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I

nflammation of the lower airways is central in the pathogenesis of asthma. Histologically, asthmatic airways generally
show leukocytic infiltrates consisting variably of eosinophils,
lymphocytes, neutrophils, monocytes, and other cells. Although
the specific events that initiate the inflammatory response are unknown, the inflammatory cells are believed to be recruited as a
consequence of an immune response to inhaled Ags, with CD41
Th cells playing a major role (1– 6). When the airways of asthmatic
patients are analyzed by bronchoalveolar lavage (BAL)3 (7) or by
endotracheal biopsy (8), activated T cells are found and there is a
strong correlation of asthma with T cell-dependent IgE responses
to allergens.
CD41 Th cells can be divided into phenotypic subsets based on
the cytokines they produce (reviewed in Ref. 9). Th1 cells secrete
IFN-g, IL-2, and lymphotoxin and promote immunity to intracellular pathogens such as Listeria as well as Ig class switching to
IgG2a. Th2 cells secrete IL-4, IL-5, IL-6, IL-10, and IL-13 and
promote immune responses to helminthic infections as well as Ig
class switching to IgG1 and IgE. Once an immune response begins
to deviate toward a Th1 or a Th2 response, there is potential for
further polarization of the Th response mediated by the cytokines
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produced by the Th cells themselves. IFN-g from Th1 cells promotes IL-12R expression on T cells and activates macrophages to
produce IL-12 that promotes differentiation of naive T cells into
Th1 cells (10). IFN-g also inhibits proliferation of Th2 cells. IL-4
and IL-10 promote differentiation of naive T cells into Th2 cells
and also down-regulate macrophage function and Th1 activation
(11). Thus, each subset has the potential to promote its own expansion while inhibiting the differentiation of the other.
Because of the associations of asthma with IgE and eosinophil
predominant inflammation, it has been suggested that a relative
imbalance of Th2 responses over Th1 responses drives the pathogenesis of the disease. It has been further suggested that Th1 responses in the lung may protect against asthma (2– 6, 12). In support of this model, BAL T cells from human asthmatics have been
reported to express elevated levels of IL-4 and IL-5 mRNA (8, 13).
In addition, an inverse association between Th1 tuberculin responses and asthma has been observed (12, 14). In mouse models
of asthma, CD41 cells, IL-4, and IL-5 are all essential for the
development of eosinophilic lung inflammation (15–19). Other
studies have demonstrated that the Th1-associated cytokines,
IL-12 and IFN-g, can inhibit allergic inflammation (20 –22). However, additional experiments have shown increased numbers of
IFN-g-producing T cells in BAL fluid from human asthmatics (23,
24). Also, viral infections of the respiratory tract, which can induce
Th1 responses, are one of the most commonly recognized triggers
of asthmatic exacerbations (reviewed in Ref. 25).
To better elucidate the respective roles of Th1 and Th2 cells in
allergic lung inflammation, we have applied intracellular cytokine
staining and flow cytometry to study T cells in a mouse model of
Ag-induced asthma. In addition, we have tested the ability of passively transferred Ag-specific Th1 and Th2 cells to modulate allergic lung inflammation. Here we show that both Th1 and Th2
cells are recruited to the lung in sensitized mice after challenge.
Skewing toward a Th1 response by passive transfer of Th1 cells
increases lung inflammation, regardless of whether the cells are
transferred before sensitization or after airway inflammation is established. Transfer of Th2 cells has little effect. Transferring Th1
0022-1767/99/$02.00
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Although evidence is strong that Th cells play a major role in mediating the airway inflammation observed in asthma, the relative
contributions of the Th cell subsets, Th1 and Th2, are unclear. It has been suggested that asthma is driven by Th2 predominant
responses in the lung, but other data suggest a role for Th1 cells as well. Here we show by intracellular cytokine staining and flow
cytometric analysis that in the murine model of OVA-induced airway inflammation, both Th1 and Th2 cells are recruited to the
airways. Th1 cells predominate early in the response and Th2 cells predominate late. We further show that increasing the number
of Th1 cells by passive transfer of OVA-specific Th1 cells results in increased inflammation. This effect is observed regardless of
whether the T cells are transferred before sensitization or after airway inflammation is already in progress. Transfer of Th1 cells
also results in increased recruitment of host T cells of both Th1 and Th2 phenotypes. Passive transfer of Th2 cells results in little
change in the inflammatory response. These results demonstrate that Ag-specific Th1 cells are not protective in this model of
asthma, but rather may potentiate the inflammatory response. The Journal of Immunology, 1999, 162: 2375–2383.
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cells promotes the recruitment of endogenous Th1 cells, but also
increases the number of infiltrating endogenous Th2 cells and
other inflammatory cells. These data indicate that Th1 cells are
inefficient at inhibiting inflammation in this model. Rather, they
may augment the inflammatory response.

