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SUMMARY

Pseudomonas aeruginosa-resistant BALB/c and susceptible C57Bl/6 (B6) mice were immunized with

heat-killed Pseudomonas either in the foot pad or via the trachea, and panels of Pseudomonas-specific T

cell clones were developed from lymph nodes and lungs. All clones from either strain, whether of lymph

node or lung origin, were CD31CD41CD82TCRab1. The efficacy of cloning from lymph node cells

was comparable between BALB/c and B6 mice. All lymph node BALB/c clones proliferated in response

to Pseudomonas antigen in a dose-dependent manner, and this response was MHC class II-restricted.

Vigorous proliferation by a considerable proportion of B6 T cell clones occurred in the absence of

specific antigen. Lymph node clones from either strain could be categorized as either Th1 or Th0 on the

basis of interferon-gamma (IFN-g)/IL-4 production. In either mouse strain the efficacy of cloning from

lung tissue was substantially lower than from lymph nodes, but the efficacy of cloning from BALB/c

compared with B6 lungs was higher. Four lung T cell clones from BALB/c and two from B6 mice were

expanded for further analyses, and an interstrain difference was observed in cytokine production. Both

B6 lung T cell clones were Th1-like and produced IFN-g but not IL-4 and IL-10, whereas four BALB/c

lung T cell clones were Th2-like and produced IL-4 and IL-10 but not IFN-g . These observations

suggest that differences in the CD41 Th response in the lung may contribute to differences among inbred

mouse strains in the level of resistance to bronchopulmonary Pseudomonas infection.
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INTRODUCTION

Pseudomonas aeruginosa, a commensal Gram-negative bacillus

commonly found in soil and water, is the major cause of chronic

and often fatal bronchopulmonary infection in individuals with

cystic fibrosis (CF). While it is clear that excessive neutrophilic

inflammation contributes to persistent Pseudomonas infection and

tissue damage in the CF lung [1], the exact nature of protective

immune responses, particularly the role of T cells, remains

unclear. Earlier studies showed that transfer of immune T cells

protected Pseudomonas-infected intact as well as nude and

granulocytopenic mice [2,3]. Studies by Markham & Powderly

[4] demonstrated that T cell-mediated immunity to Pseudomonas

was protective even in the absence of antibody production.

Alternatively, T cells may provide B cell help for the production

of protective antibody. In humans, T cells from normal individuals

proliferate in vitro in response to Pseudomonas [5], as well as to

bacterial components [6±8]. Evaluation of T cell function in CF

patients demonstrated decreased T cell proliferation to Pseudo-

monas [9±11]. More recently, it was observed that there is a

decreased percentage of peripheral Th cells as well as diminished

function of these cells in terms of proliferation to Pseudomonas

and help for antibody production by B cells in CF patients [12,13].

We have established a mouse model of chronic broncho-

pulmonary Pseudomonas infection and compared the level of

resistance and of T cell responses among inbred mouse strains

([14], unpublished observations). Following intratracheal infec-

tion with mucoid Pseudomonas enmeshed in agar beads, BALB/c

mice were found to clear the infection from their lungs more

efficiently than C57Bl/6 (B6) mice through 3 weeks post-

infection. Lung T cells from BALB/c mice exhibited significantly

higher in vitro proliferative responses to heat-killed Pseudomonas
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than cells from B6 mice and were less sensitive to immune

suppression mediated by adherent lung cells via production of

nitric oxide and prostaglandins. In addition, BALB/c mice were

found to have high Pseudomonas-specific DTH and low antibody

responses in vivo, while B6 mice had low DTH and high antibody

levels, in particular IgG2b and IgM. More recently, we have

shown that the resistant phenotype of BALB/c mice is expressed

as only limited granulomatous inflammation in the lung following

challenge, without any major alterations in lung architecture [15±

17]. In contrast, an acute, predominately neutrophilic inflamma-

tion, evident in the interstitium as well as the bronchoalveolar

space, with tissue damage is characteristic of susceptible B6 mice.

