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Effect of GM-CSF on immune,
inflammatory, and clinical responses to
ragweed in a novel mouse model of
mucosal sensitization
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Background: Conventional models of allergic airway inflam-
mation involve intraperitoneal administration of ovalbumin in
conjunction with a chemical adjuvant (generally aluminum
hydroxide) to generate allergic airways inflammation. Here we
have investigated the effect of respiratory mucosal exposure to
a ragweed extract in the absence of chemical adjuvant on the
generation of allergic responses.
Objectives: We sought to develop a mouse model of ragweed-
induced allergic airway inflammation through mucosal sensiti-
zation and to investigate the role of GM-CSF in this process.
Methods: Ragweed was delivered intranasally to an airway
microenvironment enriched with GM-CSF, which was
achieved by means of either multiple coadministrations of
recombinant GM-CSF or a single delivery of an adenoviral
vector carrying the GM-CSF transgene.
Results: Administration of a purified ragweed extract leads to
TH2 sensitization (and not inhalation tolerance) accompanied
by mild airway inflammation, modest clinical symptoms, and
moderate production of TH2 cytokines by splenocytes on rag-
weed restimulation. The administration of anti-GM-CSF anti-
bodies in conjunction with ragweed diminished TH2-associated
cytokine production. These responses were amplified by enrich-
ing the airway microenvironment with GM-CSF. Under these
conditions, all TH2-associated immune-inflammatory responses,
as well as the clinical responses, were considerably enhanced.
To investigate the mechanism underlying these effects, we
examined lung mononuclear cells by means of flow cytometry
and detected a substantial expansion of antigen-presenting cells,
particularly dendritic cells, as well as a substantially increased
activation of these antigen-presenting cells, as demonstrated by
the expression of B7 molecules, particularly B7.2.
Conclusion: GM-CSF plays an important role in the genera-
tion of allergic immune-inflammatory responses to ragweed.
(J Allergy Clin Immunol 2003;111:1076-86.)
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Conventional models of allergic airway inflammation
involve intraperitoneal administration of ovalbumin
(OVA) in conjunction with a potent chemical adjuvant
(generally aluminum hydroxide) to generate unequivocal
allergic airways inflammation. As a consequence of this
approach, these systems are intrinsically weak with
respect to elucidating the subtle immunologic mecha-
nisms that naturally elicit and modulate allergic sensiti-
zation. Moreover, it is remarkable that there is such a
limited amount of animal model–derived data utilizing
aeroallergens other than OVA, a truly innocuous protein.

In the present study we have investigated the effect of
respiratory mucosal exposure to ragweed on the genera-
tion of allergic responses. Our data demonstrate that
although repeated intranasal exposure to ragweed alone
elicits TH2-type sensitization, airway eosinophilic
inflammation is minimal in the short term and absent in
the long term on ragweed re-exposure. Conversely, the
delivery of ragweed to an airway microenvironment
enriched with GM-CSF, which is achieved by means of
either multiple coadministrations of recombinant GM-
CSF or a single delivery of an adenoviral vector carrying
the GM-CSF transgene, results in considerable
eosinophilic airway inflammation and ragweed-specific
TH2 memory responses. These findings suggest that the
presence of GM-CSF in the airway microenvironment
influences not only the degree but also the evolution of
the adaptive immune response to ragweed.

METHODS

Animals

Female BALB/c mice (6-8 weeks old) were purchased from
Charles River Laboratories (Montreal, Quebec, Canada). The mice
were housed in a specific-pathogen–free environment under a 12-
hour light-dark cycle. All experiments described here were approved
by the Animal Research Ethics Board of McMaster University.

Protocols of respiratory mucosal

sensitization

I. Exposure protocol with Ad/GM-CSF. A replication-deficient
human type 5 adenoviral construct carrying mouse GM-CSF cDNA
in the E1 region of the viral genome (Ad/GM-CSF)1 was delivered
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intranasally to isoflurane-anesthetized mice 24 hours before the first
ragweed exposure. Ad/GM-CSF was administered at a dose of 3 �
107 pfu in 30 �L of PBS (two 15-�L administrations 5 minutes apart),
as previously described.2 Over a period of 7 consecutive days (days
0-6) after Ad/GM-CSF exposure, isoflurane-anesthetized mice were
administered 200 �g of ragweed (RW) protein extract (LPS free;
Greer Laboratories, Lenoir, NC) intranasally (dropwise, alternating
between nostrils) in a volume of 10 �L. The ragweed was resuspend-
ed in Coca’s buffer as per the method of Sur et al3 and passed through
a 0.2-�m filter (Pall Gelman Laboratory, Ann Arbor, Mich).

