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ABSTRACT

Nitrogen dioxide (NO,) is a free radical and oxidant gas present in both indoor and outdoor air.
Inhalation of NO, could cause airway inflammation, and also decrease local or systemic immune
function by changing the distribution of lymphocyte subsets, or inhibiting lymphocyte activation. This
experiment was designed to test the hypothesis that exposure to NO, would: 1) increase leukocytes
in bronchoalveolar lavage (BAL); 2) change the distribution of lymphocyte sub-sets and inhibit
lymphocyte activation in BAL and peripheral blood (PB); and 3) increase proteins in BAL. Within
a counter-balanced, repeated-measures design, fifteen healthy volunteers (x + SD: age =29.2+4.8
yr; FEV, =4.38 £ 0.8 1) were exposed to filtered air (FA) or 2.0 ppm NO, for 4 h per day, alternating
30 min periods of rest and exercise, for 3 consecutive days . Bronchoscopy was performed 18 h
following each exposure set, and PB was drawn immediately pre-exposure, and pre-bronchoscopy.
Flow cytometry was used to enumerate B cells (CD19+), T-helper cells (CD3+CD4+), T-suppressor
cells (CD3+CD8+), and NK cells (CD3-CD16+CD56+), and to examine the expression of the
activation markers CD25, and CD69, on T and NK cells in both BAL and PB. In the Bronchial
Fraction [(BFx), defined as the first 15 ml of BAL collected], there was an increase in percent
neutrophils following NO, exposure compared to FA [median (range): 10.6 (2.2-43.6)% vs 5.3 (1.0-
14.3)%; P=0.005). There were no between-condition differences for BAL or BFx in total leukocyte
count, or percent of macrophages, eosinophils, lymphocytes, or neutrophils. In BAL, there was a
significant decrease in the percent of T-helper cells following NO, exposure compared to FA [median
(range): 55.9 (29.2-73.9)% vs 61.6 (42.0-85.9)%; P=0.022]. For BAL and PB, there were no other
significant, between- or within-exposure differences in any lymphocyte subsets, or in lymphocyte sub-
set activation. In the BFx, there was a decrease in total protein following NO, exposure compared
to FA [median (range): 0.117 (0.054-0.225) pg ml vs 0.171 (0.068-0.538) pg ml; P=0.004]. There
were no between condition differences in the BAL total protein, or the BFx or BAL lactate
dehydrogenase. We conclude that serial-day exposure to 2.0 ppm NO, results in bronchial
inflammation and a minimal change in 2 BAL lymphocyte sub-set, with no changes in PB lymphocyte
subsets or activation.
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SUMMARY

The results of this experiment demonstrate that exposure to 2.0 ppm NO, for 4 h per day on 3
consecutive days produces an increase in neutrophils in the BFx and a decrease in CD3+CD4+ cells
in the BAL.

CONCLUSIONS AND SIGNIFICANCE

The results of this experiment indicate that serial-day ambient level NO, exposure can induce mild
bronchial airway inflammation and a small change in cellular immune function. Taken in conjunction
with other data, the NO,-induced increase in bronchial neutrophils appears to be a function of the
total dose of NO,, as opposed to the exposure format. The NO,-induced increase in neutrophils in
the BFx was not found in the BAL, suggesting a regional difference in NO, exposure (delivery),
absorbance, clearance, or antioxidant defenses. The single-day-exposure-induced inflammatory
response found in other experiments appears to be attenuated following multiple-day exposures. This
difference may be due to an increase in the clearance of NO, from the airway epithelium or
upregulation of antioxidant defenses. The decrease in CD3+CD4+ cells in the BAL has not
previously been reported. However, taken together, the results of controlled human NO, exposure
experiments show no consistent effect on a specific lymphocyte sub-set or group of subsets over a
range of NO, exposure conditions. The finding of no change in any of the leukocyte differential cell
counts or lymphocyte sub-sets in the peripheral blood suggests that it is unlikely that this level of NO,
exposure has any systemic effect on immune function. Although chronic exposure {multiple years}
or higher concentrations (> 2.0 ppm), of NO, could conceivably produce larger changes in airway
inflammation and cellular immune function, the minor changes observed in this experiment are
unlikely to produce the increase in NOj-associated respiratory tract iliness observed in
epidemiological studies.

RECOMMENDATIONS

The results of this experiment, taken in conjunction with other data, suggest that exposure to NO,
at even a relatively high ambient concentration results in minimal changes in cellular immune function
in the lungs and has no effect on systemic cellular immunity. However, as the NO,-induced cellular
changes we observed are not specific and have not been consistently observed in other experiments,
further research is required to elucidate the source of this variability. Also, further research is
required to determine if the minimal changes produced in this experiment are of any functional
significance.






