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Altered Susceptibility to Viral Respiratory Infection During Short-Term Exposure

to Nitrogen Dioxide

Richard M. Rose, Paula Pinkston, William A. Skornik

ABSTRACT

The studies reported here focus on the relation of nitro-
gen dioxide exposure to susceptibility to viral respiratory
infection in a murine model of pneumonia, created by in-
tratracheal inoculation of an endogenous murine pathogen,
mouse cytomegalovirus. The purpose of this work is to clar-
ify the potential role of nitrogen dioxide exposure in the
pathogenesis of viral infection of the lower respiratory tract.

Previous human epidemiologic studies have presented
conflicting information about the relationship of nitrogen
dioxide to acute, self-limited episodes of respiratory illness,
which are characteristic of viral respiratory infection. Some
studies have found an association between exposure to
elevated ambient levels of nitrogen dioxide and increased
occurrence of acute respiratory illness. In one study this as-
sociation was found to be strongest in children in the first
two years of life. However, other epidemiologic studies have
failed to observe this relation. To determine if there is scien-
tific evidence for the possible relation of nitrogen dioxide
exposure to human respiratory infection, our studies were
performed to assess the impact of nitrogen dioxide on respi-
ratory tract susceptibility to initial, or primary, infection, as
well as to recurrent infection, or reinfection, with the iden-
tical virus. The latter mechanism of viral respiratory infec-
tion is of particular interest, since reinfection is a common
method for the development of infection of the lower respi-
ratory tract during early childhood.

Outbred CD-1 mice were exposed to either air or nitrogen
dioxide for six hours a day on two consecutive days prior
to inoculation with murine cytomegalovirus, and then were
reexposed to the same level of nitrogen dioxide for six hours
a day on four consecutive days, beginning the day after viral
inoculation. Susceptibility to primary infection was deter-
mined by inoculating animals with an amount of virus (102
plaque-forming units) that is too small to produce viral in-
fection in the lungs of normal animals. Mice exposed to 5
parts per million (ppm) nitrogen dioxide routinely devel-
oped viral replication in the lung and histologic evidence
of pneumonitis after inoculation with this amount of virus,

Dr. Richard M. Rose, Division of Pulmonary Medicine, New England Dea-
coness Hospital, 185 Pilgrim Road, Boston, MA 02215

whereas air-exposed animals did not. Most importantly,
animals exposed to 5 ppm nitrogen dioxide could be in-
fected with a viral inoculum that was 100-fold smaller than
that required to consistently produce viral infection in air-
exposed mice. Enhanced susceptibility to infection was
found after exposure to 5 ppm nitrogen dioxide, but was not
observed with exposure to 2.5 or 1 ppm nitrogen dioxide.
Susceptibility of the lower respiratory tract to primary mu-
rine cytomegalovirus infection was associated with altera-
tions in pulmonary macrophage function in vivo. This
includes diminished endocytosis of 98 Au-colloidal-gold
particles and diminished ability to eradicate murine cyto-
megalovirus.

To assess the impact of nitrogen dioxide exposure on sus-
ceptibility to reinfection, animals were inoculated with a
quantity of virus sufficient to produce active infection in
both air- and nitrogen-dioxide-exposed mice (10% plaque-
forming units). Animals were exposed to either air only or
nitrogen dioxide only during this initial contact with the vi-
rus. Thirty days later, animals were reinoculated with 10°
plaque-forming units of the identical virus. Animals ex-
posed to 5 ppm, but not to 2.5 ppm, nitrogen dioxide during
the initial viral infection were susceptible to reinfection
with this virus, while air-exposed animals were generally
resistant to reinfection. Susceptibility to reinfection with
murine cytomegalovirus was associated with diminished
macrophage expression of the Ia epitope (a marker for
antigen-presenting cells) and reduced splenic lymphocyte
blastogenic response to murine cytomegalovirus antigen.
No difference between air- and nitrogen-dioxide-exposed
animals was observed with respect to serum levels of mu-
rine cytomegalovirus antibody after the initial infection.

The exposure threshold for these effects on viral suscepti-
bility was 5 ppm nitrogen dioxide. No consistent alteration
in respiratory susceptibility to murine cytomegalovirus was
seen after exposure to 2.5 or 1 ppm nitrogen dioxide. Ex-
posure of mice to 5 ppm nitrogen dioxide alone did not pro-
duce histologic evidence of acute lung injury. Cellular and
biochemical analysis of bronchoalveolar lavage fluid from
animals exposed to this concentration of nitrogen dioxide
revealed only a mild increase in albumin concentration.
Therefore, exposure of mice to a concentration of nitrogen
dioxide (5 ppm) that does not produce evidence of major
lung injury is nevertheless capable of enhancing the sus-
ceptibility of the lower respiratory tract to viral infection.
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INTRODUCTION

Recent epidemiologic studies in humans have raised con-
cerns that ambient nitrogen dioxide (NO,), both indoors
and outdoors, may have adverse respiratory effects. In a
study of Chattanooga, TN, schoolchildren, Shy and col-
leagues (1970) reported a greater frequency of acute respira-
tory illness in children who resided in a neighborhood near
an industrial point source of NO, than in children who
resided in an area with lower NO, levels. A subsequent
study by Pearlman and coworkers (1971) also demonstrated
increased frequency of bronchial symptoms in children
who were exposed to increased levels of NO,. However,
reanalysis of the study design and the methods used for
NO, measurement has called into question the conclusion
of these studies (Ferris 1978).

Ambient NO, is produced in the home environment dur-
ing gas cooking or heating, and may lead to average 24-hour
levels that are four to seven times greater than those in
homes with electric stoves (Melia et al. 1978). Two studies
have reported that children residing in homes with gas
stoves had greater rates of acute respiratory illness than chil-
dren in homes where electric stoves were used (Melia et al.
1977; Speizer et al. 1980). In these studies, peak NO, con-
centrations of 0.25 to 1 ppm were often measured in the
kitchen or nearby rooms in houses with gas stoves. These
levels exceed the annual National Ambient Air Quality
Standard for NO, of 0.053 ppm, but are comparable to one-
hour peak averages that reach as high as 0.5 ppm NO, in
some urban areas of the United States (U.S. Environmental
Protection Agency 1982).