Moreover, the CD4/CD8 ratio was found to be significantly

greater in BALB/c mice by 3 weeks post-infection. These results,

which suggest the importance of T cells in acquired immunity to

Pseudomonas, prompted us to study Pseudomonas-specific T cell

responses at the clonal level. Here, we report on development and

partial characterization of T cell clones obtained from lymph

nodes and lungs of BALB/c and B6 mice following local

immunization with heat-killed Pseudomonas.

MATERIALS AND METHODS

Mice

Age-matched BALB/cJCit (BALB/c) and C57Bl/6JCit (B6)

female mice were used for T cell cloning, and mice of either

sex of B10.A(4R), B10.MBR, CBA, B10.S and B10.D2 strains

were used as the source of allogeneic antigen-presenting cells

(APC). Mice were bred under conventional conditions in the

animal facility of the Central Institute of Tuberculosis, Moscow,

Russia. Water and food were provided ad libitum.

Bacteria

Pseudomonas aeruginosa, strain 508, was kindly provided by Dr

J. LagaceÂ (UniversiteÂ de MontreÂal, MontreÂal, QueÂbec, Canada).

This strain has a mucoid appearance when grown on blood agar,

and was originally isolated from the sputum of a CF patient at St-

Justine Hospital, Montreal. Heat-killed (1 h, 608C) bacteria were

used throughout the study. Aliquots containing 2´5 � 1010

colony-forming units (CFU)/ml in sterile saline were stored at

2208C until use.

Immunization and T cell cloning

To develop T cell clones from lymph nodes, two mice of each

strain were immunized in the foot pads with 50 m l per mouse

containing 2´5 � 107 CFU, in the form of a 1:1 mixture of the

heat-killed Pseudomonas suspension and Freund's incomplete

adjuvant (FIA; Sigma, St Louis, MO). Seven days after

immunization, popliteal lymph nodes were removed aseptically

and homogenized in Hanks' balanced salt solution (HBSS)

containing 2% fetal calf serum (FCS) and antibiotics (HyClone,

Cramlington, The Netherlands). Aliquots of 4 � 106 cells/ml

were cultured in RPMI 1640 containing 10% FCS, 10 mm

HEPES, 4 mm l-glutamine, 5 � 1025 m 2-mercaptoethanol (2-

ME), and antibiotics (all components from HyClone) in 24-well

plates (Costar, Cramlington, The Netherlands) for 48 h in the

presence of 2´5 � 107 CFU/ml heat-killed bacteria as antigen.

Live cells, enriched for blasts, were isolated by centrifugation

at 2500 g for 20 min at 238C on Lympholyte M (Cedarlane

Labs, Hornby, Ontario, Canada). Cells were cloned by limiting

dilution, starting at 1000 cells with 10-fold dilutions, in 96-well

flat-bottomed plates (Costar) in the presence of 1´5 � 106/ml

syngeneic APC, g-irradiated at 12 Gy from a 60Co source, and

antigen. Culture medium was supplemented with 5 mg/ml

indomethacin (Sigma) and 10% conditioned medium (40 h

supernatant from concanavalin A (Con A)-activated murine

splenocytes, absorbed with 10 mg/ml a -methylmannoside) as a

source of cytokines. To expand growing clones, every 10±14 days

positive wells were restimulated, either in situ or split into new

wells. This was achieved by replacement culture supernatants with

fresh culture medium containing irradiated APC, antigen,

conditioned medium and indomethacin. Two independent T cell

cloning experiments were performed.

