
Interferon-c-dependent inhibition of late allergic airway responses
and eosinophilia by CD8

+cd T cells

Introduction

In human atopic asthma, the late airway response to

allergen exposure appears to be relevant to chronic

asthma because of its association with airway hyper-

responsiveness and airway inflammation, two defining

features of the disease.1 The late airway responses are

T-cell dependent and their magnitudes are affected by

activation of both CD4+ and CD8+ T cells in vivo. A

mixed population of CD8+ T cells (ab and cd) inhibits

allergen induced late airway responses and eosinophilia

in rats.2–4 However, the subtype of CD8+ T cells has an

important influence on the role they play. CD8+ T cells

that bear the ab T-cell receptor (TCR) are pro-inflam-

matory whereas CD8+ T cells bearing the cd TCR are

inhibitory.5,6

The cd T cells that show tropism for mucosal epithelial

cells, which is of potential importance to the epithelial

repair process in diseases such as asthma7 are required for

fully developed allergic responses in the mouse,8 but the

CD8 subset of these cells in the rat is potently inhibitory.6

The mechanism by which the CD8+cd T cells inhibit late

airway responses is not clear but a candidate cytokine for

the effect is interferon-c (IFN-c).9,10 Interestingly, respir-

atory syncytial virus infection, that is frequently associated

with the development of childhood asthma, suppresses

IFN-c producing cd T cells in the blood and the number

of IFN-c producing cd T cells is lower in infants that
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Summary

We have previously shown that CD8+cd T cells decrease late allergic air-

way responses, airway eosinophilia, T helper 2 cytokine expression and

increase interferon-c (IFN-c) expression. We hypothesized that the effects

of CD8+cd T cells were IFN-c mediated. Brown Norway rats were sensi-

tized to ovalbumin on day 1. Cervical lymph node CD8+cd T cells from

sensitized animals were treated with antisense oligodeoxynucleotide

(5 lmol/l) to inhibit IFN-c synthesis or control oligodeoxynucleotide and

3�5 · 104 CD8+cd T cells were injected intraperitoneally into sensitized

recipients on day 13. Rats were challenged with aerosolized ovalbumin on

day 15 and lung resistance was monitored over an 8 hr period, after

which bronchoalveolar lavage was performed. Control oligodeoxynucleo-

tide treated cd T cells decreased late airway responses and eosinophilia in

bronchoalveolar lavage. There was a complete recovery of late airway

responses and a partial recovery of airway eosinophilia in recipients of

antisense oligodeoxynucleotide treated cells. Macrophage ingestion of

eosinophils was frequent in rats administered cdT cells but reduced in

recipients of antisense oligodeoxynucleotide treated cells. These results

indicate that CD8+cd T cells inhibit late airway responses and airway

eosinophilia through the secretion of IFN-c. Defective or altered cd T-cell

function may account for some forms of allergic asthma.

Keywords: lung; allergy; inflammation; T lymphocytes; cytokines; asthma

Abbreviations: anti-NK, anti-natural killer cells; BN, Brown Norway; DMEM, Dulbecco’s modified Eagle’s minimal essential
medium; MACS, magnetic-activated cell sorting; OVA, ovalbumin; ODN, oligodeoxynucleotide; PBS, phosphate-buffered saline;
TCR, T-cell receptor.
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developed recurrent wheezing.11 Although IFN-c is a

pro-inflammatory T helper 1 (Th1) cytokine, it has select-

ive anti-inflammatory effects on allergic inflammation

through suppression of the proliferation of Th2-type T

cells12. Exogenous recombinant IFN-c inhibits late airway

responses in the rat13 and suppresses airway hyperrespon-

siveness and airway eosinophilia in mice.14,15 Deficient

IFN-c production causes a prolongation of eosinophilic

inflammation after allergen challenge.16 Although IFN-c is

a plausible mediator of the suppressive effects of the

CD8+cd T cells, there is as yet no proof that this is

the mechanism by which CD8+cd T cells inhibit the late

airway responses.

The aim of the current study was to test the hypothesis

that IFN-c mediates the inhibitory effects of the cd T

cells on the late airway responses and eosinophilia. We

used a well-characterized rat model of allergic airway

responses and employed the technique of adoptive trans-

fer of T cells to explore the mechanisms of CD8+cd
T-cell suppressive effects. To do this CD8+cd T cells were

treated with antisense oligodeoxynucleotides (ODN)17

against IFN-c prior to transfer. We hypothesized also that

the inhibition of late airway responses by INF-c and air-

way inflammation may involve the alveolar macrophage.