Studies linking NO, to increased rates of acute respira-
tory illness are, in most instances, unable to exclude a
potential role for other environmental factors, particularly
coexisting air pollutants. Also, most of these studies do not
precisely delineate the nature of the acute respiratory ill-
nesses being assessed. The most commonly noted symp-
toms associated with exposure to increased levels of NO,
are coryza, sore throat, and cough without sputum. This
symptom complex could be the result of the toxic effects of
inhaled NO, on the respiratory tract, or could be caused by
intercurrent episodes of respiratory infection. If the self-
limited episodes of respiratory illness associated with NO,
exposure in epidemiologic studies are infectious in origin,
they are probably caused by respiratory viruses, which are
the most common etiologic agents associated with this clin-
ical syndrome.

In spite of the suggestion from human epidemiologic
studies that excessive exposure to NOy may be linked to in-
creased frequency of viral respiratory infection, the major-

ity of previous investigations into the effects of NO, on al-
tered respiratory tract susceptibility to infection have
focused on bacterial pathogens. In general, these studies
show impaired killing of bacteria by lung phagocytes ob-
tained from NOjz-exposed animals, and enhanced infec-
tivity of bacterial pathogens for the lower respiratory tract
of NOy-exposed animals (reviewed by Jakab 1980). For in-
stance, a brief four-hour exposure of mice to 7 ppm NO, di-
minished intrapulmonary killing of Staphylococcus aureus
(Goldstein et al. 1973). Jakab (1987) has extended this obser-
vation by demonstrating that the effect of NO, exposure on
pulmonary antibacterial defenses depends on both the ex-
posure protocol (for example, whether NO, exposure oc-
curs before or after the bacterial challenge) and the bacterial
species tested. Infectivity studies in which survival from
bacterial challenge is assessed also suggest that NO; ex-
posure has an adverse effect on pulmonary responses to in-
fection. In studies performed by Ehrlich (1966), two-hour
exposures to more than 3.5 ppm NQ, were associated with
increased mortality from challenge with Klebsiella pneu-
moniae. This effect was reversible, and could be demon-
strated during chronic exposure to as little as 0.5 ppm NO,
(Ehrlich and Henry 1968).

In contrast to the numerous studies that document an ad-
verse effect of NO, exposure on host responses to bacterial
lung infection, far fewer studies have examined any possi-
ble interaction between NO, and viral lung infection.
Moreover, previous work in this area has yielded inconclu-
sive results. In a variety of animal models employing in-
fluenza viruses, exposure to NO, either had no effect (Lef-
kowitz et al. 1986) or it enhanced mortality (Henry et al.
1970). Neither bacterial infectivity studies nor work with ex-
perimental viral infection has adequately addressed the is-
sue raised by human epidemiologic studies: the possible
role of NO, exposure in altered susceptibility to respiratory
infection.

In an effort to clarify the possible role of excessive NOy
exposure on viral infectivity, exploratory experiments were
performed to determine if exposure to NO, alters the sus-
ceptibility to viral infection of the respiratory tract in the
murine system. The model used in these studies is ideal for
this purpose, because it utilizes an endogenous murine
pathogen that produces infection in a dose-dependent man-
ner after intratracheal inoculation (Rose et al. 1982). Fur-
thermore, since previous work with this experimental in-
fection has clarified many of the specific antiviral defense
mechanisms that play a role in the host response to both pri-
mary infection and reinfection, this model system can be
used to relate the potential effects of NO, on viral suscepti-
bility to alterations in discrete host defense mechanisms.
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SPECIFIC AIMS

The hypothesis tested in these studies is that exposure to
NO; enhances the susceptibility of the lower respiratory
tract to viral infection. This potential interaction was as-
sessed during initial, or primary, infection and during rein-
fection of animals that had been previously inoculated with
the test virus. Related experiments were performed to iden-
tify the possible effect of NO, exposure on relevant an-
tiviral defense mechanisms of the lower respiratory tract.
The overall intention was to provide a scientific basis for the
potential association between NO, exposure and increased
frequency of viral respiratory illness that is suggested by
some human epidemiologic studies.

METHODS

GENERAL DESIGN OF STUDIES

These experiments were planned to be of an exploratory
nature, to determine where important new findings might
reside. It was anticipated that, on the basis of these observa-
tions, a more detailed analysis of pathogenic mechanisms
would then be undertaken.

Efforts were made in the conduct of these studies to mini-
mize intrinsic sources of bias. At the time of their arrival to
the animal care facility, animals were randomized to the
various experimental study conditions by assignment to in-
dividual cages (four to six animals per cage) dedicated to
the separate experimental conditions. This procedure was
necessary to limit the possible spread of infection between
animals from different study conditions that would occur
if they were housed in the same cage. All animals, regard-
less of cage assignment, were treated identically with re-
spect to ambient air temperature and the frequency with
which food, water, and bedding were replenished. Al-
though air-exposed animals were placed in an exposure
chamber different from that in which animals were exposed
to NOsy, the exposures occurred at the same time of day, and
at the same relative humidity and temperature.

A major, unanticipated obstacle was the difficulty in
reliably obtaining very small viral inocula for use in the an-
imal studies relating to viral susceptibility. Unlike other
microbes, such as bacteria, viruses are not stable at room
temperature, and must be stored at low temperatures to pre-
serve viability. In the process of thawing the stored virus for
use in these studies, it was found that the proportion of the
“prefreeze” viral inoculum retrieved was, in fact, variable.
Since the actual amount of virus present could not be deter-

mined with precision prior to the inoculation of the
animals (a plaque assay for quantifying the viral inoculum
takes five to seven days), the amount of virus given to the
animals often varied by more than 10 percent from the
desired amount. When this occurred, the experiments were
not included in the analysis because of the potential con-
founding effect of this variability in the viral inoculum size
on an important endpoint of study, the development of in-
fection. In general, this difficulty nullified the results of ap-
proximately a third of all our animal susceptibility studies,
and it occasionally resulted in variation in the number of
animals reported for the various study conditions.