To develop T cell clones from lungs, three mice of each strain

were immunized via the trachea with 109 heat-killed bacteria in

40 m l of sterile saline. The surgical procedure was previously

described [14]. Briefly, in anaesthetized mouse the trachea was

visualized by a transverse cervical incision, intubated with a

flexible 22 G cannula attached to a 1-ml syringe and inoculated

with 109 heat-killed bacteria in 40 m l of sterile saline. The

incision was closed by suture. Seven days later, lung cell

suspensions were prepared using a previously described modifica-

tion [14,18] of the method described by Holt et al. [19]. Briefly,

mice were anaesthetized, and blood vessels were washed by

perfusion of the vena cava with 0´02% EDTA±HBSS. Repeated

bronchoalveolar lavage with EDTA±HBSS via cannulated trachea

was performed to remove alveolar cells. Lungs were removed,

sliced into pieces, and enzymatically disrupted by incubation

with 2 mg/ml collagenase (Sigma), 50 mg/ml DNase (Sigma)

and 10 U/ml elastase (Boehringer, Mannheim, Germany). After

vigorous pipetting and washing, single-cell suspensions of lung

cells in complete RPMI 1640 were enriched for T cells by

adherence on plastic for 1 h at 378C followed by passage through

a nylon wool (Polyscience, Warrington, PA) column. After

incubation for 1 h at 378C, cells were eluted with warm culture

medium. Two independent T cell cloning experiments were

performed as described above for lymph node cells, starting at

5000 cells per well.

Proliferation assay

Aliquots of 4 � 104 cells of each T cell clone plus 3 � 105

irradiated splenic APC from either syngeneic or allogeneic donors

were co-cultured in 96-well plates at 378C, 5% CO2 for 48 h. For

each clone, two to three experiments were performed, either in

duplicate or in triplicate depending on the cell yield. Antigen-

specific stimulation was determined by adding 2´5 � 107 CFU/

ml; non-stimulated wells served as controls. For the last 18 h,

cultures were pulsed with 0´5 mCi/well 3H-methyl-thymidine.

Cells were harvested onto fibreglass filters using a semiautomatic

cell harvester (Skatron, Oslo, Norway) and radioactivity was

measured in a liquid scintillation counter (Wallac Laboratory,

Turku, Finland). Results are expressed as either mean ct/min or

Dcpm (ct/minAg ± ct/mincontrol) ^ s.e.m. To establish whether

BALB/c T clones were class II-restricted, a mixture of super-

natants of anti-IAd hybridoma MKD6 and anti-IE hybridoma

4.14.4S (a kind gift from Dr V. Yurin, Institute for Genetics of

Industrial Microorganisms, Moscow, Russia) was added to

cultures at 1:20 final dilution.

Stimulation/rest protocol for generation of long-term T cell lines

Polyclonal T cell lines were generated from immune lymph nodes

as previously described [20]. Briefly, 2 � 106 immune cells
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isolated from popliteal lymph nodes were cultured in complete

RPMI 1640 for 10±12 days in the presence of antigen. Live

immune cells, which by this point had reached the `rest' phase of

the cycle, were isolated on Lympholyte M as described above and

restimulated by co-culturing 2 � 105 cells with 1´5 � 106 APC in

the presence of antigen for another 10±12 days. This cycle was

repeated until T cells were either lost or started to grow as a stable

cell line.

Cell phenotyping

Cells of individual clones were harvested 3±5 days following

antigen stimulation and live T cells were isolated on Lympholyte

M. Cells were resuspended to 2±10 � 105/ml, washed twice in

PBS containing NaN3 and 0´5% bovine serum albumin (BSA) and

incubated for 30 min at 48C in the same buffer containing 20%

normal mouse serum to block non-specific antibody binding. Cells

were single-stained with PE-labelled anti-CD3 or FITC-labelled

anti-TCRab , or double-stained with PE-labelled anti-CD8 and

FITC-labelled anti-CD4 antibodies diluted according to the

instructions of the manufacturer (PharMingen, San Diego, CA)

for 30 min at 48C. Isotype-matched control antibodies were

included in each staining. Stained cells were washed twice, fixed

with 1% paraformaldehyde and analysed by flow cytometry on an

EPICS ELITE flow cytometer (Coulter Corp., Hialeah, FL)

equipped with a Cyonics argon laser (Uniphase, San Jose, CA). At

least 104 cells per sample were analysed and the data processed

with Multigraph software (Coulter). Unstained cells were analysed

as a control for each T cell clone.