INTRODUCTION

Nitrogen dioxide (NO,) is a free-radical and oxidant gas. Atmospheric NO, is derived directly from
combustion, but primarily indirectly from the partial oxidation of nitric oxide in the presence of
oxygen (1). The primary sources of NO, in indoor air are gas-burning equipment and tobacco smoke
(2, 3), and in outdoor air are combustion engine and fossil-fuel burning emissions (4). The
concentration of NO, in indoor and outdoor air can have ranges of 0.5 - 0.6 ppm (45 min period),
and 0.007 - 0.065 ppm (48 h mean), respectively (2, 5). In healthy humans, the fraction of inhaled
NO, retained during normal resting respiration is 81-90%, and during maximal ventilation is 91-92%
(6). Nitrogen dioxide has low water solubility (0.037 ml ml H,0 @ 35°C; 7), therefore a large
fraction of inhaled NO, is deposited in the peripheral airways. Inhaled NO, will be delivered initially
and locally to the airway lining fluid and epithelium. As inhaled NO, can subsequently be delivered
via tissue absorption and transfer across the blood:gas interface to the blood, systemic effects are
possible.

Some epidemiological data suggest that exposure to ambient NO, is associated with an increased
incidence of respiratory symptoms and illness (8-12). However, other studies have indicated no
association between NO, exposure and respiratory symptoms or iliness (13-15). A meta-analysis of
the data from studies, involving children (age = 5 - 12 yr), indicated that a long-term increase in NO,
exposure of 0.015 ppm was associated with a 20% increase in the odds of respiratory illness (16).
No such analysis is available for data on adults. The methodological constraints inherent in
epidemiological studies of health effects of air pollution (17) do not allow direct association of NO,
exposure and respiratory iliness.

Due to its cytotoxicity inhalation of NO, could produce airway inflammation and change the
leukocyte distribution in the airway lining fluid and in the blood. In controlied human exposures,
involving healthy individuals, single exposures to NO, change the leukocyte distribution in BAL (18-
20). Exposure to 4.0 ppm NO, for 20 min increased the number of lymphocytes and decreased the
number of macrophages at 4, 8, and 24 h post-exposure, and increased the number of mast cells at
4 and 24 h post-exposure, compared to pre-exposure (18). Similarly, exposure for 20 min to 4.0, and
5.5 ppm NO, increased the number of lymphocytes and decreased the number of macrophages, and
exposure to 2.25, 4.0, and 5.5 ppm increased the number of mast cells all measured at 24 post-
exposure compared to pre-exposure (19). Inboth of these experiments, there was no change in the
total cell count or the number of neutrophils, eosinophils, or epithelial cells. Using the BFx, in
addition to the BAL, exposure to 3.5 ppm NO, for 20 min increased the number, but not the
differential percent, of neutrophils in the BFx and lymphocytes in the BAL 24 h post-exposure,
compared to pre-exposure (20). There was no change in the total cell count, or in the number of
macrophages or mast cells in the BFx and BAL (20). Also, in peripheral blood, there was no change
in the total cell count, or in the number of lymphocytes, neutrophils, or monocytes (20). Contrary
to these changes in leukocyte distribution following NO, exposure, exposure to 3.0 or 4.0 ppm NO,
for 3 h did no change the percent of lymphocytes, macrophages, or neutrophils in BAL, 3.5-4.0 h
post-exposure (21). However, this experiment used a cross secticnal, as opposed to a repeated-
measures (18-20) design.



Multiple-day exposures (22-24) to NO, do not appear to change the distribution of leukocytes to the
same degree as single-day exposures (18-20). Exposure to 0.60 ppm NO, for 2 h on 4 out of 6 days
did not change the percent of macrophages, neutrophils, or lymphocytes in the BAL 2 h post-
exposure, compared to pre-exposure (22). Similarly, exposure to 1.5 ppm NO, for 20 min every
alternate day for 6 exposures did not change the percent of macrophages, neutrophils, lymphocytes,
or mast cells in either the BFx, or BAL 24 h post-exposure compared to pre-exposure (23).
However, exposure to 4.0 ppm for 20 min every alternate day for 6 exposures decreased the percent
of mast cells in the BFx 24 h post-exposure as compared to pre-exposure, but there was no change
in macrophages, neutrophils, or lymphocytes in the BFx or BAL (24). The relative absence of
changes in leukocyte distribution following multiple-day exposure, as compared to single-day, suggest
an adaptation response to NO,.

A NO,-induced decrease in lymphocyte function or viability could decrease cellular immune function.
Cellular immunity involves subpopulations of lymphocytes; T cells, B cells, and natural killer (NK)
cells. The subpopulations of lymphocytes are differentiated on the basis of surface-antigen cluster
designations (CD). T cells express CD3, and can be defined as inducer, which express CD4, or
suppressor, which express CD8. B cells express CD19 and CD?20, and natural killer cells express
CD16 and/or CD56. T cells become activated when the cell contacts the specific antigen recognized
by the T-cell receptor. When activated, T cells express specific surface proteins at higher levels.
CD25, an intermediate time-frame activation maker, is expressed on a substantial proportion of T
cells within 24-48 h following activation (25), and is also expressed in several pulmonary
immunological disorders including asthma (26). CD69, an early (within hours) time-frame activation
marker, is expressed following in vitro T cell activation (25), decreased on BAL fluid lymphocytes
from tobacco smokers (27), and induced by NK cell activation (25). Quantification of the expression
of these activation markers allows assessment of the effects of NO, on specific lymphocyte immune
function.