ANIMALS

Four- to six-week-old barrier-maintained CD-1 mice were
obtained from Charles River Breeding Laboratories (Wil-
mington, MA) for use in these studies. This strain of mouse
has been previously shown to be susceptible to the test vi-
rus. All animals were used in experiments within one week
of delivery. To prevent accidental infection during experi-
ments, animals were housed in Micro-Isolator cages (Lab
Products Inc., Haywood, NJ). To further ensure quality con-
trol of test animals in terms of coexistent and previous viral
infection, sera from two to four animals per delivery were
screened by Microbiological Associates (Bethesda, MD) for
the presence of antibody to a panel of murine viruses, in-
cluding murine cytomegalovirus (MCMV), Sendai virus,
and mouse hepatitis virus. Groups of animals with sero-
logic evidence of infection with any of these agents were ex-
cluded from further study.

EXPOSURE TO NITROGEN DIOXIDE

Animals were exposed to NO;, for six hours a day on two
consecutive days prior to inoculation with the virus, and
were reexposed to the same level of NO, for six hours a day
on four consecutive days beginning the day after viral in-
oculation. Exposure to NOj occurred only during initial,
or primary, infection with the virus. Reinfection studies
were performed on air-exposed animals that had been ex-
posed to air or NO, during the primary infection. This
mode of NO, exposure was chosen because test animals
were exposed before and after viral instillation, a pattern
that may be a more realistic model for human NO, ex-
posure than one in which exposure occurs either before or
after the introduction of the virus.

Animals were exposed in individual, open-mesh, stain-
less-steel cages within a 170-1 stainless-steel and Lucite
environmental exposure chamber (NYU-type inhalation
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chamber) to either clean filtered air or NO,. The animals
were without food and water during the exposure period.
After exposure, they were returned to standard cages with
free access to food and water.

Nitrogen dioxide was generated from nitrogen tetroxide
(NyO,dimer) that was placed in a specially designed vapor
generator and was cooled to a temperature between -15°C
and 10°C, which determines the concentration of NO, pro-
duced. The vapor above the nitrogen tetroxide was carried
to the inlet airstream of the exposure chamber, with nitro-
gen as the carrier gas. The nitrogen flow rate was controlled
with a mass flow controller. Final gas concentration was
achieved by regulating inlet nitrogen gas flow with air
diluted through a high-efficiency particulate air (HEPA)
filter.

The NO; concentration in the chamber was continuously
monitored with an oxides-of-nitrogen (NO, NO,, NO,) ana-
lyzer (Model 14B/E, Thermo Electron Corp., Waltham, MA)
and recorded on a strip-chart recorder. Variation in the NO,
concentration was less than 2 percent during exposures
(Figure 1). Small, low-speed fans were positioned within
the exposure chamber to ensure adequate mixing. Chamber
temperature and relative humidity were monitored, and
ranged between 20° and 25°C and 46 and 74 percent, re-
spectively. This variability in exposure conditions reflects
experiment-to-experiment differences; during individual
exposures, the conditions for air and NO, exposure were
similar.

ESTABLISHMENT AND EVALUATION OF INFECTION

The test strain of virus, MCMV, was newly obtained from
the American Type Culture Collection (Rockville, MD). To
obtain a virulent, animal-passaged virus for use in these

Day Day 2 Day 3 Doy 4 Day5 Day6 Day7
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Figure 1. Measurements of variation in NO, concentration during a repre-
sentative study (2.5 ppm NO, exposure). — @ — = NO, level.

studies, virus was derived from the partially purified sali-
vary gland homogenates of infected animals, and was stored
at -70°C in RPMI medium containing 10 percent fetal calf
serum and 10 percent glycerol, as described previously
(Rose et al. 1982). To ascertain the viral titer used in in-
dividual experiments, each inoculum was separately quan-
tified in a plaque-forming assay. Only inocula that varied by
less than 10 percent from the desired amount were used.

Respiratory tract infection with MCMV was established
by intratracheal inoculation of animals, as previously de-
scribed (Rose et al. 1982). The amount of virus in the lung
homogenates was determined by a plaque-forming assay on
the primary cultures of mouse fibroblasts at intervals after
viral instillation. Recovery of MCMV from the lung ho-
mogenates at day 5 or days 10 to 12 after inoculation was
considered to represent evidence of viral infection in the
lower respiratory tract. In some animals, but not all, this
was confirmed by histopathologic findings.

In studies of primary viral infection, MCMV was instilled
after the animals had been exposed to air or NO, for two
days; exposure was resumed on the day after viral inocula-
tion. In the reinfection experiments, initial infection and
inhalation exposure occurred in the same manner as de-
scribed for primary infection. Upon the completion of ex-
posure on day 5 after initial viral inoculation, both NO,-
and air-exposed animals were maintained in standard cages
for 30 days. At this time, both groups of animals were
rechallenged with MCMV. Therefore, the inhalation ex-
posures in both the primary and reinfection studies oc-
curred only during the initial phase of primary infection.

HISTOPATHOLOGY

Lung histopathology was assessed by light microscopy.
Excised lungs were inflated, via the trachea, with 10 per-
cent buffered formalin, 2.5 percent glutaldehyde, at a trans-
pulmonary pressure of 20 cm of water. Blocks from these
specimens were embedded in paraffin, and multiple trans-
verse sections were cut, from apex to base, at 5-pm thick-
ness. All specimens were evaluated in a blinded fashion by
the principal investigator.