II. Exposure protocol with recombinant mouse GM-CSF. Recom-
binant mouse GM-CSF (rGM-CSF; Biosource International,
Camarillo, Calif) was used in specific instances in place of the ade-
noviral construct. In these cases 1 �g of rGM-CSF was delivered
intranasally in 15 �L of PBS daily for 5 days, followed by adminis-
tration of RW (as described above, days 0-4). Only RW was admin-
istered in the last 2 days of the protocol.

III. Recall challenge (long-term) protocol. After complete reso-
lution of the initial airways inflammation (occurring around day
30), mice were subjected to an in vivo rechallenge with RW. Mice
were re-exposed to 200 �g of RW administered intranasally daily
for 2 consecutive days.

Clinical assessment

The intensity of the symptoms exhibited by RW- and GM-
CSF/ragweed–exposed mice was determined to be either mild or
intense on the basis of the duration of symptoms and the degree of
disruption of normal activity. This classification of intensity was
made in the following manner:

Sneezing. Mild sneezing was defined as lasting for less than 1
minute, disrupting the normal activity of the animal, or both (ie, it was
occasional). Intense sneezing was defined as significantly disrupting
the activity of the mice. In this case mice sneezed constantly or in sev-
eral short bursts (lasting approximately 10 seconds), or sneezing
remained occasional but lasted considerably longer (up to 2 minutes).

Nose rubbing. Mild nose rubbing was defined as often, but not
always, coupled with sneezing. It did not overtly disrupt the normal
behavior of the mice.

Labored breathing. Mild labored breathing was defined as short
lived (<2 minutes) and intermittent in nature. In the case of labored
breathing, mice assume a hunched posture, and the effort required
to breathe is observable (ie, there is a pronounced abdominal com-
ponent). Mice assume this posture intermittently after short periods
of normal activity and cannot be moved with gentle prodding.
Intense labored breathing was defined as distressed posture of a
mouse maintained for a longer period of time (≥30 seconds), with
several minutes passing before normal activity was resumed.

Collection and measurement of specimens

At various time points, mice were killed, bronchoalveolar lavage
(BAL) was performed, and differential cell counts were determined
according to a previously reported protocol.4 In addition, blood was
collected by means of retro-orbital bleeding. Serum was obtained

by means of centrifugation after incubating whole blood for 30 min-
utes at 37°C. Finally, lung tissue was fixed in 10% formalin and
embedded in paraffin. Three-micrometer sections were stained with
hematoxylin and eosin, Congo red, and Alcian blue (pH 2.5).

Splenocyte culture

Spleens were harvested into sterile tubes containing sterile
HBSS (Life Technologies Inc, Burlington, Ontario, Canada).
Splenocytes were isolated as previously described.4 Cells (8 � 105

cells/well) were cultured in medium alone, medium with Coca’s
buffer, or medium with 1.6 �g of RW per well (as determined on the
basis of dose response, data not shown) in flat-bottom 96-well
plates (Becton Dickinson, Franklin Lakes, NJ). After 5 days of cul-
ture, supernatants were harvested for cytokine measurements.

Cytokine and immunoglobulin measurement

ELISA kits for mouse IL-4, IL-5, and IL-13 were purchased from
R&D Systems (Minneapolis, Minn). These assays have thresholds of
detection of less than 2, 1.5, and 7 pg/mL, respectively.

RW-specific IgG1 and total IgE levels were measured in the fol-
lowing manner: 96-well plates were coated overnight at 4°C with
100 �L of a 2 �g/mL solution of RW in Coca’s buffer. Coated wells
were blocked with 1% BSA in PBS for 2.5 hours at room tempera-
ture. The ELISA was performed by using 4 serial dilutions of each
serum sample prepared with the reagent diluent (Tris-Tween solu-
tion with 0.05% BSA). These dilutions were 1:20, 1:200, 1:2000,
and 1:20,000 and 1:2, 1:20, 1:100, and 1:500 for RW-specific IgG1
and total IgE, respectively. Antibody titers were calculated by using
the following formula:

1/(X · ODX) · 0.05,

where X equals the dilution factor closest to but greater than twice
the background optical density reading and ODX is the optical den-
sity reading of X.