Macrophages may serve as a source of cysteinyl leukotrie-

nes that are the key mediators of late airway responses18

and the phagocytosis of eosinophils by alveolar macroph-

ages is increased in rats administered CD8+cd T cells.6

To test the potential role of the macrophages in medi-

ating the suppressive effects of the CD8+cd T cells

through the release of IFN-c we measured the effects of

IFN-c on the rate of macrophage phagocytosis of the

yeast zymosan A and the synthesis of cysteinyl leukotrie-

nes in vitro. Our results indicate that much of the inhibi-

tory effect of CD8+cd T cells on the late airway responses

and airway inflammation are attributable to IFN-c exp-

ression and are contributed to by alterations in macroph-

age function.

Materials and methods

Study protocol

All donor rats were sensitized to ovalbumin (OVA).

Lymphocytes were harvested from the cervical lymph

nodes of donors 12 days after the sensitization. CD8+cd T

cells were purified by immunomagnetic cell isolation.

Recipient Brown Norway (BN) rats were given 3�5 · 104

of either antisense oligodeoxynucleotide (ODN)-treated

CD8+cd T cells (n ¼ 6; interferon-c (IFN-c)-depleted

CD8+cd T cells group) or control ODN-treated CD8+cd
T cells (n ¼ 8; CD8+cd T cells group) intraperitoneally

(i.p.) on day 13 whereas control rats were given phos-

phate-buffered saline (PBS; n ¼ 9, PBS group). Like the

donor rats, all recipient rats were sensitized to OVA on

day 1 and were challenged with aerosolized OVA (5% in

saline) two days after CD8+cd T-cell transfer or PBS.

Lung resistance was measured before aerosol challenge, at

5, 10, 15, 20, 30 min following aerosol challenge, and

subsequently at 15-min. intervals for a total period of

8 hr. On completion of the lung function measurements,

bronchoalveolar lavage was performed.

The study was approved by the University Animal

Care Committee and the animals were treated according

to the guidelines of the Canadian Council on Animal

Care.

Animals and sensitization

BN rats (males; aged 7–9 weeks; 180–200 g) were pur-

chased from Harlan Sprague Dawley UK (Blackthorn,

UK). The animals were sensitized by a single subcuta-

neous injection of 200 lg of OVA (grade V, Sigma, St.

Louis, MO) in 1�0 ml normal saline containing 8�5 mg of

aluminium hydroxide gel (Anachemia Chemicals, Mon-

treal, Canada) as an adjuvant. Simultaneously, 0�5 ml of

Bordetella pertussis vaccine (Dr T. Issekutz, Dalhousie

University, Halifax, NS, Canada) containing 1 · 109 heat-

killed bacilli were injected i.p.

Treatment of CD8+cd T cells with ODN and adoptive
transfer

Cervical lymph node cells were harvested from donor rats

12 days after sensitization, pooled, and purified using

negative selection with immunomagnetic cell sorting

(MACS) and the following antibodies: anti-CD4, anti-B

cell, anti-myeloid cell, anti-natural killer (anti-NK) cell,

and anti-ab TCR.6 The purity of the cells was measured

using flow cytometry (FACScan, Becton Dickinson,

Mountain View, CA).19 Phosphorothioate-ODN against

IFN-c and randomized ODN were designed and synthes-

ized by Biognostik (Göttingen, Germany). Cells were

incubated with ODN (5 lmol/l) and 30 nM of oligofecta-

mine for 20 min to improve transfection efficiency.

CD8+cd T cells were incubated with the ODN/oligo-

fectamine mix for a total of 6 hr in Dulbecco’s modi-

fied Eagle’s minimal essential medium (DMEM) and 1%

fetal calf serum (added after 2 hr). 35 000 cells were

transferred i.p. to OVA-sensitized recipients in groups

CD8+cd T cell and IFN-c depleted CD8+cd 2 days before

challenge.