ANALYSIS OF PULMONARY LAVAGE
CELLS AND FLUID

Bronchoalveolar lavage was performed by insertion of a
22-gauge plastic catheter into the trachea, and consisted of
six 1-ml washes with sterile phosphate-buffered saline, as
described previously (Rose et al. 1982). A consistent pro-
portion of lavage fluid (approximately 80 percent) was re-
covered from animals in all exposure groups. Lavage cells
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were isolated by centrifugation at 100 x g for 10 minutes at
20°C, and were then counted in a hemocytometer. Morphol-
ogy of cells was characterized with the use of a modified
Wright's stain (Meltzer 1981), and cell viability was assessed
by ability to exclude trypan blue.

Cell-free lavage fluid was analyzed for biochemical indi-
ces of lung injury by the methods described by Beck and co-
workers (1982). The lysosomal enzyme peroxidase was mea-
sured by spectrophotometry of the enzymatic modification
of guaiacol at 470 nm. The intracellular enzyme lactate de-
hydrogenase was assayed by following the oxidation of re-
duced nicotinamide adenine dinucleotide (NADH) in the
presence of pyruvate at 340 nm. Albumin was determined
by measuring the binding of bromcresol green at 630 nm,
with bovine serum albumin as a standard.

MACROPHAGE STUDIES

In vivo phagocytosis by lung phagocytes was assessed by
measuring the fraction of 1¥8Au-colloidal gold ingested by
these cells after intratracheal instillation, as described by
Brain and Corkery (1977).

In vitro infection of pulmonary macrophages with
MCMV was accomplished by plating pulmonary lavage
cells (105 cells/well) on 6.4-mm wells of a flat-bottomed mi-
crotiter dish (Costar Tissue Culture Cluster, Cambridge,
MA). Cells still adherent after a three-hour incubation were
routinely greater than 98 percent viable and more than 95
percent phagocytosed 1.1-pm latex beads. Phagocytic ca-
pacity was assessed by incubating 5 x 10% pulmonary la-
vage cells suspended in RPMI medium with 10 percent fetal
calf serum with between 5 x 10% and 7 x 105 latex beads
for 20 minutes, at 37°C, with frequent gentle shaking. The
percentage of cells that ingested at least one bead was deter-
mined by light microscopy after the cells were washed three
times in phosphate-buffered saline to remove noningested
beads. Adherent cells were infected with MCMV (0.1 ml),
at a multiplicity of infection of 5 virions per cell, for one
hour. Unabsorbed virus was then washed off three times,
and cell cultures were replaced in RPMI medium 1640 sup-
plemented with 10 percent fetal calf serum and 50 pg/ml
gentamicin. The supernatant from duplicate wells at inter-
vals after infection was assayed for virus, as described above.

The amount of virus associated with macrophages during
in vivo infection was assessed in cells obtained by bron-
choalveolar lavage. After extensive washing, adherent
cells were removed by gentle scraping with a rubber spat-
ula, counted in a hemocytometer, and freeze-thawed once
at -70°C to release intracellular virus. The amount of virus
was then determined by plaque assay on primary lung fibro-
blasts.

Macrophage expression of the la epitope, a membrane
marker associated with antigen-presenting ability, was de-
termined in lung lavage cells by indirect immunofluores-
cence, as described by Beller and colleagues (1980). In these
studies, cells adherent to coverslips were first incubated
with rat antimurine Ia antibody, and then fluorescein-
labeled goat antirat IgG (Boehringer Mannheim, Indi-
anapolis, IN). The percentage of cells staining positively
was then determined by evaluating at least 200 cells. All ex-
periments included a positive control stained with either
mouse antileukocyte common antigen antibody (Boeh-
ringer Mannheim} or rat antimurine hydrogen monotypic
antibody (Boehringer Mannheim). The negative control for
these studies consisted of cells incubated with saline prior
to fluorescein-labeled anti-IgG. In all studies, antibody
preparations were diluted in phosphate-buffered saline
with 2 percent w/v bovine serum albumin and 0.02 percent
w/v sodium azide adjusted to pH 7.2.

LYMPHOCYTE STUDIES

The proliferative responses of splenic lymphocytes were
measured by culturing 5 x 10° cells from each animal in
triplicate wells for every condition studied. Cells were then
incubated for 48 hours with either lectin (concanavalin A,
1 ug/ml; or phytohemagglutinin, 5 pg/ml) or various con-
centrations of MCMV antigen. Viral antigen was prepared
by exposing a stock solution of virus in an uncovered plastic
dish to ultraviolet light for 60 minutes at a distance of 8
inches. Plaque assay of the antigen preparation was then
performed to ensure that no viable virus was present. In
preliminary studies, it was found that 48 hours was the op-
timal duration of exposure to either lectin or viral antigen
for maximal stimulation of lymphocyte blastogenesis. Lym-
phocyte proliferative responses were determined at this
time by an overnight pulse of cell cultures with 3H-thymi-
dine (Amersham International, UK; specific activity, 2
Ci/ml; dose, 0.5 mCi/well). A stimulation index was deter-
mined for each culture by calculating the ratio of cpm/ml
in stimulated (that is, lectin- or antigen-exposed) cultures
to cpm/ml in unstimulated cultures.

SEROLOGIC STUDIES

Murine cytomegalovirus antibody determination was
performed on sera obtained by direct cardiac puncture of
animals between 30 and 45 days after initial inoculation
with virus. These studies were performed at the Charles
River Breeding Laboratories (Wilmington, MA) by enzyme-
linked immunosorbent assay (ELISA).
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STATISTICAL METHODS

Statistical methods were chosen to analyze data sets that
often contained multiple variables, with relatively few ob-
servations pertaining to individual variables. For many of
these low-“n value” studies, the use of statistical analysis is
meant to be a guide to potentially meaningful associations
that can be validated or refuted by future experiments that
employ a greater number of observations. Where appropri-
ate, single pairwise comparisons were made by Student’s
T-test. Chi-squared analysis was performed in order to de-
termine the strength of the association of NO, exposure
with susceptibility to infection, compared to air exposure.
In order to clarify data relating the concentration of NO, to
an observed effect (for example, dose-response data), an es-
timation of the 50 percent endpoint for a given parameter
was made by the method of Reed and Muench (1938). The
effect of graded NO, exposure on viral recovery in the lung
was analyzed by a one-way analysis of variance. Two-way
analysis of variance was performed on data such as the
bronchoalveolar lavage cellular samples, in order to ac-
count for the independent, and potentially interactive, ef-
fects of NO, exposure and viral infection.