Anti-GM-CSF–neutralizing antibody

treatment

In specific instances mice were treated with polyclonal goat anti-
mouse GM-CSF–neutralizing antibody (�GM-CSF, R&D Systems)
to block the effects of endogenous GM-CSF. In these cases mice
received 50 �g of �GM-CSF in a 10-�L volume, concurrent with
their RW exposure, for the first 3 days of the exposure protocol. The
dose of �GM-CSF was reduced to 25 �g in a 10-�L volume for the
last 4 days of the exposure protocol. Polyclonal goat IgG (R&D
Systems) was used as a control in these experiments.

Isolation of mRNA from tissues and

generation of cDNA

Thoracic lymph nodes and lungs were collected, placed in
RNAlater (Ambion, Austin, Tex), and stored at –20°C for future RNA
extraction. Total RNA was extracted by using TriPure Isolation
reagent (Boehringer Mannheim Canada, Laval, Quebec, Canada).
Genomic DNA was eliminated by using the DNA-free kit from
Ambion. Finally, cDNA was generated by using the RETROscript kit
from Ambion and either random decamers or oligo-dT as primers.

Real-time quantitative PCR (TaqMan)

For real-time quantitative PCR, primers and FAM-labeled
probes were designed for GATA-3 and T1/ST2 with PrimerEx-
press version 1.5 software (Applied Biosystems, Foster City,
Calif). GATA-3 primers and probes were used as described in the
study by Ritz et al.5 In the case of T1/ST2, the forward primer was
5�-ACGCCAGGCAAGTGTCTTACA-3�, the reverse primer was
5�-CACCGACTGAGCAACTCAGCTA-3�, and the probe was 5�-

Abbreviations used
Ad: Adenoviral vector

APC: Antigen-presenting cell
B: Coca’s buffer

BAL: Bronchoalveolar lavage
OVA: Ovalbumin

PE: Phycoerythrin
rGM-CSF: Recombinant murine GM-CSF

RW: Ragweed
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TTGAATTTTGCCAATAGATATGAGCCCTGCC-3�. For IL-4,
IL-5, and IL-13, primers and FAM-labeled probes and GAPDH
primers and VIC-labeled probes were obtained from Applied
Biosystems. PCR was done by using the TaqMan Universal PCR
Master Mix in the ABI Prism 6700 Sequence Detection System
operated by Sequence Detector version 1.7 software (Applied
Biosystems). Gene expression is quantified relative to the expres-
sion of GAPDH, with naive samples defined as 1, and all other
values are plotted relative to them.

Flow cytometric analysis

Flow cytometric analysis was performed on lung cells isolated as
described previously.4 The cells were then stained with a panel of flu-
orescently conjugated antibodies (PharMingen, Mississauga, Ontario,
Canada). The following antibodies were used: anti-CD11c-FITC,
anti-MHC II-FITC, anti-CD4-FITC, anti-B220-FITC, anti-CD69-
phycoerythrin (PE), anti-CD11b-PE, anti-B7-1-PE, anti-CD3-PE,
anti-CD3-CY, anti-MHC II-biotin, anti-B7-2-biotin, and anti-CD4-
CY. Appropriate isotype controls were also purchased from PharMin-
gen. The anti-T1/ST2-FITC antibody was provided by Millennium
Pharmaceuticals Inc (Cambridge, Mass). To minimize nonspecific
binding, 106 cells were preincubated with Fc block (CD16/CD32,
PharMingen). For each antibody combination, 106 cells were incu-
bated with mAbs at 0°C to 4°C for 30 minutes; the cells were then
washed and treated with second-stage reagents. Streptavidin PerCP
(Becton Dickinson Immunocytometry Systems, San José, Calif) was
used as a second-step reagent for detection of biotin-labeled antibod-
ies. Titration was used to determine the optimal concentration for
each antibody. Cells were fixed in 1% paraformaldehyde and count-
ed on a FACScan (Becton Dickinson and Co). Analysis was per-
formed with WinMDI software (The Scripps Research Institute, La
Jolla, Calif). A total of 100,000 events were acquired. The percent-
ages of the various cell types, obtained by means of flow cytometry,
were subsequently used to approximate the number of each cell type
on the basis of the total number of cells isolated per mouse, and data
are expressed as fold increases over data from naive mice, with the
values obtained from naive mice being represented as 1.

