anesthesia. BAL was performed before
the surgical procedure.

The parents and/or patients gave their informed consent before
BAL, and the institutional review board approved the study protocol.

BAL

Bronchoscopy and BAL (4 X 1 mL/kg body weight 0.9% NaCl)
were performed as described previously.36 The obtained BALF was
filtered through 2 layers of sterile gauze. The first aliquot of BALF
was used for microbiology, whereas the remaining 3 fractions were
pooled. The sample preparation and processing were performed
immediately on ice. After centrifugation at 200g for 10 minutes, the
supernatant was stored at —80°C for biochemical analysis. The cell
pellet was resuspended in 5 mL PBS and used for preparation of
cytospin slides, flow cytometry, and mRNA extraction.

Flow cytometry

Bronchoalveolar lavage fluid cells were analyzed by 4-color flow
cytometry (FACSCalibur, Becton-Dickinson, Heidelberg, Germany)
as described previously.?” The following antibodies were used:
CD4-allophycocyanine mouse IgG1, CD8-phycocyanine 5 mouse
IgG1 (Immunotech, Marseille, France), CCR4-phycoerythrin mouse
IgG2a (BD Pharmingen, Heidelberg, Germany), and CXCR3-
fluorescein isothiocyanate mouse IgG1 (R&D Systems, Wiesbaden,
Germany). Mouse IgGl—fluorescein isothiocyanate and mouse
IgG2a-phycoerythrin (Immunotech, Marseille, France) were used
as isotype controls.

Detection of cytokines and chemokines

Levels of TNF-a, G-CSF, IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6,
IL-10, MIP-1B, and MCP-1 were quantified in BALF by a multiplex
assay (Bio-Rad Laboratories, Minneapolis, Minn) as described by
the manufacturer. The detection limits for all cytokines were 1.5 to
2.5 pg/mL (minimum) and 1000 pg/mL (maximum). Human TARC
(7-2000 pg/mL), MDC (15.6-1000 pg/mL), IP-10 (1.7-1000 pg/mL),
ITAC (13.9-3000 pg/mL), Mig (3.8-1000 pg/mL), and IL-8 (2-2000
pg/ml) were determined in duplicates by a sandwich ELISA (R&D
Systems, Minneapolis, Minn) according to the manufacturer’s
instructions.

Quantitative RT-PCR

Bronchoalveolar lavage fluid cells were lysed in Trizol LS
Reagent (Invitrogen, Life Technologies, Karlsruhe, Germany).
Total RNA (200-600 ng) was isolated according to the manufac-
turer’s instructions and reverse-transcribed into cDNA. Expression
levels of cytokines and chemokines (Table II) were determined in du-
plicates by real-time RT-PCR using SYBR green and the iCycler iQ
detection system (Biorad, Hercules, Calif). Cycle threshold (Ct)
values for genes of interest were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and used to calculate the rela-
tive quantity of mRNA expression.

Statistical analyses

Nonparametric tests (Kruskal-Wallis, Mann-Whitney U test) were
applied to determine differences between the patient groups. Correla-
tions with clinical parameters were verified by using Spearman p test.
A probability of P < .05 was regarded as significant (SPSS statistical
program, version 11.5; SPSS Inc, Chicago, Ill).3 8



J ALLERGY CLIN IMMUNOL Hartl et al 207
VOLUME 117, NUMBER 1

k%
1 12 4 |® CF+P
0 207 e © CF-P
E % 10 ] |© Controls ]
[ (5]
154
2 % ‘o 81
B o 2 e
= .
g 104z 2 64° '
& [ ] &® ® c% . & 00
4 o D - =
Q i =] Oo .. o e .'o (ofe}
O 51 e . ) o - e
° .@ar@ E e © O 5 2] wom 70 2
® :."' - ° '?sa o °9” .
0 . n s glee oo * .
CD4 CcD8 CD4 cD8