Cytokine assays

Cells of individual clone (2 � 105) and 1´5 � 106 irradiated

splenic APC were co-cultured in 1 ml of culture medium in the

presence or absence (control culture) of 2´5 � 107 heat-killed

bacteria. Levels of interferon-gamma (IFN-g), IL-4, IL-5, IL-10

and IL-12 were determined in 48-h culture supernatants by

ELISA. Capture and detecting (biotinylated) MoAbs specific for

mouse cytokines were purchased from PharMingen. ELISAs were

performed following the manufacturer's instructions for each

cytokine. A standard curve for each assay was generated with

mouse rIL-4 (PharMingen), rIL-5 (PharMingen), rIL-10 (Sigma),

rIL-12 (PharMingen), and rIFN-g (Genzyme, Boston, MA).

RESULTS

Establishment of T cell clones

Despite vigorous T cell proliferation in bulk cultures, our initial

attempts to develop Pseudomonas-specific T cell clones were

unsuccessful. When the culture medium was supplemented with

5 mg/ml indomethacin, conventional growth of T cell clones

occurred. As shown in Fig. 1a, T cell clones were cultured with

equal ease from BALB/c and B6 lymph nodes, and no apparent

defect in T cell responsiveness was evident in B6 lymph nodes. In

total, panels of 12 BALB/c and 16 B6 T cell clones from lymph

nodes were expanded.

The efficacy of T cell cloning from lung tissue of either mouse

strain was very low (Fig. 1b). However, about 10-fold more T cell

clones showed initial growth and a much slower decline in the

numbers of surviving clones with time was observed in cells

from BALB/c compared with B6 mice. The T cell response in

the lungs of the Pseudomonas-resistant host, thus, is more

vigorous and stable than that of the susceptible mouse strain. In

total, we established four T cell clones from BALB/c lungs and

two from B6 mice. Flow cytometry showed that the phenotype of

all BALB/c and B6 clones, whether lymph node- or lung-derived,

was CD31CD41CD82TCRab1.

Antigen-specificity and genetic restriction

Next, T cell clones from both panels were characterized with

respect to their antigen specificity and genetic restriction. As

shown in Fig. 2, all BALB/c lymph node T cell clones showed a

gradual loss of proliferative activity along the Pseudomonas

antigen titration curve, i.e. all clones were antigen-specific. No or

marginal responses of these H-2d clones were observed in the

presence of allogeneic APC from B6 (H-2b), CBA (H-2k) and

B10.S (H-2s) mouse strains, whereas the response in the presence

of B10.D2, H-2d-matched, APC did not differ from that in the

fully syngeneic system (data not shown). Addition of a mixture of

MKD6 (anti-IAd) and 4.14.4S (anti-IE) antibodies to the cultures

totally abrogated the response of all 10 BALB/c T clones tested

(data not shown). Thus, all BALB/c T clones developed in our

system were antigen-specific and class II-restricted, i.e. they were

conventional CD41 T cell clones.

When the antigen specificity of B6 lymph node T cell clones

was tested, many clones did not follow a normal antigen titration

18
16
14
12
10
8
6
4
2
0

N
u

m
b

er
 o

f 
cl

o
n

es
/2

00
0 

ce
lls

1 2 3 4 5

(a)

90

80

70

60

50

40

30

20

10

0N
u

m
b

er
 o

f 
cl

o
n

es
/5

00
 0

00
 c

el
ls

1 2 3 4 5

(b)