Materials and Methods
Mice
BALB/c mice were obtained from Harlan Sprague-Dawley (Indianapolis,
IN). DO11.10 TCR transgenic mice (26) were backcrossed .10 times to
the BALB/c background before the initiation of these experiments. The
transgenic TCR was maintained in a heterozygous fashion by backcrossing
to BALB/c. All mice used in these experiments were females, 4 – 6 wk of
age at the time of initial immunization. Mice were housed in a specific
pathogen-free facility with food and water provided ad libitum.

Induction of airway hypersensitivity

Analysis of airway and lung inflammation
When indicated, airway inflammatory cells were obtained by BAL. Mice
were anesthetized by i.p. injection of ketamine/xylazine and sacrificed by
cervical dislocation. The trachea was cannulated and the lungs were flushed
with four 0.8 ml aliquots of ice cold 2% FCS in PBS. RBCs in the lavage
were lysed using ammonium chloride, and nucleated cells were counted by
a hemacytometer. Lavage samples from three mice were pooled for analysis of intracellular cytokines. Lung parenchymal T cells were prepared
from minced tissue that had been digested for 30 min at 37°C with collagenase/dispase (1 mg/ml; Boehringer Mannheim, Indianapolis, IN) and
DNase I (0.1 mg/ml, Boehringer Mannheim) in complete medium. The
tissue was then homogenized between ground glass slides and strained
through a 70-mm nylon mesh to generate a single cell suspension. CD41
cells were purified from the suspension using anti-mouse CD4 Dynabeads
and mouse CD4 DETACHaBEAD (Dynal, Lake Success, NY) according
to the manufacturer’s instructions. Cells from three mice were pooled for
analysis of intracellular cytokines.

Analysis of intracellular cytokines
Total BAL or purified parenchymal CD41 T cells were cultured at 37°C in
Iscove’s medium supplemented with 10% FCS (HyClone, Logan, UT),
0.01 mM nonessential amino acid mix, 2 mM sodium glutamate, 1 mM
sodium pyruvate, 100 U/ml penicillin, 100 mg/ml streptomycin, and 5.5
mM 2-ME (all from Life Technologies, Grand Island, NY) (T cell medium)
for 6 h in the presence of 2 mM monensin (Sigma-Aldrich) with or without
10 ng/ml PMA (Sigma-Aldrich) and 1 mM ionomycin (Sigma-Aldrich).
CD41 cells were marked using allophycocyanin-anti-CD4 (PharMingen,
San Diego, CA). Cells were fixed for 30 min in 4% paraformaldehyde in
PBS, permeabilized with 0.1% saponin, and then stained with phycoerythrin (PE) anti-IFN-g (PharMingen) and either FITC-anti-IL-4 (PharMingen) or FITC-anti-IL-5 (PharMingen). Anti-CD4 and anti-IFN-g were
used at 1:100 dilution; anti-IL-4 and anti-IL-5 were used at 1:50. Transgenic DO11.10 T cells were stained with biotinylated anti-clonotypic Ab
KJ1–26 (26) followed by streptavidin-CyChrome (PharMingen). Samples
were analyzed using a FACSCalibur Becton Dickinson flow cytometer
(Mountain View, CA). The forward scatter and side scatter properties of
the cells were used to exclude dead cells from analysis. For BAL cells,
one-fourth of the cells collected were analyzed; for purified CD41 parenchymal cells, 10,000 cells were analyzed.

Preparation of differentiated CD41 T cells
OVA-specific Th1 and Th2 cells were generated in vitro as described previously (28). Briefly, FACS-sorted CD41 L-selectin1 T cells from lymph
nodes and spleens of DO11.10 TCR transgenic mice were cultured with
irradiated splenocytes at a ratio of 1:20 for 3 days in the presence of 0.3

