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Abstract

Recent evidence supports a role for T lymphocytes in allergic
airway responses. Wehypothesized that reducing blood T sup-
pressor cells (Ts) might increase the late airway response (LR).
Sprague-Dawley (SD) rats were sensitized with ovalbumin
(OA). Ondays 8, 10, and 12, postsensitization test SD(n = 14)
received monoclonal antibody intravenously (OX-8; 1 mg) spe-
cific to rat Ts. Controls received saline (n = 7) or mouse ascites
IgG (n = 7). On day 14, animals were challenged with OA
aerosol (5% wt/vol) for 5 min, lung resistance was recorded for
8 h (n = 18) and bronchoalveolar lavage was performed. The
LR was determined from the area under the lung resistance vs
time curve from 75 to 480 min after challenge. In the remaining
10 rats, airway lymphocyte subsets were measured 8 h after
OAaerosol challenge in minced and digested lungs. A decrease
in percentage of blood and airway Ts, respectively, in test ani-
mals was observed vs controls (blood: 6.27±0.84 vs
32.95±1.94, P < 0.001); (airway: 5.05±0.66 vs 24.5±3.05, P
< 0.02). Blood and airway helper T lymphocytes did not differ
between test and control animals. The LR was significantly
increased in test (22.89±3.92) vs controls (4.22±2.18, P
<0.001). Bronchoalveolar lavage macrophages, neutrophils
and lymphocytes, and serum OA-specific IgE were also signifi-
cantly elevated (P < 0.05) in test animals. Weconclude that Ts
play an important role in attenuating the LR in SD rats. (J.
Clin. Invest. 1993. 92:1477-1482.) Key words: allergic bron-
choconstriction * late responses * OX-8 monoclonal antibody
suppressor lymphocytes * airway inflammation

Introduction

Recent evidence supports a role for the T lymphocyte in aller-
gic airway responses (1-4). Although the evidence is circum-
stantial, there is ample reason to suggest that the T lymphocyte
may be central to the airway inflammation that comes after
allergen challenge. T lymphocyte-derived lymphokines play
an important role in the regulation of IgE production and in
mast cell and eosinophil differentiation and function (5-10). In
particular, T lymphocyte suppressor cell dysfunction may have
a pathogenetic role in atopic disease states. A relative defi-
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ciency of suppressor T lymphocytes has been reported in pa-
tients with allergic rhinitis (11, 12), atopic dermatitis (13), and
both allergic (14) and nonallergic asthma (15, 16). A decrease
in T lymphocyte suppressor cell numbers and in mitogen in-
duced suppressor cell activity has been described in asthma
(17-22). A decrease in peripheral blood suppressor cells has
been shown in chronic asthmatics who were refractory to corti-
costeroid therapy (23).

Wehypothesized that suppressor cells are involved in the
late airway response that comes after antigen challenge, and
that selective depletion of T suppressor cells using monoclonal
antibodies would increase the late airway response to antigen
challenge. To test this hypothesis, we used the mouse anti-rat
monoclonal antibody OX-8, which is specific for suppressor/
cytotoxic T lymphocytes and natural killer cells (24, 25). We
studied the effect of previous administration of this antibody
on antigen induced immediate and late bronchoconstriction in
sensitized Sprague-Dawley rats. These rats developed homocy-
totropic IgE after sensitization, but late airway responses were
uncommon (26). Therefore, we chose the Sprague-Dawley rat
to test the effects of depletion of lymphocytes containing OX-8
surface receptor (OX-8+) cells on the airway physiological and
inflammatory changes that come after antigen challenge.

Methods

Animals and sensitization. Experiments were performed on male
Sprague-Dawley rats obtained from a commercial source (Harlan
Sprague-Dawley, Indianapolis, IN). Rats were maintained in conven-
tional animal facilities at McGill University (Montreal, Quebec).