FIG 1. CCR4" and CXCR3" T cells in BALF. CCR4" (T;2) and CXCR3" (Ty1) CD4"* and CD8" T cells were
determined in BALF by 4-color flow cytometry. Percentages of double-positive cells within total BALF lym-
phocytes are shown. **P < .01; horizontal bars represent median values.
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FIG 2. Protein levels of Ty1/Ty2 cytokines and chemokines in BALF. Protein levels of cytokines (A) and chemo-
kines (B) in BALF. BALF cytokines were determined by a multiplex assay. TARC, MDC (CCR4 ligands) and
ITAC, IP-10, and Mig (CXCR3 ligands) were quantified by sandwich ELISA. All cytokine and chemokine levels
are shown as pg/mL BALF. *P < .05, **P < .01, ***P < .001; horizontal bars represent median values.
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RESULTS (Tc2), CXCR3"CD4™" (Tyl) and CXCR3"CD8™ T cells
Pulmonary CCR4* (Ty2) and (T cyFotoxic .Cell type [Tc] 1) were present at lpw lev§ls
CXCR3* (Ty1) cells and did pot differ among the groups. Patients with CF in-
fected with P aeruginosa had slightly more total cells com-
Percentages of CCR4 " CD4™ T (Ty2) cells were sig- pared with noninfected patients with CF. Percentages of
nificantly higher in BALF of P aeruginosa—infected neutrophils, macrophages, total lymphocytes, mast cells,
patients with CF compared with noninfected patients and plasma cells did not differ significantly between
and healthy controls (Fig 1). In contrast, CCR4"CD8"  CF-+P and CF—P patients (Table I).
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FIG 3. mRNA levels of Ty1/T42 cytokines and chemokines in BALF. mRNA levels of cytokines (A) and chemo-
kines (B) in BALF cells. Total RNA was extracted from unstimulated whole BALF cells (Trizol). mRNA levels of
Tn1/Th2 cytokines (A) and Ty1/TH2 associated chemokines (B) were quantified by mRNA specific primers and
real-time RT-PCR. Threshold cycle values for genes of interest were normalized to GAPDH and used to calcu-
late the relative quantity of mRNA expression. **P < .01, ***P < .001; horizontal bars represent median values.

Pulmonary Ty1/Ty2-related cytokines
and chemokines

We next asked whether increased percentages of
CCR41"CD4™ Ty2 cells were associated with increased
levels of the T2 cytokines IL-4 and IL-13. CF+P patients
had significantly higher pulmonary levels of IL-4 and
IL-13 as compared with CF—P patients, who in turn had
higher levels than healthy controls (Fig 2, A). Although
IFN-y was significantly higher in all patients with CF
compared with healthy controls, this increase was higher
in CF—P patients, leading to a significant difference be-
tween CF+P and CF—P patients. IL-10 was significantly
decreased in all patients with CF compared with healthy
controls without a difference between CF+P and CF—P
patients. Levels of IL-2 were significantly higher in CF—P
patients compared with CF+P patients and healthy con-
trols. CCR4¥CD4™ T cells are attracted by TARC and
MDC. P aeruginosa—infected patients with CF had signif-
icantly higher levels of TARC compared with noninfected
individuals and healthy controls (Fig 2, B). The second
CCR4 ligand, MDC, tended to be higher in infected pa-
tients, but this was not statistically significant. These find-
ings were confirmed at the mRNA level, where MDC
was significantly higher in P aeruginosa—infected patients
(Fig 3, A and B).

CCR4"CD4" lymphocytes correlated positively with
levels of TARC (r = 0.73; P < .01), IL-13 (r = 0.85;
P < .01), and IL-4 (r = 0.65; P < .01), but not with
MDC. Levels of IL-4 and IL-13 were highly correlated
with levels of TARC (r = 0.67, P < .01; r = 0.86, P <
.01) and MDC (r = 0.42, P < .05; r = 0.68, P < .01).
IL-5 was undetectable in the majority of patients or present
at very low levels at both protein and mRNA levels (data
not shown).

