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Second-hand smoke increases nitric oxide and alters the IgE response
in a murine model of allergic aspergillosis
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Abstract

This study was performed to determine the effects of environmental tobacco smoke (ETS) on nitric oxide (NO) and
immunoglobulin (Ig) production in a murine model of allergic bronchopulmonary aspergillosis (ABPA). Adult BALB/c mice
were exposed to aged and diluted sidestream cigarette smoke from day 0 through day 43 to simulate “second-hand smoke”.
During exposure, mice were sensitized to soluble Aspergillus fumigarus (Af) antigen intranasally between day 14 and 24. All Af
sensitized mice in ambient air (Af + AIR) made elevated levels of IgE, IgG1, IgM, IgG2a and IgA. Af sensitized mice housed
in ETS (Af + ETS) made similar levels of immunoglobulins except for IgE that was significantly reduced in the serum and
bronchoalveolar lavage (BAL). However, immunohistochemical evaluation of the lung revealed a marked accumulation of IgE
positive cells in the lung parenchyma of these Af + ETS mice. LPS stimulation of BAL cells revealed elevated levels of NO in
the Af + AIR group, which was further enhanced in the Af + ETS group. In vitro restimulation of the BAL cells on day 45
showed a THO response with elevated levels of I3, 4, 5, 10 and IFN-y. However, by day 28 the response shifted such that
TH2 cytokines increased while IFN-y decreased. The Af + ETS group showed markedly reduced levels in all cytokines
tested, including the inflammatory cytokine IL.6, when compared to the Af + AIR group. These results demonstrate that ETS
affects ABPA by further enhancing the NO production and reduces the TH2 and the inflammatory cytokines while altering
the pattern of IgE responses.
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have implied that ETS adversely affects the
health of nonsmokers. These effects range from
development of cancer (Tredaniel et al. 1994) to
chronic respiratory symptoms such as wheezing and
chronic cough (Gilliland et al. 2001). Many of these
epidemiological observations have been confirmed

Introduction

Allergic asthma has been increasing in the industrial
nations (Anderson et al. 1994). This increase has
stimulated epidemiologists to examine the relationship
between environmental influences, atopy and asthma

(Oryszczyn et al. 2000, Kuwahara et al. 2001, Simoni
et al. 2001, Patino and Martinez 2001, Guilbert et al.
2004). The effect of environmental tobacco
smoke (ETS) also known as ‘secondhand smoke’ on
the pathogenesis of allergic asthma (Martinez et al.
1988, Menon et al. 1992, Gilliland et al. 2001) is
under intense investigation. Epidemiological studies

or are actively being investigated using animals
housed in controlled smoking environments (Witschi
etal. 1997).

Bronchial hyperreactivity is a key clinical sign of
allergic asthma and its measurement is used as an
indicator of the severity of the disease (Barnes 1989).
Elevated levels of blood and tissue eosinophils, serum
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IgE, increases in mucin production, thickening of the
airway basement membrane and accumulation of
cellular infiltrate dominated by eosinophils and mast
cells are other indicators of asthma (reviewed in
Berman and Weller 1992, Gern et al. 1999, Jones and
Holt 2000). An increase in nitric oxide (NO) in the
airway and consequently in the exhaled air of smokers
with asthma has also been demonstrated in asthmatics
(Horvath et al. 2004). Nitric oxide is produced by
endothelial cells, airway epithelial cells and a variety of
inflammatory cells in the lung (Kobzik et al. 1993,
Tracey et al. 1994). The synthesis of NO is
accomplished by an inducible enzyme called NO
synthase (inos) (reviewed in Barnes 1995). In rats, this
enzyme is produced by activated macrophages and
plays a relevant role in the pathology of the disease
(Kobzik et al. 1993, Hamid et al.1993).