RESULTS

SUSCEPTIBILITY TO PRIMARY INFECTION WITH
SMALL VIRAL INOCULA

To determine whether or not NO, alters susceptibility to
primary MCMYV infection, animals were exposed to varying
concentrations of NO, for six hours on two consecutive
days, and then inoculated with an amount of virus, 102
plaque-forming units (pfu), that previously had been found
to be too small to produce evidence of infection in normal
(air-exposed) animals. Starting the day after inoculation,
animals were again exposed to the same concentration of
NO, for six hours on four more consecutive days. As
depicted in Table 1 and Appendix A, virus was recovered
from the lung of only one of 30 animals exposed to either
air or 1 ppm NQjy at any time after inoculation. In contrast,
two of 10 animals exposed to 2.5 ppm, and the majority of
animals exposed to 5 ppm, and of those exposed to 10 ppm
NO,, were found to have virus present in their lung ho-
mogenates. This differing susceptibility to viral infection
between animals exposed to 5 and 10 ppm NO,, and those
exposed to air, was statistically significant (y2 = 31.9; p <
0.001). Estimation of the effective concentration of NO,
resulting in infection of 50 percent of the animals (EDsp)
was 3.9 ppm.

To delineate the smallest viral inoculum capable of pro-

Table 1. Pulmonary Responses to a Small
Viral Inoculum?®

Ratio of Infected to Peak Viral

Exposure Inoculated AnimalsP Titer in Lung®
Air 1/24 1.25 x 103
NO,
1 ppm 0/6 None recovered
2.5 ppm 2/10 1.25 + 0.05 x 103
5 ppm 11/15¢ 1.49 + 1.04 x 103
10 ppm 5/6¢€ 1.31 + 0.45 x 103
& 102 pfu.

b Animals were sacrificed at 5 or 10 to 12 days after viral inoculation, and
the lungs were harvested for virologic and histologic study. Infection was
considered to be present if virus was recoverable from the lung five days
after inoculation.

This represents the highest mean viral titer + 1 SD (pfu/g lung) present

in animals with recoverable virus at day 5 after inoculation, when peak
viral growth was observed.

d %% = 31.9; p < 0.001 compared to air exposure (x* analysis with one de-

gree of freedom}.

© 4% = 36.68; p < 0.001 compared to air exposure.

ducing infection after intratracheal instillation in animals
exposed to 5 ppm NO,, animals were inoculated with vary-
ing quantities of virus during exposure (Table 2). The
lowest inoculum capable of reliably producing infection
was only 10? pfu for NO,-exposed mice, but had to be 100
times greater (10% pfu) for air-exposed mice. Animals ex-
posed to 5 ppm NOQ, were significantly more likely to be-
come infected than were air-exposed animals after instilla-
tion of viral inocula ranging from 10 to 103 pfu (¥ = 9.82;
p < 0.005). The viral inoculum estimated to be capable of
infecting 50 percent of air-exposed animals (IDgp) was 7 x
10 pfu; the IDg( for animals exposed to 5 ppm NO, was 5
x 10 pfu. In addition, viral recovery in the lung was greater
after inoculation with 10% pfu in animals exposed to 5 ppm
NO, than in those exposed to air (t = 3.12; p = 0.038).
Further experiments were performed to clarify the impact
of NO, exposure on viral replication in the lung as well as
on mortality. In these studies, an inoculum of virus was
used that consistently produced infection, but was too
small to produce mortality, in air-exposed animals (10°
pfu). Mortality was observed in 4 of 20 uninfected animals
exposed to 15 ppm NO, and in 28 of 30 uninfected animals
exposed to 27 ppm NO,. In infected animals, mortality oc-
curred in eight of nine animals exposed to 15 ppm NO,, but
was not observed in animals exposed to lower concentra-
tions. Analysis of mortality as a function of NO, exposure
demonstrated a significant difference between infected
animals exposed to 15 ppm NO, and those exposed to lower
concentrations (32 = 21.8; p < 0.001). Viral recovery in the
lung was also greater in animals exposed to increasing con-
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Table 2. Inoculum Size and the Development of Pneumonitis

Viral Inoculum?

Exposure 10 pfu 102 pfu 10% pfu 10% pfu

Air 0/4 0/6 0/5 7/10 ,
Peak viral titer in lungP —G — 4,51 + 3.56 x 10°
5 ppm NO, 1/6 4/54 6/6° 5/5 ‘
Peak viral titer in lungP 1.20 x 102 5.75 + 0.49 x 102 2.02 + 2.02 x 10% 2.0 + 2.1 x 104

“ Ratio of infected to inoculated animals (See Table 1 for experimental details).

b Mean viral titer + 1 SD {pfu/g lung) in lung homogenates at peak viral replication.{day 5} in animals with recoverable virus.

[

= no recoverable virus in any animals tested.
d 2

¢ %% = 11.02; p < 0.001 compared lo air exposure.

1* = 0.82; p < 0.005 compared to air exposure (3% analysis with one degree of freedom).

Fi =312 p = 0.036 compared to peak viral titer in air-exposed animals receiving 10* pfu (Student’s T-test for unpaired samples).

centrations of NO,. A one-way analysis of variance demon-
strated a significant difference in peak viral titer according
to level of NO, exposure (F = 4.01; p < 0.05).

SUSCEPTIBILITY TO REINFECTION

The aim of these studies was to investigate the impact of
NO, exposure during initial infection on the development
of protective immunity for the test virus. Animals were ini-
tially infected with an inoculum of virus capable of produc-
ing infection in both air- and NO,-exposed animals (10%
pfu). Thirty days after the initial instillation of virus,
animals were reinoculated with 10° pfu of the identical vi-
rus. In these studies, exposure to NO; occurred only dur-
ing the period of initial viral infection. As shown in Table
3 and Appendix A, 11 of 20 animals exposed to 5 ppm NO,
during the primary infection had virus recoverable from the
lung after reinoculation with the test virus, whereas
animals exposed to 1 or 2.5 ppm NO,, or to air, routinely
had no virus present. Susceptibility to reinfection of
animals exposed to 5 ppm NO, was significantly different
from the susceptibility of animals exposed to air, 1 ppm
NO,, or 2.5 ppm NOj (3% = 17.6; p < 0.001).