We then asked how increased cytokine and chemokine
levels from P aeruginosa—infected patients related to
pulmonary disease severity. Pulmonary protein levels of
IL-4 (Fig 4, A), IL-13 (Fig 4, B), and TARC (Fig 4, C)
correlated inversely with lung function (FEV,) in CF+P
but not in CF—P patients.

Among Ty1-related chemokines, only ITAC was higher
in infected patients with CF compared with noninfected
patients and healthy controls, whereas Mig and IP-10
levels did not differ between CF+P and CF—P patients
(Fig 2, B). CXCR3"CD8™ T cells correlated positively
with levels of the CXCR3 ligands ITAC (r = 0.62; P <
.05), Mig (r = 0.71; P < .01), and IP-10 (r = 0.74; P <
.05) in all patients. P aeruginosa—infected patients with
CF had significantly higher BALF levels of the proinflam-
matory cytokines IL-13, IL-6, and TNF-a compared with
noninfected patients with CF and healthy controls (Fig 5).
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In all patients with CF (CF+P and CF—P), protein levels
of IL-1PB correlated inversely with forced vital capacity
(r=-0.68; P <.01).

DISCUSSION

This study shows that BALF of P aeruginosa—infected
patients with CF is characterized by increased percentages
of Ty2 (CCR4TCD4™) cells. This is accompanied by
decreased levels of IFN-y and increased levels of IL-4,
IL-13, and TARC, which correlate positively with
CCR47CD4™ cells. Furthermore, the levels of IL-4, IL-
13, and TARC are correlated with disease severity
(FEV)) in P aeruginosa—infected patients with CF.

Previous studies investigated the Ty;1/Ty2 immune re-
sponse in P aeruginosa infection exclusively in mouse
models or in peripheral blood of patients with CF. Thus,
Moser et al analyzed the role of Ty1/TH2 responses in
lungs of P aeruginosa—infected mouse models**** and
in peripheral blood of patients with CF with P aeruginosa
lung infection.”* P aeruginosa infection in patients with
CF was characterized by a Ty2 response (IL-4 production)
in peripheral blood,*** whereas a higher IFN-y produc-
tion was associated with a better pulmonary outcome,
suggesting a protective role for Tyl-associated immune
responses in P aeruginosa lung infection. However, anal-
yses in peripheral blood may not mirror the pulmonary
immune response. To reflect the pulmonary situation of
patients with CF in vivo as closely as possible, lympho-
cytes and soluble mediators were analyzed in BALF with-
out any additional artificial stimulation. Because protein
levels of some mediators are very low in BALF (eg,
IL-4), cytokines and chemokines were studied both at
the protein and mRNA levels to detect changes even at
low transcriptional levels.

Thymus and activation-regulated chemokine and MDC
specifically attract CCR4"CD4™ cells to the pulmonary
tissue, where they might act as Ty2 lymphocytes. The
association of increased levels of IL-4 and IL-13 with
increased percentages of CCR4"CD4™ T cells in BALF
of P aeruginosa—infected patients with CF is in agreement
with the hypothesis that CCR4"CD4* cells correspond to
T2 cells in the pulmonary immune response. However,
functional analyses are necessary to investigate whether
CCR4"CD4™ T cells in BALF of P aeruginosa—infected
patients secrete these cytokines and therefore indeed act as
Ty2 cells.

Levels of IL-4, IL-13, and TARC correlated inversely
with lung function in P aeruginosa—infected patients, fur-
ther supporting the contribution of these molecules to the
pulmonary pathology in P aeruginosa—infected patients
with CF. Although these findings strengthen the concept
that P aeruginosa infection is characterized by a pulmo-
nary type 2 response, a strong Ty2 immune response
seems unlikely because CCR4"CD4" T cells and levels
of TARC and MDC in BALF were clearly lower than
those found in BALF of children with asthma analyzed
by the identical methods.”
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FIG 4. T41/Ty2 cytokines and lung function. Protein levels of IL-4
(A), IL-13 (B), and TARC (C) in BALF and FEV,. The regression
line and the correlation coefficient are shown for CF+P patients.
No correlation was found for CF—P patients.