Data analysis

Data are expressed as means ± SEM. Statistical analysis was per-
formed by using SigmaStat version 2.03 software. Differences were
considered significant at a P value of less than .05 by means of
ANOVA with the Fisher post hoc test, where applicable.

RESULTS

Clinical assessment

Mice receiving RW alone experienced clinical symp-
toms that consisted of mild sneezing and face rubbing.
Clinical manifestations were observed when the mice had
recovered from anesthesia. Symptoms began consistently
as early as the third RW administration in all groups. In
contrast to mice that received RW alone, mice that
received RW in conjunction with Ad/GM-CSF (GM/RW)
displayed symptoms that increased in severity with subse-
quent RW administrations. These animals typically
showed, toward the end of the exposure protocol, severe
sneezing and, during the last 2 days of the exposure proto-
col, labored breathing. Labored breathing was often mild
but was found to be severe in older animals. No symptoms
were observed in mice that received Coca’s buffer in the
context of Ad/GM-CSF (GM/B) or rGM-CSF alone.

Inflammatory responses in the airway

There were no significant differences between naive
mice and mice treated in vivo with GM/B. Exposure to
RW alone resulted in an increase in mononuclear cells of
approximately 2-fold and a level of eosinophilia of 6.6%
compared with 0% in naive mice (Fig 1, A and B). These
increases, however, did not reach statistical significance.
In contrast, when mice received GM/RW, we observed
dramatic changes in the inflammatory infiltrate. Under
these conditions, the total number of cells increased to 3
million from approximately 500,000 in naive mice (data
not shown), and the cell distribution consisted of 69%
mononuclear cells and 20% eosinophils (Fig 1, A and B).

Groups of mice were sensitized with rGM-CSF in place
of Ad/GM-CSF to eliminate the potentially confounding
effect of the adenoviral construct (Fig 1, C and D). In mice
that received rGM-CSF alone (rGM), we observed a sig-
nificant increase in the total cell number (to approximate-
ly 3.5 million), which was entirely mononuclear in nature
(data not shown). Mice that received rGM-CSF and RW
(rGM/RW) exhibited a similar increase in the total number
of cells (to approximately 5 million); however, eosinophils
comprised approximately 36% of the cells in this infiltrate.

Histology

As can be seen in Fig 2, A and B, there was no evi-
dence of inflammation in naive mice or mice exposed to
GM/B. Interestingly, and in agreement with our BAL
findings, lungs from mice exposed to RW alone dis-
played a very mild inflammation in some peribronchial
and perivascular regions, including the presence of a few
eosinophils (Fig 2, C). In contrast, mice exposed to
GM/RW presented with severe peribronchial and
perivascular inflammation, as well as inflammation of
the surrounding parenchyma (Fig 2, D). This was accom-
panied by goblet cell hyperplasia, as well as mucous pro-
duction (Fig 2, E).

Evidence of TH2 sensitization in RW- and

GM/RW-treated animals

Because the draining lymph nodes are the preeminent
site for the generation of a primary immune response, we
examined the thoracic lymph nodes for evidence of TH2
differentiation. Specifically, we assessed the relative
expression of the TH2 effector molecules IL-4, IL-5, and
IL–13 by means of TaqMan. As shown in Fig 3, A, C, and
E, considerable upregulation of each of these genes was
observed in mice that had been exposed to GM/RW in
vivo. Specifically, we observed a 90-fold increase in IL-
4, a 15-fold increase in IL-5, and a 40-fold increase in IL-
13 mRNA expression. Importantly, an upregulation of
these cytokine genes was also seen in mice that were
exposed to RW alone in vivo. In this case we observed an
80-fold increase in IL-4, a 17-fold increase in IL-5, and
a 15-fold increase in IL-13.

Splenocytes were isolated from mice exposed to
GM/B, RW, or GM/RW and stimulated with RW in vitro
to determine whether ragweed-specific TH2 cytokine
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production occurs in animals exposed to ragweed in vivo.
We detected significant TH2 cytokine production by
splenocytes from GM/RW-treated animals (Fig 3, B, D,
and F). RW stimulation did not elicit production of TH2
cytokines by splenocytes obtained from mice exposed to
GM/B in vivo. Interestingly, RW stimulation did induce
significant production of IL-13 by splenocytes from mice
exposed to RW alone in vivo (Fig 3, F). A similar trend
was observed for IL-4 and IL-5 (Fig 3, B and D),
although the difference, compared with the levels seen in
naive mice, did not reach statistical significance. Spleno-
cytes that were unstimulated or exposed to Coca’s buffer
did not produce any of these cytokines.