We have previously used a murine model of allergy
to show a clear association between exposure to ETS
and increases in the allergic response to ovalbumin
(Seymour et al. 1997, 2002). Increased levels of serum
IgE, blood eosinophils and TH2 cytokines were seen
in the lungs of OVA sensitized mice exposed to ETS,
as compared with those sensitized to allergen and
housed in filtered air. These observations prompted us
to examine the effect of ETS sensitization with a more
complex antigen. Therefore, in our recent study
(Seymour et al. 2003) we examined the effect of ETS
on an established murine model of allergic broncho-
pulmonary aspergillosis (ABPA) (Kurup et al. 1992).
Mice were sensitized to Aspergillus fumigatus (Af)
antigen by the intranasal route and were housed in
chambers containing either aged and diluted side-
stream smoke to simulate ETS or filtered air (FA) as
control. Indeed, we observed and previously reported
that ETS exacerbated the allergic asthma in ABPA as
demonstrated by functional airway hyper-responsive-
ness and elevated levels of blood eosinophilia
(Seymour et al. 2003). Others (Singh et al. 2003)
have also demonstrated in Af sensitized mice
previously exposed to mainstream cigarette smoke
only in utero was sufficient to enhance bronchial
hyper-responsiveness when compared to filtered air Af
sensitized control mice.

In the present study, on the effects of ETS on
ABPA, we performed a detailed analysis of the
immunoglobulin production from the serum and the
bronchoalveolar lavage (BAL) of Af sensitized mice
exposed to ETS or AIR. Immunohistochemical
evaluation of the lung was also performed to quantify
and to examine the location of the IgE and IgGl
positive cells in the lung. Finally, in vitro stimulation
of the BAL cells was done to determine the NO
production and cytokine levels. We observed that ETS
enhanced the NO production from LPS stimulated
BAL cells. It also reduced the cytokine production in
the BAL and altered the IgE response in this murine
model of ABPA.

Methods
Animals

Pathogen-free female BALB/c mice from Charles
Rivers (Hollister, CA) were used in this study. They
were 8—9 weeks old at the start of each experiment.

Preparation and administration of the Af antigen

The Af antigen was a mixture of mycelial extract and
culture filtrate. Af was grown and antigen prepared as
previously described (Kurup et al. 1992).

Research cigarettes

The cigarette used in this study was the IR4F, which is
a filtered cigarette used by research laboratories. They
were obtained from the Tobacco and Health Research
Institute (University of Kentucky, Lexington, KY).
Once purchased, they were stored at 4°C until ready
for an experiment. Two days before use, they were
placed at 23°C in a chamber containing water and
glycerol (this mixture was at a ratio of 0.76:0.26) in
order to achieve a relative humidity of 60%.

The smoke generation system

The smoke generation system was designed by Teague
and colleagues (Teague et al.1994). Whenever the
animals were not receiving ETS, a source of filtered air
was delivered to the mice so that mice exposed to ETS
could be housed in these chambers for the duration of
the experiment.

ETS exposure

Mice were exposed to ETS for 6 hours per day from
Monday through Friday. At the end of the daily
exposure, the smoke generator was turned off but the
animals remained in the exposure chambers. Each
exposure chamber had a measurement of 69 X 69 X
61 cm with a complete change of air every 3 min. A
total of 40 mice in 8 cages were housed in a single
chamber.

The total suspended particulates (TSP), relative
humidity, nicotine and carbon monoxide concen-
trations were similar to those described previously
(Seymour et al. 2003). Measurements of TSP and
nicotine after the system was turned off revealed a
rapid decline to nondetectable levels (< 15 pg/m?)
during the nonsmoking period.

Bronchoalveolar lung lavage

BAL cells were obtained as previously described
(Medin 1976). About 10-15 lungs per group were
lavaged three times with 1 ml of PBS. Approximately
2.4ml of fluid was recovered from each lung. BAL



fluids were centrifuged and supernatants were stored
at —70°C until assayed for isotypes levels. BAL cells
were pooled, counted and stimulated for the
production of cytokines.

In vitro sumulation of BAL cells

BAL cells were suspended in culture medium and
stimulated at 2.5 X 10°/ml in flat-bottom 24-well
plates coated with anti-mouse CD3 antibody as
previously described (Seymour et al. 2003). Cells
were also stimulated at 2.5 X 10°/ml in culture
medium containing 10 pg/ml LPS from Salmonella
typhosa (Sigma Chemical Co). Cultures were incu-
bated at 37°C in 5% CO,, for 48 h for LPS stimulation.
Supernatants were harvested and stored at —70°C
until assayed.