The effect of exposure to NO, on immune function has been assessed via determination of host
defense to induced respiratory tract infection. Following exposure to 0.6 ppm NO, for 3 h, there was
no significant change in the in vitro inactivation of the influenza A virus by macrophages collected
from BAL (28). Similarly, following exposure to 1.0-3.0 ppm NO,, for 2 h per day for 3 days, there
was no significant increase in the rate of infection from influenza A virus in the subjects exposed to
NO, (29). These results suggest that susceptibility to influenza A infection may not be increased
following NO, exposure. However, given the variety of pathogens capable of infecting the
respiratory tract, it is important to determine the effect of NO, on cellular immune function in general,
as relevant to a spectrum of inhaled pathogens.

Single- and multiple-day exposures to NO, have changed the distribution of lymphocyte sub-sets in
BAL and peripheral blood (20, 22-24). A single exposure to 3.5 ppm NQ, for 20 min increased the
number of CD3+ and CD15+CD56+ in BAL 24 h post-exposure. There was no change in the
number of CD19+, or the percent of CD4+, CD8+ cells, or the CD4+/CD8++ ratio (20). For multiple-
day exposures, exposure to 0.60 ppm NO, for 2 h on 4 of 6 days increased the percent of CD16+
cells in BAL 2 h post-exposure, but there was no change in total lymphocytes or the percent of



CD3+, CD4+, CD8+, or CD20+ cells (22). There was no change in any of the blood lymphocyte
sub-sets (22). Exposure to 1.5 ppm NO, on alternate days for 6 exposures decreased the percent of
CD8+ cells and increased the CD4-+/CD8+ ratio, but there was no change in the number of total T-
cells or CD20+ cells, or in the percent of CD4+ cells, in BAL 24 h post-exposure (23). Similarly,
exposure to 4.0 ppm NO, for 20 min on alternative days for 6 exposures, decreased the percent of
CD8+ cells and the number of CD20+ and CD16+CD56+ cells, and increased the CD84+/CD8+
ratio, but there was no change in the number of total T-cells, or the percent of CD4+ cells (24).

Due to free-radical activity and oxidation, NO, can affect cell function and viability by damaging
lipids, proteins, and other biomolecules (30). In combination with water, NO, can form nitric and
nitrous acids, which are also potentially harmful to celi function. Exposure to 3.0 or 4.0 ppm NO,
for 3 h decreased the functional capacity of alpha-1-protease inhibitor by 45% in bronchoalveolar
lavage (BAL), suggesting increased susceptibility to elastase-induced protolytic damage (21).
However, at lower concentrations of 1.5-2.0 ppm, for 3 h, the function of alpha-1-protease inhibitor
was not changed (31). Exposure to 0.06 ppm NO, decreased alpha-2-macroglobulin in BAL 3.5 h
post-exposure, but concentrations of 0.60 - 2.0 ppm NO, do not change albumin, total protein or
lactate dehydrogenase (LDH), in BAL 3.5 - 18 h post-exposure (32). In another experiment,
exposure to 3.5 ppm NO, for 20 min did not change total protein in BFx or BAL 24 h post-exposure
(20). The in vivo oxidant capabilities of inhaled NO, have been indicated, following exposure to 2.0
ppm NO, for 4 h, by a decrease in uric and ascorbic acids, in both the bronchial fraction (BFx) and
BAL, although reduced glutathione was increased in BFx (33). Exposure to 2.3 ppm NO,for 5 h
decreased alveolar permeability, assessed using Tc-DTPA clearance, at 11 h, but not 1 or 18 h post-
exposure (34). Additionally, NO, decreases ciliary beat frequency, and therefore may decrease the
clearance of pathogens from the respiratory tract (35).

In healthy subjects, exposure to NO, over a range of concentrations and durations results in low
degree and variable responses in spirometric pulmonary function, and airway resistance and reactivity
(Reviewed; 36-38). Exposure to NO, results in no change, or a decrease in spirometric pulmonary
function (36-38). Similarly, NO, exposure produces no change, an increase, or an decrease in airway
resistance (36-38). Also, NO, exposure has resulted in no change, or an increase in airway reactivity
(36-38). The variability across the results of these experiments appears to be a function of the
concentration or total dose of NO, to which the subjects were exposed, higher concentrations/doses
tending to produce the changes.

Cumulatively, the reviewed data indicate that there is a decreased inflammatory response following
multiple-day, compared to single-day NO, exposure, and that there is some degree of re-distribution
of lymphocyte sub-sets following NO, exposure. There also appears to be a difference in the bronchial
and bronchoalveolar regional cellular responses to inhaled NO,. Whether lymphocytes are activated
following NO, exposure is unknown. This experiment was designed to test the hypothesis that serial-
day exposure to 2.0 ppm NO, would change the distribution of lymphocyte sub-sets and decrease

lymphocyte activation.