CHARACTERIZATION OF PRIMARY VIRAL
INFECTION ASSOCIATED WITH EXPOSURE TO

5 PPM NITROGEN DIOXIDE AND INOCULATION OF
19? PFU MURINE CYTOMEGALOVIRUS

Histopathology

Light microscopy revealed no consistent abnormalities in
the lung specimens obtained from uninfected animals ex-
posed to either air or 5 ppm NO, (Appendix B). Air-
exposed animals infected with a small viral inoculum {102
pfu) also exhibited no histologic abnormalities. In contrast,

the lungs of some animals exposed to 5 ppm NO, and in-
fected with 10% pfu showed signs of acute pneumonitis
(Figure 2). Of 16 NOq-exposed animals studied five days af-
ter inoculation with virus, seven exhibited no histologic ab-
normality, six demonstrated focal areas of alveolar consoli-
dation, and three had focal areas of increased interstitial
cellularity. Twelve animals were examined at day 10 after
initiation of infection. In this group, five had normal histol-
ogy, five had a focal alveolar pattern, and two had a focal
interstitial pattern. In three of 28 infected animals exposed
to 5 ppm NO,, the alveolar and interstitial pattern was
present at day 5 or day 10 in the same specimen. The inter-
stitial pattern appeared to have no anatomic predilection,
while the alveolar pattern was often found to be contiguous
to medium and small airways in the basal lung segments.

Table 3. Reinfection of Animals Previously Inoculated
with Murine Cytomegalovirus?

Ratio of Infected to Viral

Exposure Inoculated Animals Titer in Lung®
Air 1/22 1.35 x 103
NO;

1 ppm 0/7 None recovered

2.5 ppm 1/7 1.05 x 102

5 ppm 11/204 1.70 + 2.98 x 103

# Animals were exposed to NO, or air during primary infection with an in-
oculum of MCMV (10 pfu), which produced infection in all animals,
Thirty to 40 days after initial instillation of virus, animals were reinocu-
lated with MCMV (10° pfu).

b Infection was considered to be present if virus could be recovered from the
lung either five or 12 days after reinoculation.

¢ Mean + SD of virus recovered from all animals at either five or 12 days
after reinoculation.

d 1% = 17.6; p < 0.001 compared to the proportion of reinfected animals ex-

posed to 1 and 2.5 ppm NO, (x* analysis with one degree of freedom).
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Figure 2. Lung histopathology in animals exposed to 5 ppm NO, during
primary infection with 10% pfu virus. A: pattern of alveolar consolidation in
close proximity to a medium-size airway (original magnification x 312.5).
B: pattern of interstitial pneumonitis (original magnification x 312.5).

This pneumonitis appeared to heal without pathologic se-
quelae, since all six animals examined 15 days after initia-
tion of infection had normal lung histology.

Bronchoalveolar Lavage

To further characterize the combined impact of 5 ppm
NO, and infection with 102 pfu on the lower respiratory
tract, the cellular and biochemical composition of bron-
choalveolar lavage fluid was analyzed in animals studied
within one hour of viral instillation {day 0}, and was com-
pared with fluid obtained from animals studied six days
later (Figure 3 and Appendix C). Analysis of lavage cells
demonstrated the presence of increased numbers of neutro-
phils in both air- and NOj-exposed animals inoculated
with the test virus. Analysis of biochemical parameters in-
dicative of lung injury showed a modest rise in albumin
concentration in lavage fluid obtained from infected and
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Figure 3. Bronchoalveolar lavage analysis in animals studied within one
hour of inoculation with 10* pfu MCMV (NO,- or air-exposed infected
animals), or prior to initiation of exposure in uninfected animals, compared
with findings from animals studied six days later. Each data point represents
the mean + SD for at least three animals studied separately. A: cellular anal-
ysis. Total number of cells retrieved in the pooled bronchoalveolar lavage is
shown in the ordinate; the different exposure groups are shown on the ab-
scissa. These data were analyzed by a two-way analysis of variance to test the
independent and interactive effects of NO, exposure and virus inoculation
on cell number at day 0 and day 6. A significant association was observed
between these time points in the number of lavage fluid neutrophils present
in air- and NO,-exposed animals inoculated with virus (F = 8.14; p < 0.05).
B: biochemical analysis. Biochemical indices, expressed as either concentra-
tion unit per m! of total bronchoalveolar lavage fluid recovered or pl of lysed
cell pellet (hemoglobulin), are shown on the ordinate; the different exposure
groups are shown on the abscissa. This data set was analyzed by a series of
pairwise comparisons to determine the significance of differences between
day 0 and day 6 within a given group. A significant difference was observed
for the change in albumin concentration in NO,-exposed, virus-infected
animals (t = 4.34; p = 0.049).
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uninfected animals exposed to 5 ppm NO,. This implies
the presence of a mild degree of injury to the pulmonary
capillary membrane. A small amount of peroxidase was
found in fluid obtained on day 6 from air-exposed infected
animals, as well as from uninfected animals and infected
animals exposed to NO,. This reflects the release of this
lysosomal enzyme from phagocytic cells. No consistent
changes over time between groups were noted with respect
to the concentration of lactate dehydrogenase (an intracellu-
lar enzyme of lung cells that is a marker of lung cell injury)
or hemoglobin (a marker for the presence of pulmonary
hemorrhage).

The lung histopathology and bronchoalveolar lavage
analysis suggest that MCMV infection, produced here by
combined exposure to 5 ppm NO, and inoculation with an
amount of virus that is normally subinfectious for air-
exposed animals, results in a mild pneumonitis that is not
associated with evidence of substantial pulmonary paren-
chymal injury. Exposure to 5 ppm NO, alone for six days
resulted in an increase in lavage fluid albumin, but no his-
topathologic evidence of inflammation or injury.