mM OVA323–339 peptide. For Th1 cultures, IL-12 (2 ng/ml; R&D Systems,
Minneapolis, MN) and anti-IL-4 (10 mg/ml, 11B11) were added. For Th2
cultures, IL-4 (1000 U/ml; R&D Systems) and anti-IL-12 (TOSH; 10 mg/
ml, courtesy of Dr. E. Unanue, Washington University) (31) were added.
On day 3, cells were expanded 1:4 and IL-2 (40 U/ml; R&D Systems) was
added. On day 7, cells were frozen in FCS containing 10% DMSO. Before
transfer into recipient mice, cells were thawed and restimulated with irradiated APCs and 0.3 mM OVA peptide. Supernatants for ELISA were
collected at 48 h. After 72 h, the cells were expanded 1:4 in medium with
40 U/ml IL-2. IFN-g and IL-4 concentrations in the supernatants were
measured using Quantikine ELISA kits (R&D Systems) according to the
manufacturer’s instructions. Supernatants from the Th1 cells contained
,0.04 ng IL-4/ml and 1200 ng IFN-g/ml. Th2 supernatants contained 4.2
ng IL-4/ml and only 2.5 ng IFN-g/ml. The cells were also analyzed by flow
cytometry. Th1 cells expressed IFN-g but little IL-4 or IL-5, whereas Th2
cells expressed IL-4 and IL-5 but little IFN-g (see Fig. 4). In addition,
surface expression of membrane lymphotoxin was demonstrated on Th1,
but not Th2, cells by staining with biotinylated soluble lymphotoxin b
receptor fusion protein (kindly provided by J. Browning, Biogen, Cambridge, MA).

Passive transfer of Th cells
Cells differentiated as above were harvested 8 or 9 days after restimulation
with the OVA peptide in the presence of APCs, washed in sterile PBS, and
transferred to recipient mice by i.v. injection in 0.5 ml of PBS. For transfers
to unsensitized mice, groups of four animals received 25 3 106 or 5 3 106
Th1 cells, mock transfers, or 25 3 106 or 5 3 106 Th2 cells the day before
being sensitized with i.p. injections as described above. The mice were
challenged 7 days after the booster injection and sacrificed 3 days later. For
transfers after challenge, groups of five mice received 25 3 106 Th1, mock
transfers, or 25 3 106 Th2 cells the day after the first challenge. The
following day the mice were rechallenged, and 3 days later they were
sacrificed.

Histology
For staining with hematoxylin and eosin (H&E), lungs were inflated and
fixed with 10% buffered formalin after BAL cells were collected. Samples
were embedded in paraffin, sectioned, and stained with H&E.

Results
Analysis of Th cells and inflammation in OVA-induced airway
hypersensitivity
To better define the nature of the infiltrating Th cells in the murine
model of asthma, we used intracellular cytokine staining and flow
cytometry to analyze the phenotype of CD41 T cells in the BAL
and lung parenchyma over time following airway challenge. Mice
received primary and booster immunizations with i.p. injections of
OVA adsorbed to alum in PBS. Control animals were treated with
alum alone in PBS. The mice were then challenged on day 0 and
day 6 with an aerosol of 1% OVA in PBS. Control mice were
challenged with an aerosol of PBS alone. After challenge, mice
were sacrificed and BAL fluid and lung tissues were collected.
Intracellular IFN-g and IL-4 or IL-5 in BAL cells and purified lung
parenchymal T cells were analyzed by flow cytometry.
The total numbers of inflammatory cells increased with time and
with repeated challenges in the airways of mice challenged with
1% OVA but not saline (Fig. 1A). The inflammatory cells contained both Th1 and Th2 cells, as defined by intracellular IFN-g
and IL-4 staining, respectively (Fig. 1, B and C). Similar results
were obtained in three separate experiments. The data were also
similar when IL-5 staining was used as a Th2 marker. Interestingly, Th1 cells predominated early in the development of inflammation, but Th2 cells predominated later. Also, the fraction of
CD41 cells that was producing Th1 or Th2 cytokines was larger in
BAL than in the cells recovered from lung tissue (Fig. 1C). This
result suggests that cytokine-producing cells are preferentially recruited to the airways compared with the parenchyma.
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Mice were sensitized to OVA (Sigma-Aldrich, St. Louis, MO) and challenged according to a modification of the method of Kung et al. (27).
Groups of three to six mice were immunized i.p. with 8 mg OVA adsorbed
to 2 mg alum (Sigma-Aldrich) in 0.5 ml PBS. The mice received an identical booster immunization 7 days later. On day 15 and day 21 after the
initial sensitization, mice were challenged with an aerosol of 1% (w/v)
OVA in PBS in a plexiglass chamber for 20 min both in the morning and
afternoon of each challenge day. The aerosol was generated by a DeVilbiss
Ultra-Neb 99 nebulizer (De Vilbiss, Somerset, PA). Vehicle control mice
received mock sensitization with i.p. injections of alum in PBS and were
challenged with an aerosol of PBS without OVA.