METHOD

Design

This experiment used a repeated-measures, counter-balanced, single-blind design. Each subject was
exposed, during separate exposure periods, to a control condition of filtered air (FA), and to 2.0 ppm
NO, in filtered air. Subjects were unaware of the exposure condition. The exposure periods were
for 4 h per day for three consecutive days. Total and differential cell counts, lymphocyte sub-set cell
counts and activation, and total protein and lactate dehydrogenize (LDH) were measured in BAL
post-exposure. Lymphocyte sub-set cell counts and activation were also measured in peripheral
blood pre- and post-exposure. Spirometric pulmonary function, and airway resistance and
responsiveness were measured throughout the exposure periods. A minimum of three weeks
separated the two exposure condition periods.

Subjects

The subject group consisted of 15 healthy volunteers described by physical characteristics, spirometric
pulmonary function, and airway resistance and responsiveness (Table 1.). All subjects completed a
medical history questionnaire, denied a history of pulmonary dysfunction, were non-smokers, and had
no respiratory-tract illness in the three weeks preceding, or during, the experiment. Subjects
abstained from strenuous exercise for 12 h, and caffeine for 4 h prior to each session. Each subject
was informed of the risks of the experiment and provided informed consent prior to participation.
The procedures for this experiment were approved by the institutional Committee on Human
Research.

Equipment and Measurements

Pulmonary Function and Airway Resistance and Responsiveness

Forced expired spirometry for the determination of forced vital capacity (FVC) and forced expired
volume in one second (FEV,), was performed using a dry-rolling-seal spirometer (Anderson
Instruments; Spirotech Division, Model No. S400), using standardized procedures (39). Specific
airway resistance (SRaw) was calculated as the product of total airway resistance and thoracic gas
volume, which were both measured using a constant-volume body plethysmograph (Warren E.
Collins). Airway responsiveness was determined by the FEV, response to inhalation of nebulized
(Devilbiss, Model No. 646) phosphate-buffered saline and doubling doses (0.26, 1.53, 4.09, 10.48
umol) of methacholine delivered via a dosimeter (Rosenthal) at the rate of 0.01 ml breath (40). For
initial characterization, the airway responsiveness value was taken as either: the cumulative dose of
methacholine that produced a 20% decrease in FEV, from baseline (log-linear interpolation); or when
FEV, did not decrease by 20%, as the maximum dose of 10.48 pmol. For within and between
condition comparisons the dose-response curve was used (41).

Exposure Chamber and Atmospheric Monitoring

The exposure sessions were performed in a custom built steel and glass exposure chamber (Nor-Lake
Inc., Model No. W00327-3R), whichis 2.5 m x 2.5 m x 2.4 min size, and has an average airflow rate
of 300 ft* min. The chamber air supply was sourced from ambient air which was filtered by passing
through purifying (Purafil Model No. 6239) and high efficiency particle (Aeropac Model No.53



HEPA 95) filters. The filtered air was dehumidified by passing through a drier (Cargocaire
Engineering Corp. Model No. HC-575). Subsequently, the air temperature was decreased with a
chilled-water coil, and the humidity increased with steam (Nortec Model No. NHMC-050), to obtain
the pre-set temperature (20.0 ©C) and relative humidity (50%) conditions in the chamber. The
temperature and relative humidity inside the chamber were monitored (3-min intervals) and controlled
throughout the exposures (Table 2: Johnson Controls, Model No. DSC 8500). For the NO,
exposures, NO, was supplied from gas cylinders containing 250-500 ppm NO, in air (Liquid Carbonic
Corp.) which was piped through teflon tubing directly into the intake duct of the chamber. The NO,
concentration in the chamber was monitored continuously (30-s intervals) throughout the exposures
(Table 2.), chamber air being piped through teflon tubing directly to a chemiluminescent NO, analyzer
(Monitor Labs Inc. Model No. 8840). The NO, analyser was calibrated using a dynacalibrator (VICI
Mentronics Model No. 340) using ultrapure air (NO, < 0.001 ppm) and NO, of known
concentration.

Exercise and Pulmonary Ventilation

During each exposure exercise was utilized to induce mouth breathing and to increase minute
ventilation. The exercise consisted of either walking/running on a treadmill (Precor, Model No.
MS9.1) or pedalling a cycle-ergometer (Monark, Model No. 90818¢). The exercise intensity was
adjusted for each subject to a target expired minute ventilation (Vg) of 251 min m* body surface area.
During exercise, Vg was calculated from tidal volume and breathing frequency measured using a
pneumotachograph (Fleish, Model No. 3) at the 10- and 20-min interval of each 30 min exercise
period. There was no significant difference in the mean Vg between the FA and NO, conditions (x
+8SD;47.8+5.6 1 min" vs47.5+4381 min™).