Antisense ODN and IFN-c expression in lymphocytes

Mononuclear cells isolated using Ficoll-Hypaque from

cells pooled from both the cervical lymph nodes and

spleen of naı̈ve rats were stimulated with anti-CD3/anti-

CD28 antibodies (5 lg/ml) for 48 hr in medium with

10% fetal calf serum to evaluate the effects of antisense
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ODN on IFN-c expression by T lymphocytes. After stimu-

lation, cells were incubated with either 5 lmol/l IFN-c
antisense ODN/oligofectamine, control ODN/oligofecta-

mine, or culture medium for 2 hr. Cells were re-stimula-

ted with 10 ng/ml PMA and 0�5 lg/ml ionomycin in the

presence of Golgistop (BD Biosciences, Mississauga, ON,

Canada) and 1% fetal calf serum, and incubated for

another 4 hr. The cells were analysed by means of flow

cytometry (Becton Dickinson) with an fluoroscein isothio-

cyanate (FITC)-labelled anti-IFN-c antibody and an FITC-

labelled mouse immunoglobulin G1 as a control.

Measurement of airway responses to antigen challenge

Two days after the administration of CD8+cd T cells or

PBS, animals were anesthetized with urethane (1�95 g/kg

administered i.p.), instrumented, and challenged for

5 min with aerosolized OVA (5% wt/vol). Lung resistance

was measured for 8 hr and was calculated from airflow

measurements and oesophageal pressure measurements

using the technique of multiple linear regression.20

Bronchoalveolar lavage

Lavage was performed as previously described.20 Eight hrs

after antigen challenge and total bronchoalveolar lavage

cell counts were determined using a haemocytometer.

Bronchoalveolar lavage cytospin slides were prepared

using a Cytospin Model II (Shandon, Pittsburgh, PA).

The slides were Wright-Giemsa stained and cellular differ-

entials were assessed from a count of 300 cells.

Immunocytochemical evaluation of eosinophil-derived
major basic protein expression

Bronchoalveolar lavage cytospin slides were fixed in 4%

paraformaldehyde for 30 min, and were stained with

mouse anti-human major basic protein monoclonal

antibody (BMK-13) using the alkaline phosphatase–anti-

alkaline phosphatase method. We had previously noted

that eosinophils were underestimated by conventional

staining.20

mRNA detection by in situ hybridization

Cytospin slides from bronchoalveolar lavage fluid were

fixed with 4% paraformaldehyde. The detection of mRNA

for interleukin (IL)-4, IL-5, and IFN-c was performed

according to previously described methodology.21 Anti-

sense and sense riboprobes were prepared from cDNA

coding for rat IL-4, IL-5, and IFN-c mRNA. The probes

for IL-4, IL-5, IL-13 and IFN-c were gifts from Drs A.

Neil Barclay (Oxford, UK), T. Blankenstein (Berlin, Ger-

many), and P. H. van der Meide (Rijswijk, the Nether-

lands), respectively.

Phagocytosis and cysteinyl leukotriene synthesis by
alveolar macrophages following stimulation by rrIFN-c

Fluorescently labeled zymosan A (Molecular Probes, Eug-

ene, OR) was mixed with opsonizing reagent (Molecular

Probes) and naı̈ve rat serum for 1 hr at 37�, and was

re-suspended in complete DMEM with 1% antibiotics and

10% fetal bovine serum. Macrophages were obtained by

bronchoalveolar lavage of naı̈ve BN rats. Cells from two

animals were pooled for each experiment. After centrifu-

gation, red blood cell lysis was done. Cells were washed

with PBS and re-suspended in 500 ll complete DMEM

and then 0�25 · 106 cells/0�25 ml were placed in each well

of low-adhesion plates (Ultra Low Attachment Plates;

Costar/Corning, Acton, MA) with several concentrations

(0, 0�2, 1�0 ng/ml) of rrIFN-c (BD Biosciences, Mississ-

auga, ON, Canada). The total volume was adjusted to

500 ll with complete DMEM. Macrophages were cultured

for 18 hr at 37� and then opsonized zymosan A

(0�25 · 106 particles) that was labelled with fluorescein or

unlabelled control zymosan was cultured with the macro-

phages for a further 6 hr. Then supernatant from the

cultures was removed and stored at )80� for subsequent

assay of cysteinyl leukotrienes. Cells were re-suspended

in cell dissociation buffer, centrifuged, re-suspended in

0�3–0�5 ml of 1% paraformaldehyde for analysis. Flow

cytometry was used to count the number of macrophages

that phagocytosed zymosan particles.