Stimulation cycle

Fig. 1. Efficacy of T cell cloning from lymph nodes (a) and lungs (b) of

BALB/c (W) and B6 mice (B) immunized in the foot pad or via the

trachea, respectively, with heat-killed Pseudomonas. T cell clones were

established from lymph node and lung cells of immunized mice by limiting

dilution in the presence of 1´5 � 106 syngeneic, g-irradiated, splenic

antigen-presenting cells (APC) and 2´5 � 107 colony-forming units

(CFU)/ml heated-killed Pseudomonas. The number of cells indicated on

ordinate of each panel corresponds to the total number of immune cells per

plate.
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curve but vigorously proliferated in the absence of antigen. When

the values of 3H-thymidine incorporation by individual clones in

the presence and absence of antigen were plotted against each

other at least two, and possibly three, distinct patterns of response

were seen (Fig. 3). Seven of 14 B6 clones, which were low

responders, clearly showed antigen specificity (stimulation index

(SI) � (ct/minAg)/(ct/mincontrol), between 3 and 12, Fig. 3a). In

contrast, much more vigorously proliferating clones showed no or

marginal dependence on the presence of specific antigen (SI

between 1 and 2´5, Fig. 3b,c).

To study the MHC restriction pattern of the response of B6 T

cell clones, we used APC from intra-H-2 recombinant mouse

strains sharing alleles of individual H-2 loci with B6 mice. In the

presence of APC from the B10.A(4R) mouse strain, which differs

by H-2K and IA alleles but shares D-end alleles with B6 mice,

neither clone proliferated, irrespective of the presence of

Pseudomonas antigen (data not shown). On the other hand, in

the presence of APC from B10.MBR mice sharing the H-2Kb

allele with B6 and the IAk allele with 4R, the response of all

Pseudomonas-specific (Fig. 3d) and of some non-specific

(Fig. 3e) T clones was abrogated, whereas the most vigorously

responding three non-specific T clones continued to proliferate

(Fig. 3f). One possible explanation for this result is that the clones

displayed in Fig. 3b,e react against some product which is

presented by the self IAb molecule (the latter is absent in

B10.A(4R) and B10.MBR mice), whereas the latter three clones

with unrestricted recognition pattern react with the product(s)

presented by both self IAb and foreign IE molecules (the latter is

not expressed by either B6 or B10.A(4R) cells). In both cases the

response is not aimed against Pseudomonas antigens, although the

initial activation of T cells might be dependent upon the presence

of bacteria-derived substances.

We also examined the antigen specificity of the lung-derived

T cell clones. Interestingly, one out of four BALB/c clones, 2F3

(Fig. 4a), and one out of two B6 clones, 1C7 (Fig. 4b), were not

antigen-specific.

Polyclonal response of long-term T cell lines to Pseudomonas

B6 mice had defective Pseudomonas-specific T cell responses

in vitro and in vivo following infection with live bacteria [14] and

appeared to readily develop non-specific T cell response following

immunization with heat-killed Pseudomonas. Thus we studied

the ability of BALB/c and B6 T cells to retain long-term

Pseudomonas-specific polyclonal responses in vitro. To address

this question, immune lymph node cells were isolated and

subjected to repeated cycles of rest and antigen stimulation.

As shown in Fig. 5, repeated stimulation of T cells from

BALB/c mice resulted in development of a stable antigen-specific

T cell line following the fourth stimulation cycle. In contrast, the

T cells from B6 mice were lost after the third in vitro stimulation

cycle (Fig. 5a). Thus, the defect in T cell response of susceptible

B6 mice was confirmed in this in vitro system. Interestingly, a

relatively high level of proliferation in B6 lymph node cells

freshly isolated ex vivo was due almost exclusively to a non-

specific component of response, which is in the sharp contrast to

the response of their BALB/c counterparts (Fig. 5b).

Cytokine production

Th1/Th2 cytokine profiles were evaluated in supernatants of poly

and monoclonal T cell cultures of BALB/c and B6 origin. Lymph

node cells isolated 7 days after immunization produced IL-12 but

not IFN-g or IL-4, indicating that they were obtained at a very

early phase of the response. IL-12 production in cultures of cells

from BALB/c mice was fully dependent upon in vitro simulation

with antigen. In two independent experiments, IL-12 levels ranged

from 880 to 1040 pg/ml and 80 to 120 pg/ml in stimulated

and control cultures, respectively. In contrast, IL-12 levels in

B6 cultures were 1720±2460 pg/ml in stimulated cultures versus

760±880 pg/ml in control cultures. Thus, the bulk IL-12

production paralleled the clonal proliferative response.