RW-specific IgG1 and total IgE levels were measured
in the sera of mice exposed to all of the in vivo treatment
conditions. As shown in Table I, mice exposed to
GM/RW produced significantly greater amounts of these
immunoglobulins compared with mice in the other treat-
ment groups.

Evidence of TH2 effector function in the lungs

of sensitized mice

To seek evidence of TH2 effector activity in the target
organ (ie, the lung), we examined the levels of activated
TH cells (CD3+/CD4+/CD69+) and TH2 effector cells
(CD3+/CD4+/T1ST2+) by means of flow cytometry at day
9 of the exposure protocol. RW alone led to a minimal
expansion of both activated and effector T cells, 2.3- and
2.1-fold increases over values seen in naive mice, respec-

tively (Fig 4, A and B). rGM-CSF led to a greater but still
modest expansion of these cells, a 3.5-fold increase over
that seen in naive mice of CD4+/CD69+ cells and a 3.1-
fold increase in CD4+/T1ST2+ cells. Mice exposed to
rGM/RW showed a 5.5-fold increase in the number of
activated CD4+ cells and a 10.6-fold increase over naive
mice in terms of TH2 effector cells.

Effector activity in the lung was assessed by using
TaqMan to examine the levels of expression of IL-4 and
IL-13 mRNA. As shown in Fig 4, C and D, we detected
a significant upregulation of each of these genes in mice
that had been exposed to GM/RW in vivo; specifically,
we observed 35- and 130-fold increases in IL-4 and IL-
13, respectively. In mice treated with RW alone, a much
lower but still significant level of upregulation was
observed that was approximately 13-fold for IL-4 and
40-fold for IL-13.

Flow cytometric analysis of T cells and

antigen-presenting cells in the lungs of mice

sensitized using rGM-CSF

Lung cells were isolated for flow cytometric analysis
at day 9 of the exposure protocol to further define the
types of cells present at the effector site. Cells were
labeled to allow for an evaluation of changes in the sub-
sets of antigen-presenting cells (APCs). As shown in Fig
5, exposure to RW alone had a very small effect on these
cells. We observed a 2.9-fold increase over numbers in

A B

C D

FIG 1. Airway inflammation in the BAL fluid of BALB/c mice exposed to ragweed extract (RW) or Coca’s
buffer (B) intranasally. Mice were subjected to exposure protocol I (A and B) and exposure protocol II (C and
D) and killed 72 hours after the last exposure (n = 5-10, *P < .05).
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naive mice of all APCs (on the basis of MHC II expres-
sion), which corresponded to a 1.4-fold increase in B
cells (MHC II+/B220+), a 3.1-fold increase in
macrophages (MHC II+/CDllb+), and a 2.1-fold increase
in dendritic cells (MHC II+/CD11c+). Interestingly,
rGM-CSF led to a greater expansion of APCs, notably
dendritic cells. Compared with naive mice, we observed
a 2.2-fold increase in B cells, a 4.9-fold increase in
macrophages, and an 8.6-fold increase in dendritic cells.

When rGM-CSF and RW were delivered together, the
effects appeared to be synergistic in nature. There was a
10.9-fold increase over naive mice in all APCs, which
was primarily due to an expansion of macrophages and
dendritic cells. These cell types increased by 11.4-fold
and 7.5-fold, respectively, whereas B cells only increased
by 2.5-fold. APC activation was assessed on the basis of
the expression of the costimulatory molecules B7-1 and
B7-2. RW alone had a very modest effect on APC activa-

FIG 2. Light photomicrograph of paraffin-embedded sections of lung tissues obtained 72 hours after com-
pletion of exposure protocol I. Sections were stained with hematoxylin and eosin (A, B, and D), Congo Red
(C), or Alcian Blue (pH 2.5; E). Panels represent naive mice (Fig 2, A), mice exposed to GM/B (Fig 2, B), mice
exposed to RW alone (Fig 2, C), and mice exposed to GM/RW (Fig 2, D and F). Original magnification was
63� for Fig 2, A, B, and D; 160� for Fig 2, C; and 126� for Fig 2, E).