NO measurements

Nitric oxide production from LPS stimulated BAL
cells was determined by the detection of nitrite (NO5 )
concentration from the Griess reaction (Oswald et al.
1992). Briefly, 50 pl of cell supernatant was added to
equal volume of Griess reagents (1.5% sulfanilamide,
0.1% napthylethelene diamine dihydrochloride, 2.5%
phosphoric acid) in a microtiter plate and incubated
for 10 min at room temperature in the dark. The
absorbance was measured at 570nm from an
automatic microplate reader. Nitrite concentration
was compared to a sodium nitrate standard curve.

Analysis of immunoglobulins

Total IgE was determined using a two-step sandwich
ELISA as previously described (Coffman and Carty
1986). The coating antibody, EM95, was a mono-
clonal anti-IgE antibody (obtained from DNAX
Research Institute). The second step was a nitroiodo-
phenyl (NIP) acetic acid conjugated rabbit anti-IgE
antibody called NIP 210E. IgG1, IgM, IgG2a and IgA
levels were detected using ELISA kits (Southern
Biotechnology, Birmingham, AL).

Immunohistochemical evaluation of IgE and IgG1 positive
cells in the lung parenchyma

On day 28, lungs from 4 mice per group were inflated
and fixed with 1% paraformaldehyde at 30 cm water
pressure for 1 h and placed into 70% ethanol until they
were processed into paraffin.

A rat anti-mouse antibody, EM95, was used to
detect IgE positive cells and a goat anti-mouse IgG1
biotinylated antibody (Southern Biotechnology,
Birmingham, AL.) was used to detect IgGG1 positive
cells in 5 pm thick paraffin sections. The sections were
deparaffinized in xylene, rehydrated through a graded
series of ethanol and treated with 3% hydrogen
peroxide to block endogenous peroxidase activity.
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Nonspecific binding was blocked with 10% rabbit
serum in 0.01 M PBS, pH 7.4, and sections were
incubated in primary antibody diluted at 1: 10,000
(IgE) or 1: 5,000 (IgG1) in blocking serum for 1 h at
37°C. A biotinylated rabbit anti-rat, mouse adsorbed,
secondary antibody was used with the IgE antibody.
The Vectastain elite ABC immunoperoxidase reagents
(Vector Laboratories, Burlingame, CA) were used
according to manufacturer’s recommendation. 3,3'-
Diaminobenzidine (DAB) tetrahydrochloride tablets
(Sigma, St. Louis, MO) mixed with nickel chloride
were used as the peroxidase substrate followed by a
nuclear fast red test counterstain. Lung tissue from
female BALB/c mice infected with Nippostrongylus
brasiliensis, 12 days post infection, was used as a positive
tissue control for IgE. The negative tissue control was
taken from BALB/c IL4 deficient mice that cannot
produce IgE. For a negative reagent control, the pri-
mary antibody was substituted with rat serum and used
on experimental tissue. The negative controls did not
show positive staining for IgE while the positive control
did show IgE positive cells. The negative reagent
control for IgG1 was normal goat serum at 1:5000.

Morphometric analysis of IgE and IgG1 positive cells

To determine the number of IgE and IgG1 positive cells
present in the lung parenchyma, including blood
vessels, up to 20 random nonoverlapping fields were
counted per animal (n = 4). Each field could contain
parenchymal tissues as well as blood vessels. Only fields
containing large airways were excluded. About 20
fields were counted for IgE and 10 for IgG1. Counts
were performed using the hidden line exclusion
principle (Gundersen 1977, Weibel 1979), i.e. only
IgE or IgG1-positive cell profiles completely in the field
were counted as well as cell profiles touching the left-
hand or upper borders of the field, but not the right-
hand or lower borders of the field. Only cells with
abundant amounts of cytoplasm (suggestive of plasma
cells) strongly staining for IgE or IgG1 were counted,
although numerous positive cells with thin rims of
cytoplasm (suggestive of B-lymphocytes) strongly
staining for IgE and IgGG1 were also observed in tissue
sections.

Cytokine ELISA

Sandwich ELISAs were done to measure IL3, IL5,
IL6, IL10 and IFN-vy as previously described
(Abrams 1995).