There were no differences in cytokine profiles between T cell

clones from lymph nodes of BALB/c and B6. All BALB/c and B6

clones developed from lymph nodes produced IFN-g , with a range

of 10±100 pg/ml for individual clones. In addition, about half of

the clones from either strain produced significant amounts of IL-4

(range 250±2000 pg/ml). Thus, T cell clones from lymph node

cells of either strain were of either Th1 or Th0 type. However,

among T cell clones of lung origin a clear bias toward a Th2-like

response was found in BALB/c mice as opposed to a Th1-like

response in B6 mice. As shown in Table 1, both the antigen-

specific (1G10) and the non-specific (1C7) B6 lung T cell clones

produced IFN-g . Consistent with the observation of high non-

specific proliferation, clone 1C7 produced high levels of IFN-g
in the absence of antigenic stimulation. In contrast, all four lung

T cell clones from BALB/c mice produced IL-4 and IL-10, but

not IFN-g . The bacteria non-specific clone, 2F3, produced high

amounts of IL-4 and IL-10 in the absence of antigen.

DISCUSSION

Evidence from experimental studies in mice [2±4] and in humans

[5±13] suggests an important role for T cells in the development

of immunity to Ps. aeruginosa. Earlier we demonstrated that
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Fig. 2. Antigen specificity of T cell clones obtained from lymph nodes of
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Proliferation was determined between 14 and 18 days following the last

stimulation of the clones. Clones (see legend for symbols and names

ascribed to individual clones) were stimulated in the presence of syngeneic,

irradiated, splenic antigen-presenting cells (APC) with indicated doses of

heat-killed Pseudomonas (range 4 � 10422´5 � 107 colony-forming units

(CFU)/ml) for 48 h and pulsed for the last 16 h with 3H-thymidine. The

results of one of three replicate experiments are shown. Data are presented

as mean ct/min of triplicate cultures; the s.d. never exceeded 15%.
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differences among inbred mouse strains in the level of resistance

to chronic bronchopulmonary Pseudomonas infection correlated

with the level of T cell responses in vivo and in vitro ([14,16] and

unpublished observations). In the present study we established

T cell clones from lymph nodes and lungs of resistant BALB/c

and susceptible B6 mice following local immunization with

heat-killed bacteria in order to understand further the role of

T cells in immunity to Pseudomonas.

Previous studies by our laboratory [21] and others [22,23]

demonstrated a low frequency of lung T cell clonal growth. We

were surprised however to observe a similar situation with lymph

node cells from heat-killed Pseudomonas-immunized mice. We

reasoned that under limiting dilution conditions, where only a few

T cells are present, proliferation may be totally abrogated by

mediators such as prostaglandins or nitric oxide (NO), which are

known to suppress T cell proliferation and production of the T cell

growth factor, IL-2 [24±27]. Prostaglandin-mediated suppression

of lung T cell proliferation to Pseudomonas was observed in our

earlier study [14]; indeed, conventional growth of T cell clones

was observed when indomethacin was added to culture medium.