At the start of the experiment, rats ranged in age from 8 to 10 wk
and weighed from 270 to 430 g. 28 animals were actively sensitized
with a subcutaneous injection of I mg(0.8 ml) of chicken egg ovalbu-
min (OA)' (grade V; Sigma Immunochemicals, St. Louis, MO)precipi-
tated in 3.48 mgof aluminum hydroxide gel in normal saline (0.2 ml).
On the same occasion, 0.5 ml of Bordetella pertussis vaccine contain-
ing 1 X 1010 heat-killed bacilli was injected intraperitoneally as an adju-
vant.

Study protocol. On days 8, 10, and 12 after sensitization, animals
received an intravenous injection of either 1 mgof a mouse monoclo-
nal antibody specific to rat suppressorT lymphocytes (OX-8; n = 14) or
1 mgof ascites from pristaned BALB/c mice injected intraperitoneally
with SP2/0 myeloma cells (protein concentration 82.7±1.1 mg/ml) (n
= 7) or saline (1 ml; n = 7). Onday 14, blood was obtained for OA-spe-
cific IgE and lymphocyte subset measurements. Antigen challenge was
performed and pulmonary resistance (RL) measurements were ob-
tained in OX-8-treated (n = 8), ascites-treated (n = 3), and saline-
treated (n = 7) rats for 8 h, and then bronchoalveolar lavage (BAL) was

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage; OA,
ovalbumin; OX-8 mAb, mouse anti-rat OX-8 monoclonal antibody;
OX-8+, lymphocytes containing OX-8 surface receptor; RL, pulmo-
nary resistance; Ts, T suppressor cells.
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performed. In the remaining 10 rats (six administered OX-8 and four
controls), 8 h after OAaerosol challenge, the lungs were minced and
digested for the measurement of inflammatory cell infiltration (27). To
evaluate the possibility that OX-8 mAbpretreatment, per se, might
induce lung inflammation, another group of rats underwent sham sen-
sitization with saline and then received 1 mgOX-8 mAbi.v. on days 8,
10, and 12 after sham sensitization. Onday 14, anesthetized, intubated
rats underwent BALand were compared to saline-injected controls (n = 5).

Measurement ofpulmonary mechanics. Measurement of airway re-
sponse was performed as previously described (28) in animals that were
anesthetized with urethane (1.1 g/kg) and orotracheally intubated. RL
was determined by fitting the equation of motion of the lung to the data
by multiple linear regression analysis using a commercial software
package (RHT Infodat Inc., Montreal, Quebec).

Measurement of airway responses to ovalbumin. On day 14 after
sensitization, rats were anesthetized, intubated, placed on a heating
pad, and rectal temperature was continuously monitored with an elec-
tronic thermometer (Telethermometer; Yellow Springs Instrument
Co., Yellow Springs, OH). Animals were kept in the lateral decubitus
position and alternated between left and right sides hourly. RL was
measured at baseline, after a 5-min saline aerosol administration, im-
mediately after the administration of aerosols of ovalbumin, 5, 10, and
15 min after the ovalbumin and subsequently at 15-min intervals for a
total period of 8 h. Aerosols of ovalbumin (5% wt/vol) were adminis-
tered for 5 min using a Hudson nebulizer driven by a compressed air
source of 10 liters/min resulting in a nebulizer output of 0.16 ml/min.

Lung mincing and digestion. Lung mincing and digestion was per-
formed as previously described (27). Briefly, under general anesthesia,
the chest wall was opened and the animal was exsanguinated by punc-
ture of the left ventricle. The pulmonary vasculature was flushed with a
balanced salt solution (10 ml) injected into the right ventricle until the
effluent from the lungs was white. The lungs were separated into the
large airways (trachea and large bronchi until the fifth generation, ap-
proximately), and small airways and parenchyma, washed in balanced
salt solution, cut into 1-mm sections, and incubated separately for tis-
sue digestion. Tissue digestion was performed by three 20-min incuba-
tions in 20 ml of enriched RPMI 1640 medium (RPMI 1640 supple-
mented with 100 U/ml of penicillin, 100 gg/ml of streptomycin, 10%
heat inactivated fetal calf serum, 2 mmol/liter L-glutamine, and 0.1
mmol/liter nonessential amino acids) containing 20 U/ml collagenase.
After each incubation, cells were separated from tissue by filtration
through a sieve (model 60; Sigma Immunochemicals) and washed
three times in RPMI. At the end of all three incubations, the cells were
pooled and counted on a hemocytometer. Slides were prepared by cen-
trifuging 500,000 cells in enriched RPMI 1640 for 5 min at 700 rpm in
a cytocentrifuge (Cytospin-3; Shandon, Cheshire, United Kingdom).
Cellular differential was assessed on a Wright Giemsa stain; 200 cells
were counted under oil immersion microscopy.