Measurement of cysteinyl leukotrienes

Enzyme immunoassay (Cayman Chemical, Ann Arbor,

MI) was used to measure the levels of cysteinyl leukotrie-

nes in bronchoalveolar lavage fluid and culture superna-

tant.18 The antiserum is reported to have cross-reactivity

for leukotrienes C4 (100%), D4 (100%), and E4 (67%).

Statistical analysis

Unless otherwise indicated, data are presented as mean ± 1

standard error. Statistical comparisons were performed

using the Kruskal–Wallis and the Mann–Whitney U-tests.

P-values less than 0�05 were considered significant.

Results

CD8+cd T-cell purification, antisense ODN treatment
and transfer

The purity of CD8+cd T cells harvested from the cervical

lymph nodes, and isolated by negative selection, was

assessed by flow cytometry. The ratio of CD8+cd T/total

cells was 88�1 ± 0�9% purity (n ¼ 3). The viability of

CD8+cd T cells evaluated by Trypan Blue exclusion

prior to their transfer into the animals was 95�2 ± 1�0%
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(n ¼ 3) and 94�6 ± 1�4% (n ¼ 3) for CD8+cd and IFN-c
depleted CD8+cd cells, respectively.

We confirmed the efficacy of antisense ODN treatment

on IFN-c expression by T cells by flow cytometry by

comparing the effects of control and antisense ODN on

intracellular IFN-c expression in anti-CD3/anti-CD28 sti-

mulated T-lymphocyte preparations. Approximately 25%

of gated lymphocytes that were sense ODN treated

expressed IFN-c whereas approximately 10% of lympho-

cytes that were incubated with IFN-c antisense ODN

expressed IFN-c.

Airway responses to OVA challenge in sensitized
animals after transfer of CD8+cd T cells

The transfer of CD8+cd T cells did not alter mean baseline

lung resistance among the three groups (Fig. 1a). The early

airway responses were defined as the maximal value of lung

resistance, expressed as a percentage of the baseline value,

within the first 60 min after challenge, and there was no

significant difference among groups (Fig. 1b).

The late airway responses were calculated as the area

under the curve of lung resistance against time (in

cmH2O/ml/s · min) from 3 to 8 hr following challenge

and after correction of lung resistance for the baseline

value. The transfer of control ODN treated CD8+cd T

cells (CD8+cd T-cell group) significantly inhibited the late

airway responses: surface areas: 1�09 ± 0�75 versus 7�21 ±

2�50 (PBS group; P < 0�05). Treatment of the CD8+cd T

cells with antisense ODN (IFN-c depleted CD8+cd T cell

group) led to a complete restoration of the late airway

responses surface area: 4�94 ± 1�06 (P < 0�05) (Fig. 1c).

Effect of CD8+cd T cells on the bronchoalveolar
lavage leucocytes

There were no significant differences in the total cell

counts among the groups (Fig. 2). The CD8+cd T-cell

group showed a non-significant trend for fewer neu-

trophils compared to the PBS and the IFN-c depleted

CD8+cd T-cell groups. Both the CD8+cd T-cell and the

IFN-c depleted CD8+cd T-cell groups had significantly

fewer eosinophils compared to the PBS group

(P < 0�001 and P < 0�05, respectively). However, there

was a significant rise in eosinophilia in the IFN-c
depleted CD8+cd T-cell group compared to the CD8+cd
T-cell group (P < 0�05; Fig. 2).

Eosinophil-derived major basic protein
immunoreactive cells in the bronchoalveolar lavage

The percentage of major basic protein positive eosinophils

in the bronchoalveolar lavage fluid is shown in Fig. 3.

Major basic protein positive eosinophils were significantly

fewer in the rats that were administered CD8+cd T cells
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Figure 1. Transfer of CD8+cd T cells abolishes the late response to

antigen challenge. (a) Lung resistance measurements over 8 hr are

depicted. Each data point represents the mean ± SE. The late airway

response was greatly decreased in the CD8+cd T-cell group and this

effect was reversed in the IFN-c depleted CD8+cd T cell group.

(b) Early airway responses were defined as the maximal value of lung

resistance within the first 60 min of challenge and expressed as a

percentage of baseline lung resistance. There was no significant dif-

ference in the group means. (c) The late airway response was calcu-

lated as the area under the curve of lung resistance against time

from 3 to 8 hr, after correction for baseline lung resistance. The

CD8+cd T-cell group response was significantly lower compared to

the PBS and to the IFN-c depleted CD8+cd T cell group: P < 0�05.