INVESTIGATION OF THE PATHOPHYSIOLOGY OF
ENHANCED SUSCEPTIBILITY TO VIRAL INFECTION
ASSOCIATED WITH NITROGEN DIOXIDE EXPOSURE

Macrophage Studies

To assess pulmonary macrophage phagocytic capacity in
vivo, animals were exposed to either NO, or air for six
hours on two consecutive days and were then inoculated in-
tratracheally with 1¥8Au-colloid. The fraction of gold in-
gested by lung phagocytes in situ during a 90-minute incu-
bation period was 0.85 + 0.05 (mean + SD) for four
air-exposed animals, 0.74 + 0.08 for four animals exposed
to 1 ppm NOg, and 0.55 + 0.1 for five animals exposed to
5 ppm NO, (p < 0.01 for 5 ppm NO, compared to air, by
Student’s T-test for unpaired samples). Exposure to 15 ppm
NOj resulted in a mean value of 0.72 + 0.2 in five animals.
This apparent improvement in pulmonary phagocyte ca-
pacity after exposure to a greater concentration of NO, may
be related to the presence of additional phagocytic cells in
the lower respiratory tract, as a consequence of an inflam-
matory response to 15 ppm NO,. To account for the effect
of lung phagocyte number on the fraction of ¥¥8Au-colloid
ingested in situ, this fraction can be expressed per 10° lung
lavage cells: control, 1.566 + 0.21; 1 ppm NO,, 1.59 +

0.29; 5 ppm NO,, 0.97 + 0.27; 15 ppm NO,, 0.93 + 0.23.
Thus, a dose-dependent effect of NO, exposure on phago-
¢ytic capacity is observed in the range of 1 to 5 ppm; ex-
posure to 15 ppm does not appear to cause further suppres-
sion of phagocytic function.

In spite of a diminished rate of ingesting 98 Au-colloidal
gold, pulmonary macrophages are nevertheless capable of
ingesting MCMYV in vivo. As shown in Table 4, virus was
found to be associated with macrophages retrieved from
animals exposed to 5 ppm NO, at intervals ranging from
two hours to 12 days after viral instillation. Macrophage-
associated virus was not detected in any air-exposed animal
that was given the same viral inoculum.

To clarify the relationship of this observation to macro-
phage antiviral capacity, the infectivity of MCMV for mac-
rophages obtained from air-exposed and 5-ppm NO,-
exposed animals was assessed during in vitro infection of
cells (Figure 4 and Appendix D). No difference in viral
replication was observed between macrophages obtained
from air- and NOy-exposed animals. This suggests that any
effect of NO, exposure on the intrinsic antiviral capacity of
macrophages is either reversible or depends on factors pres-
ent in the alveolar microenvironment. It is also possible
that the design of this experiment, which assessed viral
replication in adherent cells, selected “healthier” macro-
phages capable of adherence to plastic, and may not have
tested those cells whose ability to attach to surfaces may
have been impaired as a result of NO, exposure.

Macrophage expression of the la epitope, a marker for
antigen-presenting capacity, was assessed in cells har-
vested by bronchoalveolar lavage during primary infection,
as well as reinfection, with the virus (Table 5 and Appendix
E}. No difference was observed in macrophage expression
of Ia during primary infection between animals exposed to
5 ppm NO, and animals exposed to air. However, a signifi-
cant difference was found in la expression between NO,y-
and air-exposed groups during reinfection with MCMV
(day-1t = 4.2, p = 0.014; day-5t = 442, p = 0.021).

Lymphocyte Studies

The impact of NO, exposure on lymphocyte function
was addressed by assessing the proliferative responses of

Table 4. Macrophage-Associated Virus After Instillation
of a Large Viral Inoculum?

Days After Inoculation?

Exposure 0 5 12
Air 0/2 0/3 0/3
5 ppm NO, 4/4 4/4 2/4

43+ 20 x 10° 75 + 3.4 x 102 4 + 1 x 10

310° ptu.

5 Values given are the ratio of animals whose pulmonary macrophages had
recoverable virus to the total number of animals studied, and mean & SD
viral pfu/10° macrophages.
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Figure 4. In vitro infection of pulmonary macrophages obtained from
animals exposed to air or 5 ppm NO,. Plaque-forming units of virus in cul-
ture supernatants are shown on the vertical axis; time after infection is
shown on the horizontal axis.

splenic lymphocytes, since the small numbers of this cell
type normally present in the lung limit the availability of
lung lymphocytes for study in the murine system. Splenic
lymphocyte proliferative responses were studied after cells
were exposed to lectins or MCMYV antigen (Table 6 and Ap-
pendix F). Active viral infection depressed lectin-induced
blastogenesis to similar degrees in air- and NOy-exposed
animals. Air-exposed immune animals (for example, those
inoculated with virus 30 days before study) had evidence of
a secondary or anamnestic response to the viral antigen, but
this was not apparent in cells harvested from animals ex-
posed to 5 ppm NO, during initial infection.

Humoral immune responses were studied by determin-
ing the level of virus-specific antibody present in the serum
of animals studied between 30 and 45 days after primary in-
fection. In all 11 air-exposed animals infected with 104 pfu
virus, the serum antibody titer was 1:32 or greater. Simi-
larly, all 12 animals exposed to 5 ppm NO, during primary
infection and infected with the same amount of virus also
had a titer of 1:32 or greater.

DISCUSSION

Our studies of mice indicate that short-term exposure to
5 ppm NO;, increases the susceptibility of the lower respi-
ratory tract to primary infection with a virus. In this ex-
perimental system, NO, appears to influence susceptibility

10

Table 5. Pulmonary Macrophage Expression of
the Ia Epitope

Days After Inoculation?