Analysis of IL4

IL-4 from cultured supernatant was detected by a
bioassay using the IL4 dependent, CT.4S cell line
(kindly donated by Dr. William Paul, NIH) as
previously described (Seymour et al. 1997).
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Figure 1. Antigen sensitization and ETS/AIR exposure protocols.

Statistics

Levels of antibodies, eosinophils and cytokines were
calculated as mean and standard error of the mean. The
two-tailed p values were calculated according to the
Mann-Whitney Test. A value of p <0.05 was
considered significant. Statistics for the morphometric
analysis of IgE and IgG1 positive cells were calculated
using one-way analysis of variance and Fisher’s PLSD,
Scheffe and Bonferroni/Dunn tests (Statview 4.5,
Abacus Concepts, Inc., Berkeley, CA). These statisti-
cal procedures permitted comparison between PBS
control groups and the corresponding various doses of
Af antigen groups as well as between air and ETS
groups. Significance was considered at a p-value of
<0.05.

Results
Experimental protocol

BALB/c mice were exposed to ETS or AIR from
day O to 43. They were sensitized by installation of
50 w1 of soluble Af antigen into their nostrils on
days 14, 17, 21 and 24 (Figure 1). Four different
doses of Af were used in this study 200, 100, 50
and 25 pg. Control mice were given 50 ul of PBS
i.n. and exposed either to ETS or ambient air from
days 0 to 43. The ETS concentration as described
in the Materials and Methods was at a high
ambient level, but similar to those observed in
restaurants, bars and the homes of smokers. During
ETS/AIR exposures animals were bled from their
tail veins for IgE, IgG1 antibodies determination.
Cytokine production was carried out by in vitro
stimulation of BAL cells after the Af or PBS
challenges.

\J

NO production from LPS stimulated BAL cells and its
effect on IL6 production

To test the activated state of alveolar macrophages,
BAL cells were stimulated with LPS for NO, and the
production of the inflammatory cytokine, IL6. NO,
was substantially elevated in groups exposed to Af
compared to the PBS control groups (Figure 2A).
However, ETS influenced the NO, release as BAL
cells from the Af + ETS group made 47% more NO,
when compared to the Af + AIR group (18.93 vs.
12.98 uM on day 25 and 39.50 vs. 26.82 pM on day
28, respectively). This percentage difference was
observed in 2 of 3 experiments as the third
experiment revealed 100% more NO, from the Af
+ ETS group when compared to the Af+ AIR
group. Endogenous production of NO, was not
detected from the BAL cultures incubated in medium
without LPS.

To evaluate the effect of NO on the inflammatory
cytokine production, the supernatant from the LPS
stimulated BAL cells was tested for the production of
IL6. All groups made a substantial production of IL6
(Figure 2B). However, we observed that the 47%
increase in NO, from the Af + ETS group over the
Af + AIR group was associated with a decrease of the
same percent in ILL6 in the Af + ETS group when
compared to the Af + AIR group demonstrating an
inverse relationship between NO, and IL6.

Antibody levels in the serum and BAL of Af sensitized mice
exposed to ETS

Mice exposed to Af antigen made elevated levels of
serum IgE (Figure 3). At peak response, there was
approximately a 30-fold increase in IgE from the
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Figure 2. LPS stimulation of BAL cells for the production of NO; and IL6. BALB/c mice were sensitized with 200 pl Af/ exposure and BAL
cells were obtained on days indicated on graph. Cells were stimulated with 10 pg of LPS / ml. as described in the materials and methods.
Supernatants were harvested at 48 h and assayed for NO, (A) and IL6 (B) production. Results are from pooled BAL cells of 15 mice / group at

each timepoint.

Af + AIR group that received 200 ug Af antigen
(Figure 3A). IgE levels in this group remained steady
for 2 weeks after the last Af challenge. However, IgE
levels in the 200 pg Af + ETS group were reduced
when compared to the Af + AIR group. At day 29
(5 days after the last Af challenge), the total IgE in
the serum of Af+ ETS mice was 13,914 = 3364
ng/ml compared to 21,079 = 4995ng/ml in the
Af + AIR group. This reduction of IgE was most
significant at day 44. Here, the levels of IgE in the

Af 4+ ETS group was 8859 = 3057 ng/ml compared
to 25419 + 4976 ng/ml (p = 0.0148; n»=8) in the
Af + AIR group. Elevation of IgE was also observed
from mice that received 100 pg of Af i.n (Figure 2B).
However, there was a rapid decline of IgE levels in
both groups on day 34 (10 days after the last antigen
challenge). Significant reduction of IgE was also
observed in the Af + ETS group when compared to
the Af + AIR group. The most significant reduction
of IgE was seen at peak response on day 27
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Figure 3.