Th1 AND Th2 CELLS IN A MURINE MODEL OF ASTHMA
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Passive transfer of Th1 and Th2 cells before sensitization
To investigate whether altering the relative balance of Ag-specific
Th1 and Th2 cells in mice could modulate the airway inflammatory response, we passively transferred 25 or 5 million DO11 Th1
or Th2 cells into naive BALB/c female mice. The mice were then
sensitized and boosted with i.p. injections of OVA adsorbed to
alum 14 and 7 days before challenge. On day 0, the mice were
challenged with an aerosol of 1% OVA in PBS for 20 min in the
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FIGURE 1.
Analysis of airway inflammation
over time. Mice were sensitized with i.p. injections
of 8 mg OVA adsorbed to 2 mg alum 15 days and 8
days before challenge. On days 0 and 6, mice were
challenged with an aerosol of 1% OVA in saline
(arrows). At the indicated times, groups of three
mice were sacrificed. BAL fluid was collected by
flushing the lungs four times with 2% FCS in saline.
A, Total cell numbers in BAL increase with time and
with repeated airway challenges. The mean number
of nucleated BAL cells (6SE) is shown. B, Analysis
of intracellular cytokine expression in BAL CD41 T
cells demonstrates that both Th1 and Th2 populations increase in the lung after airway challenge.
BAL cells from groups of three mice were pooled
and the cells were stimulated for 6 h with PMA and
ionomycin in the presence of monensin. One-fourth
of the cells were stained with allophycocyanin-antiCD4, fixed, permeabilized, stained with PE-antiIFN-g and FITC-anti-IL-4, and analyzed by flow cytometry. Plots show all live-gated, CD41 cells in the
sample. Very few cytokine-producing cells could be
detected at any of the time points without in vitro
stimulation with PMA and ionomycin. Data shown
are representative of three separate experiments.
Similar results were obtained when IL-5 was used
instead of IL-4 as a marker for Th2 cells. C, Cytokine-expressing CD41 T cells are preferentially recruited to the airways compared with the lung parenchyma. The percentages of cytokine-expressing
CD41 cells falling within the Th1 and Th2 gates are
shown for BAL cells (left panel) and lung parenchymal T cells (right panel). Parenchymal CD41 T cells
were purified from single cell suspensions of lung
tissue using magnetic beads, then stimulated and
stained for cytokines. p, Data not available for this
sample.

morning and afternoon. On day 3, the mice were sacrificed and
BAL fluid, lung tissue, and serum were collected. OVA-sensitized
and -challenged mice showed increased levels of serum IgE above
unchallenged controls, although the levels were lower in recipients
of transferred Th1 cells (OVA-specific IgE levels by ELISA were:
unsensitized mice, 0.01 arbitrary units (AU); recipients of 25 3
106 Th1 cells, 0.08 AU; sensitized controls, 0.20 AU, recipients of
25 3 106 Th2 cells, 0.17 AU). OVA-challenged mice showed
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accumulation of inflammatory cells in both the perivascular and
subepithelial regions, but the inflammation in the recipients of
OVA-specific Th1 cells was much more severe (Fig. 2). This result
was accompanied by dramatically increased numbers of cells re-

FIGURE 3. Effects of T cells transferred before sensitization on cell
numbers in the bronchoalveolar lavage after challenge. T cells were transferred to mice and then the mice were sensitized and challenged as described in Fig. 2. Three days after aerosol challenge, the mice were sacrificed and their lungs were flushed four times with 0.8 ml of saline
containing 2% FCS. Nucleated cells in the recovered lavage were counted
after lysis of RBC. Data represent the average number of BAL cells (6SD,
n 5 4 mice per group).

covered by BAL from mice that had received Th1 cells (Fig. 3),
whereas mice that received Th2 cells showed total cell numbers
indistinguishable from controls. Passively transferred Th2 cells
failed to mobilize an inflammatory response in the lungs or airways even when as many as 108 Th2 cells were transferred (data
not shown). The largest increases of infiltrating cells in mice that
received Th1 cells were in the lymphocyte and monocyte compartments (Table I). Interestingly, the average number of eosinophils increased as well. Although this increase did not reach statistical significance in this experiment, a trend toward increased
numbers of eosinophils was observed in similar experiments, and
eosinophils were clearly visible in the lung tissue as demonstrated
by eosinophil peroxidase staining and Biebrich scarlet staining
(data not shown). In mice that received Th2 cells, the only significant change was a modest decrease in infiltrating lymphocytes.
Similar data were obtained in four separate experiments. Thus,
transfer of OVA-specific Th1 cells increased the airway inflammation whereas transfer of Th2 cells had little effect.
Under certain culture conditions, Th1 and Th2 populations have
been observed to switch phenotype in vitro (9). To confirm that the
transferred cells survived and were stable in vivo, we analyzed
BAL and lung T cells by flow cytometry. Before injection, the
transferred cells were .99% KJ1–261 and CD41 (data not
shown). When stained for intracellular cytokines, the majority
(.90%) of Th1 cells expressed IFN-g, but very few were positive
for IL-4 or IL-5 (Fig. 4). In contrast, ,1% of the Th2 cells stained
for IFN-g, whereas 43% were IL-4 positive and 35% were IL-5
positive. After transfer and airway challenge, transgenic (KJ1–
261) Th1 and Th2 cells were easily detected in the BAL of recipient mice, indicating that both Th1 and Th2 populations could
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FIGURE 2. Lung inflammation in recipients of transferred allergen-specific T cells. Groups of four mice received 25 3 106 or 5 3 106 Th1 or Th2
cells or mock transfers. The next day, the mice received an i.p. injection of OVA adsorbed to alum followed by a booster injection 1 wk later. One week
after the booster, the mice were challenged with an aerosol of 1% OVA in saline. Vehicle control mice received i.p. alum without OVA and were challenged
with saline alone. The mice were sacrificed 3 days after challenge and BAL fluid was collected. The lungs were then inflated with 10% buffered formalin,
embedded in paraffin, sectioned, and stained with H&E. Shown here are examples of recipients of (A) 25 3 106 Th1 cells, (B) a mock transfer, (C) 25 3
106 Th2 cells, and (D) a vehicle control. Note the perivascular and subepithelial inflammation in the challenged mice, particularly in the recipient of
OVA-specific Th1 cells.
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Table I. Differential cell counts in BAL of mice that received transferred T cells prior to sensitizationa