There was no significant difference between the PBS and IFN-c
depleted CD8+cd T-cell group.
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compared to the PBS control group. The inhibition of

eosinophilia was partial in the IFN-c depleted CD8+cd
T-cell group. The results of immunostaining for major

basic protein were similar to the data from cell differen-

tials evaluated by conventional staining as shown in Fig. 2.

There was evidence of major basic protein immuno-

reactivity in cells that were identified as macrophages by

morphological criteria. We have previously identified

ingested apoptotic eosinophils in macrophages following

OVA challenge.6 Although the number of eosinophils was

low in rats that received CD8+cd T cells the number of

major basic protein positive macrophages was greatly

increased compared to the PBS group. This increase in

major basic protein immunoreactive macrophages was

not noted in the bronchoalveolar lavage fluid of the

recipients of IFN-c depleted CD8+cd T cells.

The ratio of major basic protein positive macrophages to

eosinophils in the bronchoalveolar lavage fluid was higher

for the CD8+cd T cells group than that of PBS group. In

the IFN-c depleted CD8+cd T-cell group, the ratio was

lower. These results are compatible with either an increase

in the activity of the macrophages or a decrease in the sur-

vival of eosinophils in the CD8+cd T-cell group.

Cytokine mRNA expression in the bronchoalveolar
lavage cells

IL-4 mRNA expressing cells (detected by in situ hybrid-

ization) were approximately 5% of the bronchoalveolar

lavage fluid cells following OVA challenge of the PBS

group (Fig. 4). Recipients of CD8+cd T cells had fewer

IL-4 expressing cells whereas in animals that received

IFN-c depleted CD8+cd T cells IL-4 expression was

restored. IL-5 showed a similar trend although its restor-

ation was not complete in animals receiving IFN-c deple-

ted CD8+cd T cells. A fraction of the IL-5 positive cells is

eosinophils so that failure of complete restoration of the

eosinophilia may account for the slightly lower number

of IL-5 expressing cells (Fig. 4). In contrast, the number
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Figure 3. Effects of CD8+cd T cells on eosinophilia and macrophages

in the bronchoalveolar lavage. (a) The percentage of major basic pro-

tein (MBP) positive eosinophils in bronchoalveolar lavage fluid.

Major basic protein positive eosinophils in CD8+cd T-cell group were

significantly lower compared to the PBS group. The eosinophilia was

partially restored in the IFN-c depleted CD8+cd T cell group. (b) The

number of major basic protein positive macrophages were more

numerous in the CD8+cd T cells group than in the PBS group. This

increase was absent in the IFN-c depleted CD8+cd T cells group.

(c) Ratio of major basic protein positive macrophages to eosinophils.

The median, 25th, 75th, percentiles are shown. The ratio was higher

in CD8+cd T-cell group than in PBS group. In the IFN-c depleted

CD8+cd T-cell group, the ratio was lower than in the CD8+cd T-cell

group.
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of cells expressing IFN-c mRNA was increased after the

CD8+cd T-cell transfer, and was less in the IFN-c deple-

ted CD8+cd T-cell transferred group, indicating the

effectiveness of the antisense ODN treatment of the cells

(Fig. 4).

Cysteinyl leukotrienes in bronchoalveolar lavage fluid

The level of cysteinyl leukotrienes in the bronchoalveolar

lavage fluid was assessed by specific enzyme immunoassay.

Cysteinyl leukotrienes were elevated in bronchoalveolar

lavage fluid following OVA challenge (PBS group in

Fig. 5), compared to the values previously published for

control animals.21 The level of cysteinyl leukotrienes was

significantly lower in the CD8+cd T-cell transferred group.

However, when the CD8+cd T cells were antisense ODN

treated (IFN-c depleted) the levels of cysteinyl leuko-

trienes were restored to values comparable to the OVA

challenged control group.

The assessment of phagocytosis and cysteinyl
leukotrienes synthesis by alveolar macrophages
following stimulation with rrIFN-c

To mimic the effects of IFN-c on macrophage functions

in vivo we stimulated macrophages in culture with IFN-c

and examined the capacity of the macrophages for phago-

cytosis and for the synthesis of cysteinyl leukotrienes

(Fig. 6). Zymosan A ingestion by macrophages was sub-

stantially increased in a concentration-dependent fashion

following IFN-c pretreatment (Fig. 6a and b). Macroph-

ages showed a strong trend for decreased synthesis of

cysteinyl leukotrienes following stimulation with IFN-c,

although variability in the control group was substantial

and precluded statistical significance (Fig. 6c).