Total serum IgE in nanograms per milliliter estimated by ELISA in the four groups of BALB/c mice exposed to ETS or ambient air.

Sensitization and exposure protocols were described in Figure 1. BALB/c mice were sensitized i.n. with either 200 g Af per challenge (A) or
100 pg Af per challenge (B). * indicates p < 0.05 vs. Af + AIR group (n = 10). ** indicates p = 0.0078 vs. Af + ETS group (n = 23).

**xindicates p = 0.04 vs. Af + ETS group (n = 23).

(» = 0.0078; n = 23). We were unable to detect any
significant differences in IgE levels between the PBS
control groups.

There was a 13-fold increase in total IgGl in
mice challenged with 200 pg of Af (Figure 4A).
However, we observed only a slight increase in this
antibody when mice were challenged with 100 pg
Af (Figure 4B). We were unable to detect any
significant differences in total IgG1 in the Af + ETS
group when compared to the Af+ AIR group as
both groups made comparable levels of total serum

IgG1. Likewise, the PBS 4+ ETS animals showed no
changes in total IgGl from the PBS + AIR
controls.

Examination of the BAL showed a significant
enhancement of all isotypes tested in Af sensitized
mice when compared to the PBS controls (Table I).
However, a significant reduction of total IgE in the
Af + ETS group was seen at day 28 when compared to
the Af + AIR group (432 = 75ng in the Af+ AIR
group vs. 210 = 45ng from the Af+ ETS group;
p=0.028, n=15).
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Figure 4. Total serum IgG1 in micrograms per milliliter estimated by ELISA in BALB/c mice exposed to ETS or ambient air. Sensitization
and exposure protocols were described in Figure 1. BALB/c mice were sensitized i.n. with either 200 g Af per challenge (A) or 100 pg Af per

challenge (B).

Immunohistochemical and morphometric evaluation of
IgE and IgG1 positive cells in the lung parenchyma of Af
sensitized mice exposed to ETS

Immunohistochemical and morphometric analysis
was used to examine the frequency of IgE positive
cells within the lung parenchyma as well as the
surrounding blood vessels within perivascular cuffs.
Figure 5A illustrates the parenchyma and blood vessel
of a normal PBS animal while Figure 5B—F illustrates
animals that have been sensitized with Af antigen
displaying prominent perivascular infiltration of
mononuclear cells. Numerous cells were found within

this influx of mononuclear cells with IgE positive
staining cytoplasm. These cells, identified as plasma
cells, showed a significant increase in number in the
high dose Af + ETS group compared to the PBS +
AIR controls, the PBS + ETS exposed animals, and
both the low dose Af exposed groups. Although there
was a notable increase in the number of IgE positive
cells in the high dose Af + ETS group compared to
high dose Af + Air group, it did not reach a level of
statistical significance. Another subpopulation of
mononuclear cells with very thin cytoplasmic rims
staining for IgE, identified as B-lymphocytes, were
observed in areas of intense cellular influx particularly
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Table I. Total immunoglobulin levels in the BAL of Af sensitized and control mice.

SENSITIZATION (i.n.) EXPOSURE IgE ng/ml IgG1 ng/ml IgM ng/ml IgG2ang/ml IgAng/ml
DAY 25

PBS AIR <3.75 1874 = 612 438 £ 162 1047 = 324 276 £ 72

PBS ETS <3.75 1752 £ 720 303 + 78 741 = 198 345 * 153

200 pg Af /exposure AIR 32+3 20799 *+ 2463 4911 = 717 3011 * 582 3084 * 522

200 pg Af /exposure ETS 325 18018 + 3201 3363 + 393 2430 * 399 2625 * 378
DAY 28

PBS AIR <3.75 447 = 54 66 * 36 349 + 53 195 = 21

PBS ETS <3.75 456 + 24 57 £ 18 291 + 34 102 £ 9

200 pg Af /exposure AIR 432 + 75% 22343 + 3210 7689 * 1095 5247 * 469 1991 * 954

200 pg Af /exposure ETS 210 *+ 45* 22863 *+ 2364 5514 * 651 5496 * 533 2857 £ 1005

BAL samples were obtained from 12-15 mice/group at each timepoint and assayed for antibody titers by ELISA.