Isolation and staining of blood lymphocyte subsets. Mononuclear
cells were isolated from fresh heparinized peripheral blood by standard
Ficoll-Hypaque methods and prepared for flow cytometry. Indirect
staining was performed by a 30-min incubation with the monoclonal
antibodies W3/25 and OX-8, which recognize the helper and suppres-
sor subsets respectively. After washing, a second incubation was per-
formed for 30 min with a FITC-conjugated rabbit anti-mouse IgG
antibody. Stained cells were fixed in 1%paraformaldehyde/0.85% sa-
line and stored at 40C in the dark until analysis. Flow cytometry was
performed with an argon laser, 488-nm FACScan" analyzer (Becton
Dickinson FACS6Division, Sunnyvale, CA) focusing on the lympho-
cyte cluster. Viability was determined by adding propidium iodide (1
,gg/ml) to unfixed specimens and averaged 96±3%. Controls consisted
of cells stained with mouse ascites antibodies and averaged 1.9±0.4%.

Lung lavage. BALwas performed in OX-8- (n = 6) treated animals,
and in ascites IgG- (n = 3) and saline- (n = 4) treated controls. The
lungs were lavaged through the endotracheal tube by instillation of 5 ml
of saline at room temperature followed by gentle aspiration and re-
peated five times. The volume retrieved averaged 83%of the 25 ml that

were instilled. The total cell count was determined on a fresh specimen
of fluid using a haemocytometer. Slides were prepared for differential
cell count by centrifuging for 1 min at 2,000 rpm in a cytocentrifuge
(Cytospin-2; Shandon). Cellular differential was assessed on a Wright
Giemsa stain; 200 cells were counted under oil immersion microscopy.

IgE determination. Specific IgE levels to OAwere determined by
ELISA as previously described (29). Briefly, assays were performed on
96-well microtiter plates (Immulon II; Fisher). Plates were coated over-
night with mouse monoclonal antibody to rat IgE (Zymed Labs, Inc.,
San Francisco, CA) diluted 1/800 in carbonate/bicarbonate buffer.
Plates were blocked with PBS-0.5% casein. A 1:10 dilution of serum in
PBS-0.5% casein was prepared prior to addition of 100 sl1 to the plates.
Biotin-labeled OA (0.02 mg/ml) was added to the wells. The above
steps were done at 2-h intervals at 370C. Between steps the wells were
washed three times with PBS-0.5% casein. Alkaline phosphatase conju-
gated streptavidin in PBS-0.5% casein (1:500 dilution) was added for 30
min. Plates were developed at room temperature for 15 min after addi-
tion of the appropriate substrate buffer, and were read with an ELISA
plate reader (SLT Labinstruments, Fisher Scientific Co., Pittsburgh,
PA) at 405 nm.

OX-8 mAbpurification. OX-8 antibodies were obtained from an
OX-8 hybridoma cell line (American Type Culture Collection, Rock-
ville, MD), which produces monoclonal antibody specific to rat T sup-
pressor/cytotoxic lymphocytes. Crystylate OX-8 cell line was thawed
and cultured in complete RPMI 1640 medium until dense layers were
obtained. The culture was divided every 2-3 d, and then the culture
medium was pooled and centrifuged at 4,000 rpm for 15 min at 4VC to
collect the supernatant. The supernatant protein was precipitated with
saturated ammonium sulfate and dialyzed against PBS. IgG was puri-
fied on a protein A/G agarose affinity column, and the OX-8 fraction
was again dialyzed against PBSbefore finally being concentrated with
PEG. The protein content was 4.63 mg/ml. mAbwas passed through a
0.2-Mm millipore filter and stored at -70'C until use.