Cells
Transferred/Sensitization

BAL Eosinophils
(31023)

BAL Lymphocytes
(31023)

BAL Monocytes 1
Macrophages
(31023)

25 3 106 Th1 cells/OVA
5 3 106 Th1 cells/OVA
Mock transfer/OVA
5 3 106 Th2 cells/OVA
25 3 106 Th2 cells/OVA
Mock transfer/vehicle

440 (95)
650 (230)
360 (38)
390 (39)
300 (68)
2 (2)*

1200 (280)*
480 (62)*
210 (17)
150 (8)
81 (15)*
18 (5)

1100 (180)*
700 (160)
490 (42)
580 (83)
770 (160)
270 (55)*

a
Mice received transfers of 25 3 106 or 5 3 106 Th1 or Th2 cells or mock transfers by i.v. injection. The mice were then
sensitized by i.p. injection of OVA adsorbed to alum and challenged with an aerosol of 1% OVA in PBS. Vehicle control mice
were injected with alum alone and challenged with PBS alone. Three days after challenge, BAL fluid was collected from the
mice. Total cells in the BAL were counted by hemacytometer and differential cell counts were performed on cytospins of BAL
cells stained with Wright stain. Data shown are the average number of cells in the BAL (6SE; n, four mice per group).
* p , 0.05 compared to mock transfer/OVA.

FIGURE 4. Intracellular cytokine analysis of cultured OVA-specific
Th1 and Th2 cells before transfer. Th1 and Th2 cells were cultured as
described in Materials and Methods. Seven days after stimulation, aliquots
of cells were restimulated for 6 h with PMA and ionomycin in the presence
of monensin. The cells were stained with allophycocyanin-anti-CD4, fixed,
permeabilized, and stained with PE-anti-IFN-g and FITC-anti-IL-4 (A and
C) or with PE-anti-IFN-g and FITC-anti-IL-5 (B and D). Plots show livegated, CD41 cells. Numbers indicate percentages of CD41 cells within the
adjacent gate. A and B, Th1 cells. C and D, Th2 cells.

lungs of these mice. Rather, the absolute number of Th2 cells
actually increased in Th1 recipients relative to controls (Fig. 7B).
Passive transfer of Th1 and Th2 cells after Ag challenge
To test whether Ag-specific Th1 or Th2 cells could alter the allergic inflammatory infiltrate in the airway of an already challenged mouse, we immunized and challenged BALB/c female
mice to establish airway inflammation, and 1 day later passively
transferred DO11 Th1 or Th2 cells. On the next day, the mice were
rechallenged and then sacrificed 3 days later. Addition of Ag-specific Th1 cells early in the course of an airway inflammatory response lead to increased inflammation whereas addition of Th2
cells had little effect (Fig. 8A). In mice treated with Th1 cells, the
total numbers of lymphocytes and macrophages increased as
shown in Table II. The average number of eosinophils also increased although this did not reach statistical significance in any of
three separate experiments ( p 5 0.10, 0.06, and 0.20). Similar to
Figs. 5–7, both transferred and host derived BAL CD41 T cells
were analyzed by flow cytometry. Both transferred Th1 and Th2
cells were detected in the BAL, and both maintained their original
phenotype. Again infusion of Th1 cells resulted in a dramatic increase in recruitment of host Th1 cells, and a lesser increase in the
recruitment of host Th2 cells (Fig. 8B). Transferring Th2 cells had
little effect, except in one experiment of three in which transferring