Despite similar cloning efficiencies of T cells from lymph

nodes of BALB/c and B6 mice, there were clear differences in the

antigen specificity and genetic restriction of expanded T cell

clones from the two mouse strains. Whereas all lymph node T cell

clones from BALB/c mice were antigen-specific and MHC class

II-restricted, a large proportion of B6 clones proliferated

vigorously in the absence of antigen. The role of non-specific

inflammation in pathogenesis of Pseudomonas-triggered disease is

well established [1], but this concerns mainly neutrophil-mediated

reactions. To our knowledge, this is the first report on the

induction of a substantial non-specific component within the

spectrum of T cell responses that develop following immunization

of mice with this bacterium. The possible role of these T cells in

pathogenic and/or defensive Pseudomonas-provoked inflamma-

tion remains to be evaluated. Since non-specific T clones possess

a strong proliferative capacity (Fig. 3) and actively produce

cytokines in a strain-specific manner (Table 1), they might

contribute to either proinflammatory, IFN-g-dependent or anti-

inflammatory, IL-10-dependent responses of the host to the lung

colonization with Pseudomonas. It was shown for certain types of

lung pathology, e.g. lung transplantation and cancer, that IFN-g
produced by T cells, along with macrophage-produced prosta-

glandins, may promote the fibrosis of lung tissue [15]. This

observation is consistent with our data on much more severe lung
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pathology in Ps. aeruginosa-infected B6 compared with BALB/c

mice [16,17]. Further elucidation of the role of non-specific T cell

responses induced by Pseudomonas is in progress, and comparison

of several H-2 congenic mouse strains has demonstrated that this

type of response develops predominantly in mice carrying H-2b

haplotype, irrespective of the genetic background (N. Kobets,

unpublished observations).

In addition, lymph node T cells from immune BALB/c mice in

bulk cultures, subjected to repeated stimulation with APC and

antigen, readily developed into a stable, polyclonal T cell line. In

contrast, T cells from B6 mice did not survive repeated

stimulation in polyclonal cultures, although they were success-

fully cloned under limiting dilution conditions. There are several

possible explanations for this finding. First, this discrepancy may

be explained by technical differences in the maintenance of poly

and monoclonal cultures: polyclonal cultures were maintained

without the addition of exogenous cytokines. This implies that
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Fig. 4. Antigen specificity of T cell clones obtained from lungs of BALB/c

(a) and B6 (b) mice immunized via the trachea with heat-killed

Pseudomonas. Proliferation was determined between 14 and 18 days

following the last stimulation of the clones. Clones (see legend for symbols

and names ascribed to individual clones) were stimulated in the presence

of syngeneic, irradiated, splenic antigen-presenting cells (APC) with

indicated doses of heat-killed Pseudomonas (range 4 � 10422´5 � 107

colony-forming units (CFU)/ml) for 48 h and pulsed for the last 16 h with
3H-thymidine. The results of one of three replicate experiments are shown.

Data are presented as mean ct/min of triplicate cultures; the error bars

represent s.e.m.
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Fig. 5. Lymph nodes cells from BALB/c but not from B6 Pseudomonas-

immune mice developed into a stable T cell line following repeated cycles

of rest and stimulation with heat-killed Pseudomonas (a), and displayed

exclusively Pseudomonas-specific proliferative response (b). Data are

presented as mean ct/min. Comparison between Pseudomonas-stimulated

and non-stimulated cultures (b) was performed at the first stimulation

cycle. The results of one out of four similar independent experiments are

presented; error bars represent s.d.

Table 1. Th1/Th2-like dichotomy between T cell clones from lungs of B6

and BALB/c mice*

Mouse

strain T clone

PA-specific

proliferation² IFN-g IL-4 IL-10

B6 1G10 1 125 (14) 0 (0) 0 (0)

1C7 2 73 (146) 0 (0) 0 (0)

BALB/c 1D8 1 0 (0) 52 (0) 2100 (0)

1H4 1 0 (0) 385 (117) 1140 (0)

1D1 1 0 (0) 75 (0) 2300 (0)

2F3 2 0 (0) 2700 (830) 4370 (1140)

*Concentrations of factors are expressed in pg/ml. Figures in

parentheses, concentrations in control (Pseudomonas aeruginosa-non-

stimulated) cultures. Cytokine contents in two independently obtained sets

of supernatants of each clone were measured by ELISA in three two-fold

serial dilutions and are expressed as arithmetic means (s.d. of , 10%

among triplicate determinations multiplied by the titre). The results of one

experiment are displayed. Positive results obtained in two independent

experiments differed by , 30%. 0, Concentration lower than the sensitivity

of the ELISA. Note that Ps. aeruginosa-non-specific clones 1C7 and 2F3

produced significant amounts of, respectively, IFN-g and IL-4/IL-10 in the

absence of antigen.