TABLE I. Serum immunoglobulin levels in BALB/c mice exposed to ragweed in the context of GM-CSF expression

In vivo treatment conditions

Immunoglobulins Naive GM/B RW GM/RW

RW-specific IgG1 0 ± 0 0 ± 0 41.2 ± 26.6 1233.6 ± 368.2*
Total IgE 103.1 ± 25.5 55.0 ± 16.0 97.6 ± 2.1 899.5 ± 395.3*

Mice were killed at day 9 of exposure protocol I, and the immunoglobulin content in the sera was measured by means of ELISA. Data are expressed in units
per milliliter (mean ± SEM; n = 4). Statistical analysis was performed by using 1-way ANOVA with the Fisher post hoc test: *significant from all groups, P <
.05.
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tion. B7-1 and B7-2 were upregulated 3-fold and 4-fold,
respectively, over numbers in naive mice on MHC II+

cells. As with the expansion of the various cell types,
rGM-CSF alone had a greater effect on the activation of
these cells than did RW alone, a 4.6-fold increase in B7-
1 and a 9.5-fold increase in B7-2. When mice received
rGM/RW, the activation of APCs was increased dramati-
cally, notably with respect to B7-2. Under this condition,
the expression of B7-1 and B7-2 was increased to 12.9-
fold and 33.5-fold over the expression seen in naive
mice, respectively.

In vivo rechallenge of mucosally sensitized

mice

In some groups of mice, the inflammation caused by
the initial exposure to GM/RW was allowed to resolve,
and the mice were rechallenged with RW approximately
30 days later. Resolution of inflammation was deter-
mined by killing mice at various time points over the
exposure protocol and assessing the extent of eosinophil-
ia both in the BAL fluid (Fig 6, A) and in peripheral
blood (data not shown). By day 30, the BAL fluid was

FIG 3. A, C, and E, Evidence of TH2 effector activity in the thoracic lymph nodes of mice exposed to RW in
the context of GM-CSF expression. RNA was isolated from thoracic lymph nodes on day 9 of exposure pro-
tocol I, and the relative expression of IL-4, IL-5, and IL-13 was assessed by means of TaqMan (mean ± SEM
of triplicate measurements; *significantly different from all groups, P < .05; #significant from naive, P < .05;
$significant from GM/B, P < .05). B, D, and F, In vitro production of RW-specific IL-4, IL-5, and IL-13 by
splenocytes. Cells were cultured in RPMI alone (black bars), RPMI plus Coca Buffer (light gray bars), or RPMI
plus 1.6 �g of RW per well (dark gray bars; n = 1-4; � significant differences within groups, P < .05; � sig-
nificantly different from all groups after RW stimulation, P < .05).

A B

C D

E F



1082 Cates et al J ALLERGY CLIN IMMUNOL

MAY 2003

Basic and clinical
im

m
unology

found to be devoid of eosinophils, and total cell counts
were back to naive levels (data not shown).

RW re-exposure resulted in the recapitulation of the
initial inflammatory response. It consisted of approxi-
mately 3 million cells in the BAL fluid and a peak in
BAL eosinophilia of 13% occurring 120 hours after
rechallenge (Fig 6, B and D).

In vitro cytokine production by splenocytes

from mice treated in vivo with an anti-GM-

CSF–neutralizing antibody

A group of mice was treated with a goat anti-mouse
GM-CSF–neutralizing antibody concurrent with the
ragweed exposures to examine the role of GM-CSF in
the responses elicited by ragweed alone more closely.
Splenocytes from these mice showed a significant
decrease in their production of IL-4 and IL-13 when re-
stimulated with RW in vitro compared with splenocytes
from mice that received RW alone or RW plus control
antibody in vivo. Compared with mice treated with con-
trol antibody, �GM-CSF treatment resulted in a 74.5%
decrease in IL-4 production (241.8 vs 61.7 pg/mL) and
an 89% reduction in IL-13 production (46.5 vs 5.1
ng/mL). IL-5 production was decreased by 35%
(1925.7 vs 1252.3 pg/mL), but this did not reach statis-
tical significance.