ITAC, Mig, and IP-10 attract CXCR3™ T cells and have
been associated with Ty;1/Tcl immune responses.**>° On
the other hand, increased levels of ITAC, Mig, and IP-10
were found in several inflammatory conditions and may
therefore act as proinflammatory chemokines.**!
Patients with CF chronically infected with P aeruginosa
had significantly increased BALF levels of ITAC com-
pared with noninfected patients with CF. However, this
was not associated with increased frequencies of
CXCR3™ T cells in BALF of these patients, suggesting
that higher levels of ITAC, IP-10, and Mig may be required
to attract CXCR3™ T cells into the bronchoalveolar com-
partment. Alternatively, CXCR3™ T cells may be trapped
in the pulmonary tissue and therefore may not be recovered
in BALF. BALF levels of ITAC, Mig, and IP-10 in our pa-
tients with CF were clearly higher than those found in
BALF of healthy control subjects and patients with mild
chronic bronchitis,>’ suggesting that the levels of these
chemokines may relate to the degree of pulmonary
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FIG 5. Proinflammatory cytokines and chemokines in BALF. Levels of TNF-a, G-CSF, IL-1B, IL-6, MIP-18, and
MCP-1 were quantified in BALF by a multiplex assay. Levels of IP-10, ITAC, Mig, and IL-8 were determined in
BALF by a sandwich ELISA. All cytokine and chemokine levels are shown as pg/mL BALF. *P < .05, **P < .01,
***P < .001; horizontal bars represent median values.

inflammation. Therefore, we speculate that levels of ITAC,
Mig, and IP-10 in BALF of patients with CF may represent
inflammation rather than a pulmonary Ty1 response. The
finding that the proinflammatory cytokines IL-1(3, IL-6,
and TNF-a were significantly increased in BALF of
P aeruginosa—infected patients with CF compared with
noninfected patients with CF supports this contention.
Similar to our observations, Bonfield et al*? found signif-
icantly increased BALF levels of TNF-a, IL1-$3, and IL-
8 and decreased levels of IL-10 in patients with CF versus
healthy controls. The levels of proinflammatory cytokines
tended to be higher in P aeruginosa—infected versus
noninfected patients with CF, although this did not reach
statistical significance.

The pulmonary T2 response might represent an appro-
priate effort of the immune system to defend against
P aeruginosa. However, the overwhelming inflammatory
response in CF lungs may provide an unfavorable back-
ground for the proper functioning of Ty2 (effector) cells.
A dysregulated Ty 1/2 response might, in turn, contribute
to physical and biochemical factors that avert the clear-
ance of P aeruginosa.

The main limitation of this study is the small number of
patients included. Therefore, these initial observations
need to be verified in larger patient groups. Because some
of the P aeruginosa—infected patients with CF were also
infected with other CF-typical bacteria (Staphylococcus
aureus, Hemophilus influenzae), an alteration of the ana-
lyzed immunological parameters by these organisms can-
not be excluded with certainty. However, these microbes
were almost equally distributed between the 2 patient
groups. Furthermore, longitudinal studies of chronically
P aeruginosa—infected patients with CF are necessary to
analyze the contribution of Ty1/TH2 cytokines/chemo-
kines to the pulmonary outcome of P aeruginosa—infected
patients with CF.

In summary, these results reveal the prevalence of a
pulmonary Ty2 immune response in chronically P aerugi-
nosa—infected patients with CF. The positive correlations
between pulmonary levels of IL-4, IL-13, and TARC with
FEV, suggest a pathophysiological relevance of these
molecules in lungs of P aeruginosa—infected patients
with CF. The further characterization of the T2 response
in P aeruginosa infection may help to develop new
concepts for the treatment of P aeruginosa lung infection
in patients with CF.
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