FIGURE 5. Flow cytometric analysis of transferred and endogenous T
cells in BAL of mice after sensitization and challenge. Groups of four mice
were treated as described in Fig. 2. Aliquots from pooled BAL cells were
stimulated for 6 h with PMA and ionomycin in the presence of monensin.
The cells were then stained with anti-CD4 and the clonotypic Ab KJ1–26.
As examples, FACS plots of live-gated BAL cells from recipients of 5 3
106 Th1 cells, mock transfers, or 5 3 106 Th2 cells are shown. Populations
of KJ1–261 CD41 cells are seen in the BAL fluid from mice that received
either Th1 or Th2 cells, indicating that the transferred cells have survived
in vivo and are present in the lung. The percentages of CD41 KJ1–262 and
CD41 KJ1–261 cells in the sample are indicated. A, Th1 transfer; B, mock
transfer; C, Th2 transfer.
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persist in vivo for the length of the protocol, although the total
number of transferred Th1 cells recovered was much higher than
the number of Th2 cells (Fig. 5). When transgenic Th1 cells were
infused, less than 2% of the recovered KJ1–261 cells expressed
IL-4. Conversely, when transgenic Th2 cells were transferred, less
than 2% of the recovered KJ1–261 cells expressed IFN-g (Fig. 6,
A–C). Therefore, both Th1 and Th2 phenotypes appeared to be
stable in vivo throughout the course of the experiments.
Because of the potential for cross-regulation between Th1 and
Th2 subsets, we next analyzed the phenotypes of the recruited host
BAL T cells. Regardless of whether Th1 or Th2 cells were transferred, the endogenous BAL T cells contained both Th1 and Th2
populations (Fig. 6, D–F). Of interest, infusion of transgenic Th1
cells resulted in increased accumulation of host Th1 cells relative
to host Th2 cells in the airways (Figs. 6, D–F, and 7A). However,
this did not result in fewer absolute numbers of Th2 cells in the
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FIGURE 6. Cytokine profiles of transferred
and endogenous CD41 cells. BAL cells from Fig.
5 were fixed, permeabilized, and stained for intracellular IFN-g and IL-4. A–C represent transferred
cells (KJ1–261), whereas D–F represent host cells
(KJ1–262). Note that the transferred cells maintain their phenotypes in vivo, and that both Th1
and Th2 cells are found in the endogenous cells,
regardless of the type of cells that was transferred.
Data for IL-5 and IFN-g were similar. A and D,
Th1 transfer; B and E, mock transfer; C and F,
Th2 transfer.

Discussion
Although the evidence is strong for involvement of CD41 T cells
in human asthma, the relative contributions of Th1 and Th2 subsets
as inducers of the inflammatory response remain undefined. Several studies have suggested a central role for Th2 cells. For example, Robinson et al. (13) used in situ hybridization to study cytokine transcripts in BAL cells. Compared with controls, human
asthmatics had more cells expressing mRNA for IL-2, IL-3, IL-4,
IL-5, and granulocyte-macrophage CSF, but equivalent numbers
of cells expressing IFN-g mRNA. Similarly, Bentley et al. (8) used
immunohistochemistry and in situ hybridization to evaluate cytokine production in human bronchial mucosa after allergen challenge. Airway challenge induced increases in mRNA for IL-5 and
granulocyte-macrophage CSF, and to a lesser extent IL-4 and IL-2,
but again IFN-g mRNA was not increased. However, other data
suggest an inductive role for Th1 cells. For example, in a study
using intracellular cytokine staining to evaluate BAL T cell cytokine profiles, asthmatic patients had increased numbers of IFN-gproducing T cells compared with nonasthmatic controls (23). In
this study, increased numbers of IL-4-producing T cells were not
observed. Also, asthma attacks resulting in visits to hospitals are
more likely to be associated with viral respiratory infections, presumably usually enhancing Th1 cytokine production, than with
exposure to allergens (2).
Similarly, in mouse models of asthma, the majority of the data
supports a critical role for Th2 cells, whereas the role of Th1 cells
remains less well defined. At the level of cytokine expression, the
Th2 cytokines IL-4 and IL-5 have each been shown to be important. Mice rendered IL-4-deficient either by gene targeting or by
administration of neutralizing anti-IL-4 Abs fail to develop either
eosinophilic inflammation or airway hyper-reactivity after allergen
sensitization and challenge (17–19). Similarly, IL-5 knockout mice
develop neither eosinophilic inflammation nor airway hyper-reactivity (16). Additional studies have analyzed the role of cytokines
from T cells. Using DO11 T cells differentiated in vitro in a fashion similar to ours, Cohn et al. (30) showed that unsensitized mice
that received OVA-specific Th2 cells followed by daily aerosol
challenges for 7–10 days developed lung inflammation character-