DISCUSSION

Ragweed is an aeroallergen of considerable clinical
relevance, particularly in North America. Despite its
importance, there is a limited amount of data available
with respect to airway immune-inflammatory responses
to ragweed in murine systems. Although a number of
groups have established models of ragweed-induced
allergic conjunctivitis6-12 and eosinophilic peritonitis,13-15

data on airway inflammatory responses to ragweed, as
compared with OVA, are surprisingly scarce. A limita-
tion of using OVA in models of allergic airway disease is
that it is now well known that repeated passive exposure
to aerosolized OVA in mice results in inhalation toler-
ance.16-19 This has forced researchers to devise strategies
to overcome the intrinsic innocuousness of OVA, such as
introducing antigens into the peritoneal cavity in con-
junction with powerful chemical adjuvants (eg, alu-
minum hydroxide). Although these models have been
useful in many respects, they further alienate the system
from the natural way in which human subjects are
exposed and sensitized to allergens. The current body of
work surrounding airway inflammatory responses to rag-
weed makes use predominantly of these conventional
models.3,20-24 In 1998, our laboratory reported an exper-
imental model of allergic airway inflammation2 in which
OVA is delivered to the respiratory mucosa in the

A B

C D

FIG 4. Evidence of TH2 effector activity in the lungs of mice exposed to RW in the context of GM-CSF expres-
sion. A and B, Fold increase over values in naive mice of CD4+/CD69+ T cells and CD4+/T1ST2+ T cells,
respectively, as assessed by means of flow cytometry. Cells were obtained on day 9 of exposure protocol
II. C and D, Relative expression of IL-4 and IL-13 mRNA from lung tissue. RNA was isolated from lung tis-
sue on day 9 of exposure protocol I, and IL-4 and IL-13 relative expression was assessed by means of Taq-
Man (mean ± SEM of triplicate measurements; *P < .05).
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absence of chemical agents but in conjunction with GM-
CSF (a natural adjuvant that has been demonstrated to be
relevant in asthma25). We believe that this is a significant
advance in modeling both allergen exposure in human
subjects and the processes of mucosal sensitization. The
present study was performed to investigate immune-
inflammatory responses locally and systemically to a
purified ragweed extract.

Our data show that, in contrast to OVA, intranasal
exposure to ragweed alone elicits TH2 sensitization. This
is supported by evidence of in vivo upregulation of TH2
cytokine expression in the lymph nodes, production of
TH2 cytokines by splenocytes upon RW restimulation in
vitro, and modest production of RW-specific IgG1. How-
ever, this immune response translates into only marginal
airway eosinophilic inflammation and mild clinical
symptoms that appeared to be limited to the upper air-

way. These low-grade responses were unlikely to have
been due to an insufficient exposure protocol because
increasing the exposure from 7 to 10 days yielded simi-
lar results (data not shown). Importantly, no long-range
ragweed-specific memory response was observed in
mice exposed to RW alone.

We found it notable that despite clear evidence of a
RW-specific immune response, mice exposed to RW
alone had only minimal airway inflammation and clini-
cal symptoms. We hypothesized that this apparent dis-
crepancy was the consequence of a relatively weak
immune response and reasoned that intervening to
expand and further activate the APC compartment would
influence the outcome. To achieve this, we enriched the
airway microenvironment by using a natural adjuvant
with precisely this capability, GM-CSF.26 Our data show
that the addition of exogenous GM-CSF to the airway

FIG 5. Expansion of APCs in the lungs of mice on day 9 of exposure protocol II. The percentages of the var-
ious APCs were assessed by means of flow cytometry on the basis of the expression of the molecules indi-
cated. Activation of the APCs was assessed on the basis of their expression of the costimulatory molecules
B7-1 and B7-2.
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viral vector carrying the GM-CSF transgene markedly
enhanced the response to ragweed, as indicated by
increased expression of TH2 cytokines in the thoracic
lymph nodes in vivo, increased production of TH2
cytokines by splenocytes on in vitro recall, and signifi-
cantly increased serum levels of RW-specific IgG1 and
total IgE. Notably, these exposure conditions also led to
a robust airway eosinophilic response. To eliminate the
potentially confounding effects of the adenoviral vector,
we carried out a number of experiments using recombi-
nant GM-CSF, which yielded similar results. The
enhanced inflammatory response was associated with a
distinct clinical effect. Not only was the severity of clin-
ical symptoms increased, but their nature also changed
in that we observed symptoms consistent with reversible
lower airway obstruction. In fact, the severity of clinical
symptoms in mice exposed to RW in the context of GM-
CSF was such that we were compelled to decrease expo-
sure from our customary 10 days (when using OVA) to
7 days.