Discussion

To clarify the mechanisms by which CD8+cd T cells may

potentially modulate the late airway responses, we have

used the technique of adoptive transfer in the BN rat

model of allergic asthma.4 Recently, we have shown that

administration of CD8+cd T cells from naı̈ve donors to

rats undergoing sensitization resulted in a marked inhibi-

tion of the late airway response and of allergic inflam-

mation evoked by aerosol challenge.6 The observed

inhibition of the expression of the Th2 cytokines IL-4

and IL-5 in bronchoalveolar lavage fluid cells and the

increase in cells expressing IFN-c suggested that IFN-c
might provide the counter-regulatory inhibitory signal for

Th2-type cytokine expression.12 The current study with

IFN-c depleted CD8+cd T cells provides evidence that

IFN-c synthesis by CD8+cd T cells is responsible for the

inhibition of the allergen induced late airway responses

and is, at least in part, also responsible for suppression of

eosinophilic inflammation.

Both pro-inflammatory and anti-inflammatory roles

have been proposed for cd T cells in allergic inflamma-

tion.5,8 Fully developed inflammatory responses to aller-

gen challenge require cd T cells in the mouse.22 However,

the CD8+cd T-cell subset has been shown to mediate

allergen tolerance in rodents and in mice undergoing

repeated allergen exposures, through mechanisms invol-

ving the expression of IFN-c.9 Even though we did not

harvest the cd cells from tolerized animals we reasoned
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nonetheless that the CD8 subset would be most likely to

express the prototypic Th1 cytokine IFN-c. There was

complete inhibition of the late airway responses by the

transferred CD8+cd T cells incubated with the control

ODN only. Previously we noted suppression of the late

airway response when the CD8+cd T cells were adminis-

tered to rats prior to sensitization,6 whereas in the current

experiments the suppression was evident even when the

cells were administered 12 days after sensitization and

only 2 days prior to challenge. In addition, there was

marked suppression of IL-4 and IL-5 mRNA expressing

cells, eosinophilia and cysteinyl leukotriene levels. Accom-

panying the suppression of Th2 inflammation there was

an increase in IFN-c expressing cells in the bronchoalveo-

lar lavage fluid. A potential limitation of the study is the

fact that the purity of the CD8+cd T cells was about 90%.

However, in a previous study6 we demonstrated that the

contaminating cells were without effect on the responses

of recipient rats to sensitization and challenge.

To test the role of IFN-c in the observed inhibitory

effects we targeted its synthesis using antisense ODN

directed against IFN-c. Efficacy of the antisense ODN

treatment was confirmed using splenic T cells that were

stimulated with anti-CD3/anti-CD28, phorbol 12-myri-

state 13-acetate and ionomycin and incubated with anti-

sense ODN. This treatment produced about 60%

inhibition of IFN-c expression, as determined by flow

cytometric assessment of intracellular cytokine expression.

However, it seems likely that inhibition was even more

complete in vivo given the potent biological effects of the

antisense ODN treatment on the adoptively transferred

cells. The successful restoration of the late airway

responses by means of specific antisense ODN treatment

was associated with a partial recovery of allergen induced

eosinophilia in the bronchoalveolar lavage and a reduction

in IFN-c to control levels of expression. These findings are

consistent with the reported inhibitory effects of IFN-c on

Th2-type cytokine expression by CD4+ T cells.23 The lack

of complete recovery of eosinophilia may indicate that

there are pathways other than IFN-c for the inhibition of

these cells. Alternatively the threshold for inhibition of

eosinophilia by IFN-c may be lower than for inhibition

of the late response. The importance of IFN-c expressed

by cd T cells in preventing airway hyperresponsiveness

following repeated allergen challenge, in the absence of

sensitization, has also been shown.21 In mice deficient in

cd T cells, airway hyperresponsiveness develops after

three exposures to OVA; in mice that are both IFN-c
and cd T-cell deficient airway hyperresponsiveness after

OVA exposure is not further augmented by treatment

with an anti-TCR Vc4 antibody indicating, albeit indi-

rectly, the importance of IFN-c expressed by TCR Vc4 in

the phenomenon.24

The fact that IFN-c antisense treatment of CD8+ T

cells, not characterized as to their TCR (ab or cd), did

not abrogate the suppressive effect of the cells on late air-

way responses in a previous study4 may be explained by

the opposing effect of the two different CD8+ popula-

tions; CD8+ab T cells seem to have pro-inflammatory

effects25 whereas cd T cells have been shown to suppress

Th2-type cytokine production.6 In addition the efficacy of

the antisense ODN treatment, at least as assessed in vitro,

seems to have been greater in the present study.