Bronchoalveolar Lavage

The bronchoscopies were performed in a dedicated room at San Francisco General Hospital. Vital
signs were measured pre- and post-bronchoscopy. Throughout the procedure, intravenous access
was maintained, and arterial hemoglobin:oxygen (O,) percent saturation (Ohmeda, Model No. Biox
3700) and the electrocardiograph were monitored. Atropine, to decrease airway secretions, and if
required, midazolam, to maintain subject comfort, were administered intravenously. The posterior
pharynx was anesthetized using a 4% lidocaine gargle, a 1% lidocaine spray, and 4% lidocaine-
soaked, cotton-tipped plegets applied to the mucosa over the ninth cranial nerve. Supplemental O,
was delivered via a nasal canula at 2 I min. The bronchoscope (Pentax, Model No. FB 18x), tipped
with lidocaine jelly, was introduced through the mouth, and the larynx and airways were anesthetized
using 1% lodocaine solution as required. The bronchoscope was initially directed and wedged into
the right middle lobe orifice (3 x 50 ml lavage), and subsequently the lingula (1 x 50 ml lavage). The
purpose of the lingula lavage was to obtain alveolar macrophages for functional assays which will be
the subject of another report. The lavages were performed using 0.9% saline heated to 37°C. The
first 15 ml of lavage fluid returned was designated the bronchial fraction (BFx). The PB collections
were performed immediately before each exposure period and pre-bronchoscopy.



Cell Enumeration

All lavage samples were immediately placed on ice following collection. A 1 ml aliquot was removed
for the total and differential cell counts. For the BAL and BFx fluids, total cell counts were
performed using a hemacytometer (Fisher Scientific, Cat. No. 0267110), and differential cell counts
were performed from cytospins subsequently stained (Diff-Quik, Baxter, Cat. No. B4132-1). Total
and differential (400 cells) cell counts were performed in duplicate by two counters. Total and
differential cell counts in PB were performed by a certified commercial laboratory (Metwest).

In both the BAL and PB, flow cytometry was used to enumerate lymphocyte sub-sets on the basis
of CD as follows; B cells (CD19+), T-helper cells (CD3+CD4+), T-suppressor cells (CD3+CD8+),
and NK cells (CD3-CD16+CD56+); and to examine the expression of the activation markers CD25
and CD69 on T and NK cells. For both BAL and PB, 100 ul aliquots of cells were stained with
saturating concentrations of anti-human leukocyte monoclinal antibodies for 30 min in the dark at
4°C. The cells were then washed using PBS, lysed, fixed using 500 ml of 1% paraformaldehyde for
5 min at 21°C, washed again using PBS, and stored in the dark at 4°C. The flow cytometer
(FACScan, Model No. 440) uses a dual-laser and is equiped with an argon laser (Becton-Dickson).
Fluorescein and phycoerythrin are excited by argon laser light at 488 nm and emissions are detected
by the instrument in 520 nm and 578 nm channels, respectively. Data collection (cell counting;
FACSort) and analyses (cell grouping; CELLQuest) were performed using commercial software
{Becton-Dickson).

Biochemical Assays

The BFx and BAL fluids were centrifuged to remove cells and debris, 1 ml aliquots of each fluid was
removed for the LDH measurement, and the remaining supernatants frozen at -80°C. The LDH assay
was performed within 30 min of the lavage using a commercial kit (Sigma, No. 228-10) and a
spectrophotometer (Beckman, Model No. DU 65). Total protein was measured in the previously
frozen aliquots using the modified Lowry assay (42).

Symptoms

A symptom questionnaire was administered immediately following each exposure. The questionnaire
consisted of a 5-point rating scale (0 = not noticeable to 4 = severe) for the symptoms; anxiety, chest
discomfort or chest tightness, chest pain on deep inspiration, cough, eye irritation, headache, nasal
irritation, nausea, phlegm or sputum production, shortness of breath, throat irritation, and weezing.

Procedure

Each subject completed nine laboratory sessions. Session one was for screening and characterization,
subjects performing pulmonary function and pre-exposure airway responsiveness tests. Sessions two-
four were the first exposure condition (FA or NO,) period, and session five was post-exposure airway
responsiveness the and the bronchoscopy which was performed 18 h+ 1 h following the end of
session four. Following the minimum three week inter-condition period, sessions six-nine were
performed as for the first condition period, using the other exposure (FA or NO,). Each exposure
condition period consisted of 4-h exposures performed at the same time on three consecutive days.
For each of the exposure sessions, pulmonary function tests were performed immediately pre- and
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post-exposure, and peak flow was monitored during the exposure at the end of each exercise period.
During the exposure sessions, subjects alternated 30-min periods of rest and exercise. Following the
bronchoscopy sessions, subjects were transferred to the General Clinical Research Center, where they
were observed and released when recovered.

Statistical Analyses

The majority of the cell count, and biochemical data were not normally distributed. Therefore, all
BFx, BAL, and PB, across-condition (FA vs NO,) comparisons were performed using the Wilcoxon
Signed Rank Test. For the PB data, the pre- to post-exposure change within each condition was used
to compare across the two conditions. For the FVC and FEV1, and SRaw data, the pre- to post-
exposure change was used to compare across the two conditions for each of the three days using the
Wilcoxon Signed Rank Test, and the NO, minus FA difference was used to compare across three
days using the Friedman ANOVA. Airway responsiveness data was compared within and across
conditions using the Wilcoxon Signed Rank Test. Statistical significance was set at P <0.05.