ized by eosinophilia and mucus over-production. Mice that
received OVA-specific Th1 cells developed lung inflammation
dominated by neutrophils and lymphocytes and without mucus
over-production. In another study, Corry et al. (17) demonstrated
using enzymatically dispersed lung tissue and an ELISPOT assay
that both IL-4- and IFN-g-producing cells were increased after
challenge of sensitized animals.
In the studies described here, we tested the potential roles of Th1
and Th2 cells in the OVA-induced model of allergic inflammation.
We used intracellular cytokine staining to demonstrate that both
Th1 and Th2 cells are recruited to the lung in the OVA model of
experimental asthma. Although the percentage of total inflammatory cells that express Th2 cytokines increases as a function of
time and with successive challenges, Th1 cells remain in significant numbers. The technique of intracellular cytokine staining is
particularly useful in that it can relatively rapidly offer cytokine
analyses at the single cell level and with limited possibility for
cloning artifacts. It thereby provides a “snapshot” of a T cell population at any given time. However, the technique has some limitations. In particular, it is not easy to determine whether the cytokines detected are the products of cells responding in an Agspecific fashion. To accumulate easily detectable quantities of
cytokine within cells, it is necessary to culture them in vitro for
several hours in PMA, ionomycin, and monensin. This is thought
not to induce Th phenotype differentiation, but rather to elicit increased cytokine production and accumulation from already committed cells; however, increased cytokine production is expected to
occur in all Th cells regardless of their Ag specificity. In our experiments, it seems likely that many of the cells in the airway are
OVA-specific. We base this judgment on results shown in Fig. 1C
in which the T cells recruited to the airways contain a higher proportion of cytokine-producing cells than the parenchymal T cells,
and also on experiments with passively transferred cells in which
OVA-specific Th1 and Th2 cells were both enriched in the BAL
compared with the lung parenchyma. However, it remains a possibility that mature Th1 and Th2 cells are recruited more efficiently
than undifferentiated cells regardless of their Ag specificity.
Other investigators have tried to modulate allergic responses
with the Th1-promoting cytokines, IL-12 and IFN-g. Using sheep
RBCs as the Ag, Gavett et al. (21) showed that intratracheal and
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50 3 106 Th2 cells resulted in a 50% decrease in total inflammatory cell recruitment (data not shown).
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i.p. administration of IL-12 at the time of challenge reduced airway
hyper-reactivity and eosinophilia. This coincided with an increase
in IFN-g and a decrease in IL-4 mRNA and protein as measured by
RT-PCR using total lung RNA and by ELISA using BAL fluid.
IL-5 levels were also reduced. In a system of aerosol sensitization
and challenge with OVA, Lack et al. (22) showed that nebulized
IFN-g could decrease OVA-specific IgE and prevent airway hyper-reactivity even when the IFN-g was administered after sensitization. Furthermore, CD41 T cells from IFN-g treated mice were
able to inhibit IgE production in vitro.
In these studies, we have additionally tested the ability of transferred Th1 and Th2 cells to modulate the allergic inflammatory
response in the airway. Our results show clearly that addition of
Ag-specific Th2 cells had little effect on the airway inflammatory

FIGURE 8. Evaluation of BAL cells in mice receiving transfers of T
cells after airway inflammation was established. Groups of five mice were
sensitized and challenged as described in Fig. 1. After challenge, mice
received 25 3 106 Th1 or Th2 cells, or a mock transfer. Vehicle control
mice received no cells, were immunized with alum, and challenged with
saline. A, Total cell numbers in BAL. Shown are average number of nucleated cells in the BAL (6SD). Vehicle control mice had an average of
14 3 104 BAL cells. Similar data were obtained in three separate experiments. B, Influence of transferred cells on the total numbers of endogenous
Th1 and Th2 cells in BAL. Similar to Figs. 5–7, pooled BAL cells from
mice that had received Th1, Th2, or mock transfers were stained and analyzed for CD4, KJ1–26, and intracellular cytokines. As in Fig. 7B, the
influence of transferred cells on the accumulation of endogenous (KJ1–
262) T cells in BAL is shown by plotting the number of endogenous CD41
cells within the Th1 or Th2 gates for each sample divided by the number
of Th1 or Th2 cells in the mock transfer sample.