Chemicals. Ovalbumin, Wright Giemsa stain and propidium io-
dide and collagenase were purchased from Sigma Immunochemicals;
Ficoll-Hypaque was obtained from Pharmacia (Montreal, Quebec,
Canada); Bordetella pertussis vaccine was purchased from Institut Ar-
mand Frappier (Montreal, Quebec, Canada); W3/25 and OX-8 mAb
for staining were obtained as a gift from Dimension Labs (Mississauga,
Ontario, Canada); FITC-conjugated rabbit anti-mouse mAbwas ob-
tained from Kappel, Organon Tecnica (Scarborough, Ontario, Can-
ada); RPMI 1640 medium, penicillin, streptomycin, fetal calf serum,
1 -glutamine, and nonessential amino acids were purchased from Gibco
Laboratories (Grand Island, NY); BALB/c mouse control ascites fluid
was purchased from Cedarlane Laboratories (Hormby, Ontario,
Canada).

Statistical analysis. Wedefined a significant early airway response
as an increase in RL to 150% of the baseline value within I h of OA
challenge. In the Sprague-Dawley rats, the magnitude of the late airway
response was determined from the area under the curve of RL
(cmH2O* ml- * s) above the baseline value +2 SDvs time (minutes) of
all measurements from 75 to 480 min after OA challenge. Wealso
compared the RL from 75 min to 8 h between control and OX-8-
treated animals by ANOVA. Saline and IgG ascites treated controls
were not different from each other and were pooled for comparison
with OX-8-treated animals. The differences between group means
were analyzed by unpaired t tests, and statistical significance was as-

sumed for P < 0.05. Results are presented as mean±SEM.

Results

Early and late airway response to OAaerosol. The baseline RL
for OX-8 treated animals was 0.229±0.03 cm H20 ml-l *S
which was not significantly different from controls,
0.213±0.02 cmH20 * ml-' - s. Fig. 1 shows the mean lung resis-
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Figure 1. Effect of treatment with OX-8 (filled circle, n = 8) on lung
resistance after OAchallenge in sensitized Sprague-Dawley rats vs
controls (open circles, n = 10). A significant between-group effect was
demonstrated comparing RL during the late airway response (75-480
min after OAchallenge) (ANOVA, P < 0.0001).

tance at each time point after saline or OAchallenge. In OX-8-
treated animals, RL was significantly elevated during the late
airway response (ANOVA, P < 0.0001). An early airway re-
sponse to OAchallenge was observed in two out of eight OX-8-
treated animals, compared to 2 out of 10 controls. Overall, the
mean maximum percent of baseline RL during the 60 min after
OAchallenge was not significantly different from controls, but
the late airway response as measured by the area under the RL
vs time curve was significantly elevated in OX-8-treated ani-
mals compared to controls, P < 0.001 (Fig. 2).

Blood lymphocyte subsets. The percent of blood lympho-
cyte helper and suppressor cells observed before OAchallenge
is shown in Fig. 3. Blood helper lymphocytes (n = 6) did not
differ significantly in the OX-8-treated animals (58.03±3.44)
compared to controls (56.57±2.61; n = 10), but blood suppres-
sor lymphocytes (n = 8) were significantly reduced (6.27±0.84)
vs controls (32.95+2.94; P < 0.0001). There was no significant
correlation between the percent blood suppressor cells and the
late airway response within the group of OX-8-depleted ani-
mals.
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Figure 2. Effect of treatment with OX-8 (hatched bars, n = 8) on the
early and late airway response to antigen challenge vs controls (open
bars, n = 10). The early response is expressed as the percent of the
baseline pulmonary resistance (RL). The late response is calculated as
the area under the curve of the RL (cmH20 * ml-' * s) and time
(minutes). *P < 0.001
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Figure 3. Effect of treatment with OX-8 (filled circles) on the per-
centage of blood lymphocyte CD4' (W3/25, n = 6) and CD8' (OX-8,
n = 8) cells vs controls (open circles, n = 10). *P < 0.001