RESULTS

Bronchoalveolar Lavage

The volumes of lavage fluid returned for the BFx and BAL in the FA and NO, conditions were:
median (range): BFx: 15.0 (13.5-153) mland 15.0(11.2 - 15.6) ml; BAL: 75.0 (47.4 - 85.2) ml and
63.6 (35.4 - 87.6) ml, respectively.

Total and Differential Leukocytes

All differential cell counts for the BFx, BAL, and PB were expressed as a percentage of total
leukocytes. In both the BFx and BAL, there was no significant difference in the total leukocyte count
between the FA and NO, conditions (Table 3.). In the BFx, there was a significant increase in the
percent of neutrophils after NO, exposure, as compared to FA (Table 3.). In the BFx and BAL, there
were no other significant differences in total leukocytes, or the percent of neutrophils, macrophages,
eosinophils, or lymphocytes between the two conditions (Table 3.). In the PB, there was no
significant difference in the total cells or total leukocytes, or percent of macrophages, neutrophils,
lymphocytes, or eosinophils between the FA and NO, conditions (Table 4.).

Lymphocyte Sub-Sets and Activation

In the BAL, there was a significant decrease in the percent of T-helper (CD3+CD4+) cells after NO,
exposure, as compared to FA (Table 5.). In the BAL, there were no significant differences in B cells
(CD19+), T-suppressor cells (CD3+CD8+), and NK cells (CD3-CD16+CD56+), between the two
conditions (Table 5). There were also no significant differences for either of the two cell activation
markers CD25 and CD69 on T and NK cells between the two conditions (Table 3.). In the PB, there
were no significant differences in any of the lymphocyte subsets, or in activation of T and NK cells,
between the FA and NO, conditions (Table 6.).
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Total Protein and Lactate Dehydrogenase

In the BFx, there was a significant decrease in total protein after NO, exposure, as compared to FA
(Table 7.). In the BAL, there was no difference in total protein between the exposure conditions.
In both the BFx and BAL, there was no difference in lactate dehydrogenase between the two
conditions (Table 7.).

Spirometric Pulmonary Function and Airway Resistance and Reactivity

There were no within or between condition changes in FVC, FEV |, or airway resistance (Table 8.).
Also, there was no significant changes in airway reactivity [median (range) slope of dose-response
function: Pre-FA = -0.57 (-43.13 - -0.02); Post-FA = -0.59 (-29.84 - 0.17); Pre-NO, = -0.58 (-102.56
- 0.16); Post-NO, = -0.55 (-32.98 - 0.13)].

Symptoms
There were no within or between condition differences in any of the symptoms scores.

DISCUSSION

The results of this experiment demonstrate that exposure to 2.0 ppm NO, for 4 h per day on 3
consecutive days produces an increase in neutrophils in the BFx and a decrease in CD3+CD4+ cells
inthe BAL. These results indicate that this level of NO, exposure can induce mild bronchial airway
inflammation and a small change in cellular immune function.

An increase in neutrophils in the BFx has also been found following a single NO, exposure, although
the latter increase was in the total neutrophil count (20), as opposed to the differential percent. The
increase in the percent of neutrophils following NO, in the current experiment of 5.3% to 10.6%, is
larger than the values of 2.0% to 4.0%, (no significant difference) following the single exposure (20).
This difference is potentially being due to the higher total dose (concentration x time), of NO,
delivered in the current. Following other multiple-day exposures (22-24), the number of neutrophils
were not changed, but the total dose of NO, was lower than in the current experiment. Therefore,
the NO,-induced increase in bronchial neutrophils, appears to be a function of the total dose of NO,,
as opposed to the exposure format. The NO,-induced increase in neutrophils in the BFx was not
found in the BAL, suggesting a regional difference in NO, exposure (delivery), absorbance, clearance,
or antioxidant defenses.

In previous experiments using single-day exposure to NO, increases in lymphocytes and/or decreases
in macrophages have been found (18-20). There were no changes in the percent of macrophages or
lymphocytes in either the BFX or BAL in the current serial-day exposure experiment. Similarly, other
multiple-day exposures did not change lymphocyte or macrophage numbers (22-24). Hence, the
single-day-induced inflammatory response appears to be attenuated following multiple-day exposures.
This difference may be due to an increase in the clearance of NO, from the airway epithelium or
upregulation of antioxidant defenses.
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The decrease in CD3+CD4+ cells after NO, exposure in the BAL observed in the current experiment
has not been previously been reported, although other lymphocyte sub-sets have been changed
following NO, exposure (20, 22-24). The CD19+, CD3+CD8+, and CD3-CD16+CD56+ sub-sets
were not changed in the current experiment and have been variably changed in other experiments (20,
22-24). Taken together, the results of controlled human NO, exposure experiments show no
consistent effect on a specific lymphocyte sub-set or group of subsets over a range of NO, exposure
conditions. Although it is not known if different lymphocyte sub-sets have different specific
sensitivities or responses to NO, exposure, it is probable that any oxidative or free-radical effects of
NO,, would be similar across all lymphocyte sub-sets given the similarities in cell structure. The
CD3+CD8+/CD3+CD4+ ratio may be an important indicating variable of cellular immune function.
The decrease in CD3+CD4+ cells did not result in any significant change in the ratio, suggesting that
the current NO, exposure did not result in a function change in cellular immunity. This is also
apparent by the lack of change in activation of any of the lymphocytes sub-sets following NO,
exposure. The finding in this experiment of only a small decrease in one cell population involved in
cellular immune responses may help to explain why no NO,-induced changes in response to
experimental infection have been found in controlled human exposure experiments (28, 29). The
finding of no change in any of the leukocytes or lymphocyte sub-sets in the peripheral blood indicates
that the inhaled NO, was not being transferred to the blood in levels high enough to have any toxic
effects at the cellular level. Therefore, it is unlikely that this level of NO, exposure will have any
systemic effect.