CD8+cd T cells expressing IFN-c must have induced

other lymphocytes in the bronchoalveolar lavage fluid to

show a Th1-like phenotype whereas IFN-c depleted

CD8+cd T cells did not affect the Th1 to Th2 balance

compared with the PBS-injected control group. As the
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Figure 6. Phagocytosis of zymosan A by macrophages analyzed by flow cytometry. (a) Phagocytosis of zymosan A by macrophages stimulated by

rrIFN-c. (b) Residual zymosan A remaining in supernatant. Phagocytosis was increased by IFN-c. (c) Total cysteinyl leukotrienes in supernatant.

Macrophage synthesis of cysteinyl leukotrienes was reduced by IFN-c.
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IFN-c mRNA positive cells were 2�4% in bronchoalveolar

lavage fluid after adoptive transfer of control ODN trea-

ted CD8+cd T cells, these positive cells are in excess of

the number of cells transferred and are likely to be CD4+

T cells. These results imply that CD8+cd IFN-c synthesis

is involved in the propagation of the inhibitory process

through other T cells that were not antigen specific. Such

amplification is necessary to account for the effects exer-

ted by the 35 000 cells that were transferred. This mech-

anism seems to be analogous to the collateral priming

recently described involving IL-4.26 The cd T cells are

located in close proximity to dendritic cells and macro-

phages in the airways and this strategic location presuma-

bly accounts for their ability to modulate immune

responses in the airway despite their relative paucity.27

Cysteinyl leukotrienes are the principal mediators of

bronchoconstriction during the late airway response.18

The levels in bronchoalveolar lavage fluid following

allergen challenge in the current study are comparable

to those previously observed in this model19 and the

degree of inhibition caused by CD8+cd T cells brought

the levels down to previously reported baseline values.19

Activation of the cysteinyl leukotriene receptor CysLT1

on smooth muscle cells28 can cause airway narrowing

whereas diverse pro-inflammatory effects can result

from its expression on CD34+ stem cells, mast cells,

macrophages, basophils, and B cells.29 Cysteinyl leuko-

trienes are synthesized by mast cells and macrophages

in rodents. The modulation of cysteinyl leukotriene syn-

thesis by several cytokines has been reported.30–32 The

macrophage is one of the major sources of cysteinyl

leukotrienes33 and our data show that IFN-c is inhibi-

tory of their synthesis by macrophages, providing a

mechanism by which this cytokine may exert its inhibi-

tory effects on late airway responses in vivo. However,

in addition to inhibiting cysteinyl leukotrienes synthesis

IFN-c stimulated phagocytosis by the alveolar macroph-

age. There are conflicting observations published con-

cerning the role of alveolar macrophages in asthma.32,34

Macrophages stimulated by IFN-c have increased anti-

microbial properties, through the synthesis of tumour

necrosis factor-a, nitric oxide, oxygen radicals, carbon

monoxide and the costimulatory molecule B7.35,36 In

the current study the enhancement of phagocytosis

in vitro by IFN-c was associated with the ingestion of

larger numbers of eosinophils in bronchoalveolar lavage

fluid in vivo. Thus the two actions of IFN-c on the

macrophage, to reduce cysteinyl leukotrienes synthesis

and to enhance phagocytosis, are both anti-inflamma-

tory in function and likely contribute to the reduction

of airway inflammation and late responses by CD8+cd
T cells.

In conclusion, we have shown that CD8+cd T cells

transferred from sensitized donors to sensitized recipients

are potently inhibitory of the late airway responses and

allergic inflammation. Pre-treatment of these cells with

antisense ODN against IFN-c reverses the inhibitory

effects of the CD8+cd T cells on the late airway responses

and partially restores airway eosinophilia. The results of

our experiments demonstrate the critical role for IFN-c
in the immunomodulatory effects of CD8+cd T cells on

pulmonary allergic responses.
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