Airway lymphocyte subsets. The percent of airway lympho-
cyte helper and suppressor cells observed 8 h after OAaerosol
challenge is shown in Fig. 4. Percent helper lymphocytes were
slightly elevated in the OX-8-treated group (46.18+7.08; n
= 7) compared to controls (28.84±4.78; n = 4), but the differ-
ence was not significant. Percent airway lymphocyte suppres-
sors were significantly decreased (5.05±0.66) vs controls
(24.5±3.05; P < 0.02). Also, the ratio of helper to suppressor
lymphocytes in the airway was significantly greater in the OX-
8-treated group (10.42±2.69) vs controls (1.13±0.10; P
< 0.005).

'Bronchoalveolar lavage. The results of BAL performed 8 h
after aerosol challenge in six OX-8-treated animals and seven
controls are shown in Fig. 5. The numbers of total leukocytes,
macrophages, polymorphonuclear neutrophils, and lympho-
cytes were significantly elevated in BAL of animals treated with
OX-8 compared to controls. The numbers of eosinophils
found in BAL were small in both OX-8-treated animals
(3.67±2.15 X 103 ) and in controls (2.00± 1.29 X 103), and were
not significantly different. In animals that were not allergen
sensitized or challenged, there was no significant difference in
the total leukocytes and differential counts in the BAL after
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Figure 4. Effect of treatment with OX-8 (hatched bars, n = 7) on the
percentage of airway lymphocyte CD4+(W3/25) and CD8' (OX-8)
cells vs controls (open bars, n = 4). *P < 0.02
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Figure 5. Effect of treatment with OX-8 (hatched bars, n = 6) on cel-
lular return in BAL vs controls (open bars, n = 7). Eosinophils were
too few in number to represent graphically.

administration of OX-8 mAbcompared to saline treated con-
trols (Table I), indicating that OX-8 treatment, per se, did not
induce lung inflammation.

OA-specific IgE. Ovalbumin specific IgE was detected in six
of eight OX-8-treated animals (0.33±0.09 absorbance units)
but in only 1 of 10 controls (0.01±0.01; P < 0.02).

Discussion

The current study provides evidence for an important role for
CD8' T-lymphocytes in the regulation of the late airway re-
sponse in the Sprague-Dawley rat. Previous depletion of circu-
lating and airway CD8' T lymphocytes with a monoclonal
antibody significantly increased the magnitude of the late air-
way response to inhaled allergen. This was accompanied by a
significant increase in antigen-specific IgE and airway inflam-
mation characterized by an influx of total leukocytes, macro-
phages, neutrophils, and lymphocytes into the airway lumen.
The early airway response was not affected by CD8' depletion.

The OX-8+ phenotype is expressed on rat cytotoxic T cells
and noncytotoxic T suppressor cells (Ts) (24), as well as on a
subset of natural killer cells (25), but not on peripheral T cells
(CD4) that are labeled with W3/25 (24). Weused the OX-8
monoclonal antibody to deplete CD8' T cells in vivo because a
number of reports suggested that this was an effective means to
modulate the suppressive immune response. Mice injected
with anti-Lyt-2 (CD8' equivalent) demonstrated a prolonged
sheep red blood cell IgM response compatible with a failure to
develop a modulatory suppressor mechanism (30). In mice,
other reports of in vivo depletion of CD8' cells using monoclo-

Table L Effect of OX-8 on Cellular Return
of BAL in Unsensitized Rats*

Total
Leukocytes Macrophages Lymphocytes Neutrophils Eosinophils

Saline 3.88±0.02 3.27±0.03 0.51±0.01 0.10±0.01
OX-8t 4.01±0.03 3.56±0.03 0.40±0.01 0.05±0.02

* Values represent mean±SE (x 101 cells). * After OX-8 I mg i.v. x 3
injections on days 8, 10, and 12 after sham sensitization.