The findings of increased neutrophils and decreased total protein in the BFx, but not in the BAL,
suggest regional differences in the response to inhaled NO,. This differential response may be due
to differences in NO, exposure (delivery), absorbance, clearance, or antioxidant defenses. Therefore
it would be informative to include analysis of lymphocytes sub-sets in the BFx, in future experiments.

In summary, exposure to NO, under the conditions used in the current experiment resulted in an
increase in neutrophils in the BFx and a decrease in CD3+CD4+ cells in the BAL. Although chronic
exposure (multiple years) or higher concentrations (> 2.0 ppm) of NO, could conceivably produce
larger changes in airway inflammation and cellular immune function, the minor changes observed in
this experiment are unlikely to produce the increase in NO2-associated respiratory tract illness
observed in epidemiological studies (8-12, 16).
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Table 1. Individual subjects physical, spirometric lung function and airway responsiveness

characteristics.
Subj. Gender Age Height Mass FVC FEV, FEV/FVC SR, PD,,
on (m kg @O O &) (tx emH,Ols) (umol)
1 M 25 176 636 620 497 80 3.7 10.48
2 M 40 177 78.2 502 423 84 3.0 10.48
3 F 32 175 782 4.02 343 85 2.6 10.48
4 M 24 189 94.1 6.93 5.60 81 3.7 10.48
5 M 33 178 77.7 736 542 74 4.2 6.01
6 M 33 17 88.6 4.93 426 87 0.75 10.48
7 M 26 177 77.3 5.56 428 77 3.6 4.09
8 F 26 169 668 421 315 75 48 7.29
9 F 34 163 65.0 3.74 3.43 92 2.1 10.48
10 M 25 173 682 563 4.55 81 23 10.48
11 M 33 174 682 558 436 78 34 10.48
12 F 31 165 727 432 342 79 4.6 0.90
13 M 23 180 79.5 5.80 524 87 1.9 10.48
14 M 28 179 723 576 431 75 6.0 10.48
15 M 26 185 80.9 5289 5.04 86 2.5 10.48
Mean 293 1754 754 540 438 814 33 8.90
= SD 48 638 86 104 078 53 1.3 2.99

FVC, FEV,, FEV,/FVC%, SR,,, and PD,, data are individual means of pre-exposure data
for the FA and NO, conditions. PD,, = methacholine dose (cumulative), at which FEV,

decreased 20%.
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Table 2. Exposure Atmospheric Characteristics

Exposure Condition

FA NO,
NO, (ppm) -- 1.95
& 0.14
Temperature (°C) 19.9 202
+ 0.1 0.4
Relative Humidity (%) 50.0 56.4
+ 7.3 6.6

Values are means = SD. FA = filtered air; NO, = nitrogen
dioxide.
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Table 3. Leukocytes in bronchial fraction and bronchoalveolar lavage, post-exposure
to filtered air and nitrogen dioxide.

Cell BFx BAL

FA NO, FA NO,
Leukocytes (%) 83.8 91.7 96.3 923
Range 64.3 -96.5 46.8 - 96.5 83.3-995 648-993
Macrophages (%) 77.1 88.7 922 90.2
Range 46.3-95.8 71.3-97.9 69.4 - 99.2 51.4-97.0
Neutrophils (%) 53 10.6 2.4 3
Range 1.0-143 22-436 05-72 0.5-193
Eosinophils (%) 0.3 1.1 0.5 0.6
Range 0.0-20.6 0.0-131 .00-204 00-143

Values are median and range. Leukocytes = percent of total cells; all others = percent of
leukocytes. " = significantly different from filtered air (P = 0.005). BFx = bronchial fraction,
BAL = bronchoalveolar lavage; FA = filtered air; NO, = nitrogen dioxide.
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Table 4, Leukocytes in peripherial blood, pre-
post exposure difference for filtered air and
nitrogen dioxide.