To evaluate the immune response in the lung more
comprehensively and, in particular, to ascertain the
effect of the introduction of exogenous GM-CSF to the

airway on the APC compartment, we carried out a
detailed flow cytometric analysis. For clarity of inter-
pretation, we performed these experiments with rGM-
CSF. Delivery of RW alone resulted in a minimal
expansion of all APC subsets, whereas administration
of rGM-CSF led to a marked expansion of dendritic
cells. Concurrent exposure to GM-CSF and ragweed
synergistically expanded the number of macrophages in
the lung but did not lead to any further increase in den-
dritic cells. The rather modest expansion of B cells that
we detected is consistent with the finding that these
cells play a minimal role in antigen processing and pre-
sentation in the lung.27 To evaluate the activation of
APCs, we assessed the expression of the costimulatory
molecules B7.1 and B7.2. Exposure to rGM/RW led to
a substantial increase in the number of APCs expressing
these molecules. This increase was remarkable in the
case of B7.2, which is in agreement with evidence that
B7.2 privileges TH2 responses.28 The preferential
expansion and activation of dendritic cells observed in
mice exposed to rGM/RW had an effect on the T-cell
compartment, as demonstrated by increases in the num-
ber of activated CD4+ T cells and CD4+ T cells express-
ing T1/ST2 (TH2 effector cells).29-31

A B

C D

FIG 6. A, Eosinophil kinetics in the BAL fluid of BALB/c mice exposed to GM/RW. Mice were killed at various
time points during exposure protocol I, as shown. B-D, In vivo rechallenge of BALB/c mice with RW. Mice
were exposed daily for 7 consecutive days to either RW or GM/RW or were left untreated (No Tx). Mice were
then subjected to exposure protocol III and killed 5 days after the last challenge (n = 2-9; *significant from
all, P < .05; #significant from naive mice, P < .05; $significant from day 4, P < .05; � significant from day 20,
P < .05). BC, Before challenge.
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A comparative appraisal of the responses elicited by
exposure to RW alone and ragweed in conjunction with
exogenous GM-CSF would initially suggest that GM-
CSF does not determine the evolution of the adaptive
immune response; rather, it influences the degree of this
response and, most importantly, its pathologic effect on
the airway. However, that exposure to RW alone pro-
duced evidence of TH2 sensitization led us to consider
whether this phenomenon could be mediated by endoge-
nously produced GM-CSF. To address this question, we
treated mice with anti-GM-CSF antibodies and assessed
the most robust outcome measurement: production of
TH2-associated cytokines by splenocytes upon RW res-
timulation. Our data show that IL-4 and IL-13 production
by splenocytes from mice treated with anti-GM-CSF
were significantly reduced. IL-5 production was also
decreased by anti-GM-CSF treatment, but this did not
reach statistical significance. These findings support the
concept that the default pathway promoted by GM-CSF
might indeed be a TH2 response. Whether GM-CSF can
facilitate a TH1 response might depend on the presence
of additional signals in the airway microenvironment; for
example, we have previously shown that concurrent gene
transfer of GM-CSF and IL-12 to the airway shifts an
OVA-specific immune response from TH2 to TH1.32

Our study raises a number of questions concerning the
effect of GM-CSF on the development of allergic airway
diseases. First, many lung/airway cells are able to pro-
duce GM-CSF, including epithelial cells, fibroblasts, and
macrophages.33-36 Although, to our knowledge, there is
no precedent for the ability of RW to induce the produc-
tion of GM-CSF by lung/airway cells, there is evidence
that other allergens, notably house dust mite, do so.37

Clearly, delineation of the potential cellular sources of
GM-CSF upon RW exposure and of the molecular mech-
anisms underlying this interaction is an important venue
of future investigation. Moreover, our data compel us to
consider the effect of allergen-independent production of
GM-CSF on the development of allergic airway disease.
For example, there is abundant evidence that a number of
pollutants can induce GM-CSF production by human air-
way cells.38,39 Thus clinically overt airway disease to
allergens, such as RW, might be influenced by concurrent
exposures that establish an airway microenvironment
that amplifies these responses. We believe that the model
we have developed provides a useful foundation to
explore these questions.

We thank Joanna deJong, Stacey A. Ritz, Clinton Robbins,
Theresa Shea, Martin R. Stämpfli, and Ryan E. Wiley for both their
assistance with experiments and their critical appraisal of the man-
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tance of Mary Kiriakopoulos.
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