nal antibodies have demonstrated a suppressive role for CD8'
cells (31, 32). In BB/Wor rats, a model of spontaneous diabetes
mellitus, OX-8 depletion prevented lymphocytic destruction
of pancreatic beta cells (33). CD4' cells can also exert suppres-
sive activity (34, 35). In our study, peripheral CD8' cells were
significantly depleted while CD4' cells were not, suggesting
that the former might be the final effector suppressive cells that
play an important role in modulating the late airway reaction.
The phenomenon of immune response suppression by T cells
is well recognized. Downregulation of immune responses is
believed to be determined by the joint activities of CD4' in-
ducer T cells and CD8' T cells, including cytotoxic cells and
Ts. A distinct Ts lineage likely exists (36), but there is no univer-
sal agreement on this point (37).

The sequence of events involved in immunosuppression is
not entirely clear, but it has been postulated that Ts cells release
suppressive factors that bind to antigen-presenting cells and
other cells in secondary lymphoid tissue, and that these cells
suppress effector cells such as T or B lymphocytes that arrive in
that tissue (38, 39). Inhibition of Ts using monoclonal antibod-
ies could interfere with such mechanisms. In vitro data using
the mixed leukocyte reaction model suggest that Ts inhibit an
early event during the activation of CD4' cells (40).

In our study, there was an increase in antigen-specific IgE in
OX-8-depleted animals. Presumably the increase in IgE re-
flects the removal of suppressor effects on activated CD4' cells
and a consequent promotion of B cell synthesis of IgE. The first
dose of OX-8 monoclonal antibody was administered 8 d after
antigen sensitization. It is possible that administration of anti-
bodies before sensitization might result in even greater promo-
tion of antigen specific IgE. In the rat, the late airway response
is dependent on the presence of IgE (29) and correlates with the
degree of T cell activation (41). Thus, the late airway response
may have been increased in the rat after peripheral CD8' de-
pletion through enhancement of IgE production or by disinhi-
bition of CD4+-activated cells. In humans, an increase in acti-
vated CD4' cells has been observed infiltrating allergen-in-
jected skin sites during the late phase cutaneous reaction (42),
and in the blood and bronchial biopsies in both stable and
acute asthma (3, 4, 43, 44).

Wedemonstrated a marked decrease in the percent of OX-
8+ cells in the blood and lungs in the rat after in vivo depletion.
This finding could have reflected a reduction in the expression
of OX-8 on the cell surface rather than suppressor cell deple-
tion. However, depletion of CD8' cells in rats and mice has
been shown to inhibit suppressor cell function (45, 33). The
findings of increased IgE, increased late airway bronchocon-
striction, and increased cellular return from lung lavage
strongly suggest that the function of suppressor cells was altered
in the rats that received the monoclonal antibody. Further-
more, the administration of the OX-8 mAbitself did not affect
the inflammatory cell population of the lung before allergen
challenge, and therefore must have modified allergen responses
through the modulation of mechanisms triggered by challenge.

Other studies have examined the relationship between lym-
phocyte subsets in the blood or the lung and the late airway
response. Dual and late asthmatic reactions caused by toluene
diisocyanate exposure in humans are associated with an in-
crease in percent blood CD8+ and a decrease in the blood
CD4+/CD8+ ratio at 8 and 48 h after exposure (46). CD4+cells
do not change. Although toluene diisocyanate-related asthma
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shares some features of allergen-induced asthma, the immune
reaction is not usually IgE mediated (47). Allergen-induced late
airway responses are associated with a decrease in peripheral
blood CD4' cells, perhaps caused by active recruitment of
these cells into the lungs (48, 28). Asthmatics who develop late
phase responses after allergen challenge may have an inability
to recruit CD8' cells to the lung (49). Thus, a deficiency of
CD8' cells in the blood or the lung may contribute to an en-
hanced late airway response.

In conclusion, the late airway response to inhaled antigen
was significantly increased using in vivo depletion of peripheral
OX-8 binding T cells in Sprague-Dawley rats. The underlying
mechanism remains to be clarified, but does not likely involve
mast cells, since the early airway response to antigen was not
affected.
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