Cell FA NO,
Monocytes (%) -1.0 -1.0
Range -2.0-20 -2.0-6.0
Neutrophils (%0) 1.0 2.5

Range -10.0-16.0 -15.0-8.0
Eosinophils (%o) 0.0 -0.5
Range -2.0-20 -16.0-3.0

Values are median differences and range. FA = filtered
air; NO, = nitrogen dioxide.
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Table 5. Lymphocyte sub-sets and activation in bronchoalveolar lavage,

post-exposure to filtered air and nitrogen dioxide.

Cell FA NO,
Lymphocytes (%) 13.0 12.8
Range 3.1-351 43-362
CD3+ (%) 933 93.8
Range 84.7-973 88.5-975
CD3+CD4+ (%) 61.6 55.9°
Range 42.0-85.9 292-739
CD3+CD8+ (%) 289 318
Range 11.5 -46.6 54-53.5
CD3+CD4+/CD3+CD8+ (Ratio) 23 1.7

Range 09-6.7 05-11.0
CD3-CD19+ (%) 1.3 1.3

Range 0.0-43 0.0-40
CD3-CD16+CD56+ (%) 03 02
Range 00-1.7 00-1.0
CD3+CD4+CD25+ (%) 30.6 30.7
Range 10.0-39.8 12.5-463
CD3+CD8+CD25+ (%) 7.5 8.9

Range 2.1-153 3.7-15.8
CD3-CD16+CD56+CD25+ (%) 20.8 25.6
Range 23-46.8 46-453
CD3+CD4+CD69+ (%) 71.5 68.5
Range 543 -858 546-86.2
CD3+CD8+CD69+ (%) 78.9 gl.5
Range 62.7-93.1 69.8-942
CD3-CD16+CD56+CD6%+ (%) 47.2 54.0
Range 52-762 251-73.7

Values are median and range. ~ = significantly different from filtered air

(P =0.022). FA = filtered air; NO, = nitrogen dioxide.
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Table 6. Lymphocyte subsets and activation in peripherial blood, pre-post

exposure to filtered air and nitrogen dioxide.

Cell FA NO,
Lymphocytes (%) -1.5 0.0
Range -140-11.0 -0.6-15.0
CD3+ (%) 1.6 2.4
Range -3.2-11.9 -46-174
CD3+CD4+ (%) 3.4 23
Range -129-84 -122-78
CD3+CD8+ (%) 0.0 0.5
Range -4.7-13.8 -6.7-8.4
CD3+CD4+/CD3+CD8+ (Ratio) 0.1 0.0
Range -15-1.1 -0.6-2.7
CD3-CD15+ (%) 1.1 0.4
Range 27-75 -24-33
CD3-CD16+CD56+ (%) -2.3 1.7
Range -10.2-3.6 -65-74
CD3+CD4+CD25+ (%) 0.2 24
Range -95-56 -6.0-6.7
CD3+CD8+CD25+ (%) 0.1 1.3
Range -3.1-82 -4.5-39
CD3-CD16+CD56+CD25+ (%) 0.7 0.2
Range -3.5-49 -3.0-84
CD3+CD4+CD6%+ (%) -0.6 0.7
Range -26-23 -27-18
CD3+CD8+CD6&9+ (%0) -0.2 0.2
Range -3.7-64 -53-29
CD3-CD16+CD56+CD69+ (%) -0.4 -0.2
Range ) -49-22 -6.5-48

Values are median differences and range. FA = filtered air; NO, = nitrogen

dioxide.
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Table 7. Total protein and lactate dehydrogenase in bronchial fraction and
bronchoalveolar lavage, post-exposure to filtered air and nitrogen dioxide.

BFx BAL

FA NO, FA NO,
TP (mgml) 0.171 0.117 0.114 0.105
Range 0.068 - 0.538 0.054-0.225 0.072-0262 0.055 - 0.351
LDH (1) 142 9.3 8.6 6.9
Range 49-209  04-223 2.2-335 33-183

Values are median and range. " = significantly different from filtered air

(P = 0.004). BFx = bronchial fraction; BAL = bronchoalveolar

lavage; FA = filtered air; NO, = nitrogen dioxide; TP = total protein; LDH =
lactate dehydrogenase.
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Table 8. Forced vital capacity, forced expired volume in one second and specific airway
resistence, pre-post exposure differences for filtered air and nitrogen dioxide.

FA NO,

Day Day

1 2 3 1 2 3
FVC (D) -0.04 0.03 0.03 -0.06 0.0 -0.03
Range -034-023 -021-022 -022-034 -0.18-0.21 -0.16 -0.21-0.20-0.33
FEV, () 0.11 0.10 0.09 0.01 0.12 0.02
Range 021 -037 -0.08-0.39 -0.07-0.37 -0.15-0.38 -0.06 - 0.36 -0.19-0.40
SR,, (IxcmH,01s) -0.9 -0.7 -0.6 -1.1 -0.8 -0.5
Range 24-10 -16-05 -17--02 -21-06 -13-09 -25-02

Values are median difference and range. FVC = forced vital capacity; FEV, = forced expired volume
in one second: SR, = specific airway resistance; FA = filtered air; NO, = nitrogen dioxide.
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