*p = 0.028.

around blood vessels throughout the lungs, but were
not quantitated. Immunohistochemical and morpho-
metric analysis was also applied for examining the
distribution of IgG1 positive cells within these same
regions. Figure 5H illustrates the results of this
morphometric analysis while Figures 5E and F
illustrate the distribution and appearance of IgGl
positive cells within the lung parenchyma. Although a
notable increase in IgG1 positive cells were noted in
animals receiving a high dose of Af antigen followed by
exposure to ETS, this difference was not statistically
significant when compared to the Af + AIR group.

Cytokine production by BAL cells

We studied the cells recruited to the lungs by
examining the cytokine profile of the BAL cells at
days 25 and 28 (Table II). At day 25 (24 h after the last
administration of Af), there was an increase in IL3,
114, IL5, IL10 and IFN-vy in Af sensitized groups
when compared to the PBS control groups showing a
ThoO cytokine profile. However, by day 28 the levels of
IFN-vy decreased while the Th2 cytokines remained
elevated in Af sensitized mice. Furthermore, stimu-
lation of BAL cells revealed reduced levels of cytokines
in the Af+ ETS group when compared to the
Af + AIR group.

Discussion

Inhalation of cigarette smoke has been shown to have a
wide range of immunological effects ranging from
enhanced humoral responses (E1-Nawawy et al.1996,
Ronchetti et al. 1992) to suppression of the immune
system (Sopori 2002). Enhanced humoral responses
such as allergic sensitization, occurs from low
exposure to cigarette smoke (reviewed in Holt 1987)
while immunosuppression occurs from chronic
exposure to high doses of mainstream smoke (Sopori
et al. 1993). This immunosuppression, as demon-
strated in rats, is due to the high levels of nicotine in
mainstream smoke (Sopori et al. 1993). ETS contains

at least 10 fold less nicotine than mainstream smoke
(Seymour et al. 1997). These low doses of nicotine
have been shown to be ineffective in causing
suppression of the immune response (Geng et al.
1995, Geng et al. 1996).

Previously, we have shown that ETS causes
exacerbation of asthma as demonstrated by functional
airway hyperreactivity and elevated levels of blood
eosinophilia in Af sensitized mice (Seymour et al.
2003). In our present study, we observed that the
Af + ETS mice made reduced levels of IgE in the
blood and BAL when compared to the Af+ AIR
group. In humans, the IgE response is suppressed in
chronic smokers (>20 cigarette / day) but is elevated
in mild smokers (reviewed in Holt 1987) and
individuals exposed to ETS (El-Nawawy et al.1996,
Ronchetti et al. 1992). However, biphasic changes
have not been observed in smokers exposed to fungal
antigens as investigators have shown that antibodies
were always lower in smokers than in nonsmokers. For
example, in a large survey of farmer’s lung disease, in
which 1444 Canadian farm workers were tested for Af
and Saccharopolyspora rectivirgula antigens, there were
8 times more precipitating antibodies to these
microbial antigens in nonsmokers when compared to
smokers (Gruchow et al. 1981). In other studies to
detect serum antibodies to pigeon serum antigens,
there were 18.6% vs. 50.5% (McSharry et al. 1984)
and 4.3% vs. 55.4% (McSharry et al. 1985) in
smokers versus nonsmokers, respectively. Though we
were unable to detect differences in serum IgG1, the
reduced levels of the BAL and serum IgE response in
this study may reflect similar occurrences for
nonsmokers exposed to ETS and fungal antigens.