²See Ps. aeruginosa titration curves in Fig. 4.
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T cells from BALB/c mice do not require exogenous growth

factors, while T cells from their B6 counterparts may be

dependent. Second, among non-specific T cells, which are

abundant in polyclonal B6 cultures, there could be autoreactive

clones that inhibit the growth of Pseudomonas-specific T cell

clones and then cease to proliferate themselves. Since autoreactive

populations are apparently lacking among BALB/c T cells,

antigen-specific T clones accumulate in these cultures and

eventually form a stable line.

When the responses of T cell clones prepared from the lungs

of Pseudomonas-resistant and susceptible mice were compared,

important interstrain differences were observed. First, the

frequency of T cell clones initially activated in the interstitial

lung tissue following intratracheal immunization with heat-killed

bacteria was many times higher in BALB/c compared with B6

mice. This may be due to marked differences between these

mouse strains in the magnitude of lung T cell responses [14,16].

Second, lung T cell clones from the two mouse strains, unlike T

cells from lymph nodes, differed in their cytokine profiles. Lung T

cell clones from B6 mice, which do not efficiently clear

bronchopulmonary Pseudomonas infection and experience pre-

dominantly neutrophilic inflammation and lung tissue damage

[14±16], were Th1-like and produced IFN-g , a potent activator of

macrophages for bactericidal activity. In contrast, clones from the

lungs of BALB/c mice, which efficiently clear the infection and

experience less severe tissue-damaging inflammation, consisting

of predominately macrophages, were Th2-like and produced IL-4

and IL-10 but not IFN-g . These data are consistent with recent

observations that transgenic mice expressing IL-4 in respiratory

epithelial cells, as well as conventional mice which received IL-4

intranasally, combat Pseudomonas infection much more effi-

ciently than the control animals [28].

Previous studies have demonstrated a role in protection against

lung Pseudomonas infection for IFN-g production by CD41 T

cells from orally immunized rats [29], as well as an anti-

inflammatory effect of exogenous IFN-g in the rat model of

chronic bronchopulmonary infection [30]. However, our results

parallel several lines of evidence suggesting an important role for

IL-10 in protecting peripheral organs from tissue damage. Groux

et al. [31] recently proposed an immunoregulatory role for a novel

subset of CD41 T cells, designated T regulatory 1 (Tr1) cells,

apparent during chronic activation, which produce high levels of

IL-10 and suppress antigen-specific immune responses and down-

regulate pathological immune responses in vivo. Furthermore, we

observed an unusual predominance of IL-10-producing T cell

clones in the lungs of mice chronically infected with Mycobacter-

ium tuberculosis [21]. Recent studies in mice during acute

pneumonia or following intraperitoneal Pseudomonas infection

provide evidence for a protective role of IL-10 versus the disease-

promoting effect of the proinflammatory cytokine, IFN-g [32,33].

Importantly, statistically significant differences in the levels of

several cytokines, including IL-10, were found between CF

patients with Pseudomonas infection and healthy subjects,

whereas non-infected CF patients did not differ from healthy

controls [34].

Taken together, our results suggest that differences between T

cell clones derived from Pseudomonas-resistant and -susceptible

mice in terms of their antigen specificity and profile of cytokine

production, in particular IL-10 production by lung-derived

clones, may contribute to control of infection versus tissue

damage in the lung. Studies are in progress in our laboratories

using mice deficient in IL-10, either by treatment with a

neutralizing anti-IL-10 MoAb or by targeted deletion of the

IL-10 gene, to investigate further the in vivo role of IL-10 in

resistance to bronchopulmonary Pseudomonas infection.
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