response, but that addition of Ag-specific Th1 cells dramatically
increased the inflammatory response. This was regardless of
whether the cells were transferred before sensitization or after
challenge. By gating specifically on endogenous cells in our FACS
analysis, we were able to monitor the effect of the transferred cells
on the host T cell response. Transferred Th1 cells promoted increased-host Th1 responses (Figs. 7, A and B, and 8B) and partially
inhibited OVA-specific IgE production; however, the proinflammatory properties of the Th1 cells apparently outweighed any
counter-regulatory effects they may have on Th2 cells, and the end
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FIGURE 7. Analysis of the endogenous T cell response. A, Effect of
transferred cells on the quality of the endogenous T cell response. The
number of cells falling within the Th1 and Th2 gates shown in Fig. 6 were
counted for mice receiving 25 3 106 or 5 3 106 Th1 or Th2 cells or mock
transfers. Data are plotted as the ratio of Th1 cells to Th2 cells for each
sample. B, Effect of transferred cells on total numbers of endogenous Th1
and Th2 cells in BAL relative to controls. Bars represent the number of
cells within the Th1 or Th2 gates divided by the number of Th1 or Th2
cells in mice that received mock transfers. To count the total cell numbers,
equal volumes of BAL samples were analyzed.
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Th1 AND Th2 CELLS IN A MURINE MODEL OF ASTHMA
Table II. Differential cell counts in BAL of mice that received transferred T cells after challengea

Cells
Transferred/Sensitization

25 3 106 Th1 cells/OVA
Mock transfer/OVA
25 3 106 Th2 cells/OVA
Mock transfer/vehicle

BAL Eosinophils
(3 1023)

420 (110)
180 (53)
130 (39)
0.47 (0.3)*

BAL Lymphocytes
(3 1023)

BAL Monocytes 1
Macrophages
(3 1023)

1000 (110)*
140 (61)
76 (15)
12 (2)*

860 (63)*
470 (59)
540 (130)
130 (9)*

a
Mice were sensitized by i.p. injections of OVA adsorbed to alum and challenged with an aerosol of 1% OVA in PBS.
Vehicle control mice were injected with alum alone and challenged with PBS alone. The day after challenge, mice received
transfers of 25 3 106 Th1 or Th2 cells or mock transfers by i.v. injection. The mice were rechallenged the following day. Three
days after rechallenge, BAL fluid was collected from the mice. Total cells in the BAL were counted by hemacytometer, and
differential cell counts were performed on cytospins of BAL cells stained with Wright stain. Data shown are the average number
of cells in the BAL (6SE; n, five mice per group).
* p , 0.05 compared to mock transfer/OVA.
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result of transferring Th1 cells was that increased numbers of host
cells were recruited to the lung. These data argue that in studies
using IFN-g and IL-12 to inhibit airway inflammation, the inhibition seen was not mediated solely by the promotion of Th1 responses. Both IFN-g and IL-12 are pleotropic cytokines and could
be altering airway inflammation via several different mechanisms
that might involve CD81 T cells, NK cells, and/or macrophages.
It is curious that transferring Th2 cells did not increase the number of eosinophils in the Ag-induced inflammatory response. In
fact, the only observable effect that the Th2 cells had was to decrease the number of lymphocytes recruited to the BAL. The transferred Th2 cells survive in the recipient animal over the course of
the experiment (Fig. 5), and they are still capable of producing
cytokines (Fig. 6C). Although it remains possible that transferred
Th2 cells could have greater effects on the inflammatory response
at later time points after challenge, our data suggest more simply
that the generation of Th2 cells may not be rate limiting for the
development of eosinophilic inflammation in this model. Perhaps
the i.p. sensitization with OVA and alum is sufficiently efficient in
generating host Th2 cells that a maximal Th2 effect has already
been elicited and that the addition of exogenous Th2 cells cannot
increase the response above this maximum. This might also explain the differences between our data and those of Cohn et al.
(30). In their system, passive transfer of Th2 cells into unsensitized
animals followed by multiple airway challenges resulted in airway
eosinophilia whereas transfer of naive T cells followed by the
same airway challenge protocol resulted in no inflammation. This
suggested that the aerosol challenges were inefficient at priming
naive T cells.
In summary, we have shown that both Th1 and Th2 cells are
recruited to the lung in the OVA-induced mouse model of asthma.
Passively transferred OVA-specific Th1 cells can neither prevent
the development of a Th2 response nor extinguish an established
Th2 response. In fact, transfer of Th1 cells results in increased
inflammation. This finding indicates that Th1 cells are inefficient at
inhibiting Th2 responses in vivo, and that in this model the proinflammatory effects of Th1 cells outweigh any counter-regulatory
effects they may have on the inflammatory response. These results
further suggest a possible mechanism for the role of viral respiratory infections in triggering asthma attacks. In this setting, proinflammatory cytokines from virus-specific T cells could cooperate
with allergen-specific Th2 cells without inhibiting them to increase
the eosinophilic airway inflammatory reaction. These results also
raise a warning flag regarding certain proposed immunotherapies
for asthma, because therapies designed to enhance Th1 responses
may actually increase airway inflammation.
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