Exposure to Af results in both an immunological
and an inflammatory response, in which the first line
of defense involves the mucus epithelial barrier and
the alveolar macrophage (Kauffman et al. 1995).
Investigators have shown that despite the decreased
level of phagocytosis of bacteria and inert particles
from smoke exposed alveolar macrophages their
ability to take up fungal antigens is normal
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Figure 5. IgE and IgG1 immunohistochemical staining of lung tissue in paraffin sections. Mice were exposed to either 200 pg Af (high dose)
or 50 pg Af (low dose) per exposure or PBS as described in Figure 1 and lungs removed and processed as described in the Methods section.
Normal blood vessels in a PBS + AIR treated mouse stained with IgE antibody (panel A). Blood vessel with mononuclear cells in the
perivascular interstitial space from the Af(high dose) + ETS group (panel B). This section is a rat serum negative control for IgE antibody
localization. No positive staining is evident. Blood vessel from Af(high dose) + AIR (panel C) and Af(high dose) + ETS group (panel D)
showing a prominent influx of cells within the perivascular cuff containing numerous IgE positive cells. The inset in panel C-1 and D, (bar
= 5 wm), illustrate cells with strong cytoplasmic staining for IgE, suggestive of plasma cells. The inset in panel C-2 (bar = 2 pum) illustrates a
second type of mononuclear cell with a thin rim of cytoplasm staining for IgE, suggestive of B lymphocytes. Blood vessels from Af(high
dose) + AIR (panel E) and Af(high dose) + ETS group (panel F) with numerous cells in the perivascular cuff staining for IgG1. The inset in
panels E and F, (bar = 5 pm), show cytoplasmic staining for IgG1. For panels A—F the scale bar = 50 pum. (G) is the number of IgE positive
cells in 20 random nonoverlapping fields per animal and (H) is the number of IgG1 positive cells in 10 fields per animal (z = 4). Quantification
is described in the methods section.
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Table II.  Cytokines produced after anti-CD3 stimulation of BAL cells.

SENSITIZATION (i.n.) EXPOSURE 1.3 ng/ml 114 ng/ml IL5 ng/ml 110 w/ml IFN-y ng/ml
DAY 25

PBS AIR 0.36 0.22 <0.16 <1.25 1.24

PBS ETS 0.24 0.19 <0.16 <1.25 0.79

200 pg Af /exposure AIR 9.00 2.17 3.51 61.90 6.00

200 g Af /exposure ETS 6.60 1.71 2.11 61.30 7.00
DAY 28

PBS AIR 0.47 <0.08 <0.16 <1.25 0.39

PBS ETS 0.17 <0.08 <0.16 <1.25 <0.16

200 g Af /exposure AIR 18.05 6.52 8.37 84.27 3.30

200 pg Af /exposure ETS 9.81 3.17 3.86 34.47 1.40

In vitro stimulation was performed on pooled Bal cells from15 mice/group on day 25 and 28 as described in the methods section.

(Harris et al. 1970, Mann et al. 1971). The BAL of
humans who smoke show a three to five fold increase
in alveolar macrophages (reviewed in Holt 1987).
Similar expansion of these cells was demonstrated in
mice exposed to ETS (Seymour et al. 1997).
Furthermore, the smoke-exposed alveolar macro-
phage contains increased endoplasmic reticulum,
ribosomes, large lysosomes and cytoplasmic
inclusions suggesting that they are activated in vivo
(Holt 1987). Alveolar macrophages have been shown
to be suppressive to the immune response (Holt et al.
1993). Thus, these increased levels of alveolar
macrophages coupled with their activated state and
ability to take up fungal antigens may have made them
more efficient in the processing of the Af antigens,
which may explain the reduced levels of IgE in the
Af + ETS group when compared to the Af 4+ AIR
group.

In order to understand the mode of action of the
alveolar macrophage in causing IgE suppression, we
examined the level of NO from BAL cells after ETS
exposure. Many studies have associated the expression
of NO with patients suffering from asthma (Hamid
etal. 1993, Oh et al. 2003, Mahut et al. 2004) and that
its expression is elevated in cigarette smokers with this
disease (Jang et al. 2002). However, studies have also
shown that activated macrophages are capable of
releasing NO that is involved in suppressing an
immune response (Al-Ramadi et al. 1992). Studies in
rats (Meldrum et al. 1998) and humans (Chollet-
Martin et al. 1996, Thomassen et al. 1997) have
implicated this molecule with the inhibition of
inflammatory cytokines. We have seen enhanced levels
of NO, from the LPS stimulated BAL of ETS
exposed mice and decrease in cytokines when these
cells were restimulated in vitro. In our previous study,
we were unable to see the differences in the cytokine
levels between the groups when we stimulated the
homogenized lung cells in vitro (Seymour et al. 2003).
Thus, we examined the BAL since we believed it
would offer a more accurate representation of the
immunological status of the mice from exposure to Af

and ETS. We suggest that the enhanced levels of NO,
may be partly responsible for the decrease in cytokines
and circulating IgE in the Af + ETS group. We were
unable to see significant enhancement of NO, in OVA
sensitized mice as this may explain the absence of IgE
suppression in OVA sensitized adult mice exposed to
ETS (unpublished data).

Despite the reduced levels of IgE in the BAL
and serum of Af+ ETS mice, immunohisto-
chemical staining for cell-associated IgE in the lung
parenchyma revealed more IgE positive stained cells
from the Af+ ETS group when compared to the
Af + AIR group. This alteration in the immunoglo-
bulin response was isotype specific as no differences
were observed in numbers of IgGl staining cells
between animals exposed to ETS or air. This data,
while possibly having biological significance, did not
attain a level of statistical significance.

The differences in secreted IgE levels in BAL and
serum vs. numbers of IgE containing plasma and/or B
cells in the lung may be attributed to sampling error.
Alternatively, differences in regulation of IgE at the
transcriptional level may account for this data. Studies
have shown that RNA isolated from human and
mouse IgE secreting cells contain a series of
alternatively spliced epsilon (¢) mRNA with some
corresponding to membrane bound IgE and others to
its secreted form (Zhang et al. 1992, Saxon et al.
1995, Hellman 1993). Expression of these alterna-
tively spliced e-mRNA have been shown to be
differentially regulated in humans (Diaz-Sanchez
et al. 1995). For example, Fc € RII crosslinking of
human B cells results in suppression of an ongoing
IgE response with decrease in € mRNA for secreted
but not membrane bound IgE (Saxon et al. 1991).
Therefore, it is possible that similar types of regulation
may be occurring at the transcriptional level that
resulted in the alteration of IgE responses in the
Af + ETS group.

Saxon and colleagues have shown that inhalation
of diesel exhaust particles resulted in alteration of the
relative ratios of membrane bound to secreted



isoforms of & mRNAs that resulted in increases in
IgE secreting cells (Diaz-Sanchez et al. 1994). This
increase in IgE secreting cells was later shown to be
due to polycyclic aromatic hydrocarbons (PAH)
present in diesel exhaust particles (Takenaka et al.
1995). This molecule is also a constituent of cigarette
smoke (Scherer and Richter 1997) and has been
shown to induce cytochrome P4501A1, an isoen-
zyme elevated in the lung of cancer patients
(reviewed in Gebremichael et al. 1996). Indeed, the
quantity of ETS delivered to mice in our study
contains PAH capable of inducing this isoenzyme.
PAH along with a variety of stimuli can alter the ¢
mRNA splice patterns differently, and different
disease states have different epsilon splice patterns
(discussed in Diaz-Sanchez et al. 1994). Therefore, it
is also possible that the combination of PAH from
ETS with Af may also uniquely alter the pattern of
the IgE response. This combination may cause a
preferential decrease in mRNA coding for secreted
IgE with upregulation of mRNA for its membrane
bound isoform, which may explain the reduction of
secreted IgE and enhancement of its membrane
bound form.

In summary, this model shows that ETS increases
the likelihood of allergic asthma and alters the pattern
of IgE responses in Af sensitized mice. There is a
reduction of secreted IgE, in the presence of increased
numbers of cells either with membrane-bound or
cytoplasmic IgE in the lung. This data is in contrast to
our previous studies using an ovalbumin sensitized
model. Our previous findings have shown that this
level of ETS caused significant elevation in serum IgE
and IgG1 in OVA sensitized mice when compared to
those in ambient air (Seymour et al. 1997). Thus, the
physical characteristics of the antigen along with the
concentration of tobacco smoke may have a major
role in determining the outcome of the immune
response.
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