Exposure? 1 5 9

Primary Infection

Air 4.01 + 1.96 3.34 + 1.46 2.63 + 1.10
(n = 8) (n = 4) (n = 3)
5 ppm NO, 4.84 + 2.22 2.07 + 1.38 2.98 + 1.32
(n = 10) (n = 5) n = 4)
Comparison of
air to NO, NS¢ NS NS
Reinfection
Air 5.5 + 0.79 10.02 + 1.81
(n = a) (n = 3)
5 ppm NO, 1.88 + 1.52 3.08 + 2.02
(n = 4) (n=3)
Comparison of t = 4.2 t = 4.42
air to NO, p = 0.014 p = 0.021

* Animals were exposed to 5 ppm NO, or air during primary infection with
10* pfu MCMV and were rechallenged with 10°% pfu MCMV 30 days later
(reinfection).

b Mean percent + SD of pulmonary macrophages, lavaged from the lung at
various days after viral instillation, that stain positively for Ia by indirect
immunofluorescence. Uninfected air- or NO,-exposed animals routinely
had less than 2 percent la-positive cells.

¢ NS = not significant.

to both primary infection and reinfection with the test
virus.

During primary infection, differing susceptibility be-
tween NO,- and air-exposed animals was manifested by a
substantial difference in the size of the viral inoculum re-
quired to produce either virologic or pathologic evidence
of lower respiratory tract infection. The inoculum that con-
sistently produced evidence of viral infection during ex-
posure to 5 ppm NQO, was more than 100-fold lower than
that needed to infect air-exposed animals. This finding sug-
gests one potential mechanism to account for the increased
frequency, reported in some studies, of acute respiratory ill-
ness in humans exposed to elevated levels of ambient NO,:
There may be an increased likelihood of developing infec-
tion from viral inocula that are too small to produce infec-
tion in individuals who are either unexposed to NO; or ex-
posed to lower concentrations of NO,.

Characterization of the infection produced by the com-
bined effects of NO, and a normally subinfectious viral in-
oculum (102 pfu) demonstrated viral replication in the lung
that was not associated with biochemical evidence of injury
(Figure 3). Histologically, mild pneumonitis was observed
in some animals. Shanley and Pesanti (1985) demonstrated
that MCMV replication in the lung, per se, is usually not
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Table 6. Splenic Lymphocyte Responses After
Primary Infection?®

Phyto-

hemag- MCMV Antigen”

glutinin®

(5 ng/ml) 1150 1:200
Air-Exposed
Uninfected 6.60 + 1.91 2.24 + 0.16 1.06 + 0.50
Infected 4.33 ¢ 2.18 1.90 + 2.02 2.71 + 4.36
Immune 3.39 + 1.83 4.60 + 2.44 3.57 + 1.92
NO,-Exposed®
Uninfected 10.57 + 2.46 1.12 + 0.56 0.95 + 0.34
Infected 5.89 + 1.73 0.97 + 0.59 1.23 + 0.80
Immune 4.86 + 2.17 0.97 + 0.33¢  0.93 + ()439d

4 Lymphocytes were harvested from either uninfected animals {two days af-
ter exposure to NO, or air) or infected animals five days (“infected”} or 30

days (“immune”) after inoculation with virus. Cells from each animal (5

x 107} were incubated in triplicate wells with lectin or viral antigen for
48 hours prior to an overnight pulse with *H-thymidine. These conditions
result in maximal lymphocyte stimulation in control cells.

b Mean + SD stimulation index (ratio of cpm/ml in stimulated cultures to
cpm/ml in unstimulated cultures). Each group represents pooled data for
four to six animals.

¢ Nitrogen dioxide exposure occurred for six days during primary infection.
d p <0.01 compared to air-exposed immune lymphocytes (two-way analysis
of variance).

associated with pathologic evidence of lung damage; how-
ever, the combination of viral replication and host im-
munosuppression can lead to the development of intersti-
tial pneumonitis. In the current studies, NO, exposure
during the course of viral replication was sufficient to pro-
duce pathologic changes that resulted in pneumonia.

Exposure to NO, during primary viral infection also en-
hances susceptibility to reinfection with the same virus.
This finding suggests that NO, exposure can modify the
development of protective immunity that follows primary
viral infection, and in so doing, may cause a predisposition
to recurrent respiratory infection. Reinfection is a common
mechanism for the development of upper and lower respira-
tory tract infection in early childhood (Henderson et al.
1979). The potential impact of NO, exposure on childhood
reinfection with respiratory viruses could be another factor
underlying the epidemiologic observations linking NO,
exposure to increased frequency of acute respiratory ill-
ness. This possible relationship between NO, and suscep-
tibility to reinfection is particularly intriguing in light of
some human studies (Shy et al. 1970) that suggest that the
influence of NO, exposure on the frequency of acute respi-
ratory illness is greatest in the first few years of life—the
period when reinfection with viruses is also seen.

The exposure threshold for the observed increased sus-

ceptibility to primary infection with the test virus was 5
ppm NOjy, and the EDsy was estimated to be 3.9 ppm NO,.
It is also possible that effects would be found at even smaller
concentrations of NQ; if the number of animals studied at
these exposure levels were larger. Increased mortality from
the combined effects of NO, and viral infection was seen at
15 ppm NO,. These findings indicate that exposure to in-
creasing concentrations of NO, has incremental effects on
respiratory tract defenses against viruses. Lower-level ex-
posure enhances susceptibility to mild pneumonitis, and
exposure to higher concentrations leads to serious infection
and mortality. If human responses to NO, are similar to
those found in mice, these results predict that exposure to
NQO, near the suggested 24-hour air quality standard of 0.05
ppm (U.S. Environmental Protection Agency 1982) would
either have no effect or would enhance susceptibility to epi-
sodes of mild viral infection. However, exposure to NO;, at
these levels seems unlikely to predispose immunocompe-
tent humans at rest to serious infection. This hypothesis is
consistent with epidemiologic data that link NO, exposure
to increased frequency of self-limited respiratory illness.
However, factors that affect the competence of local lung
defenses, such as immunosuppressive drugs, or conditions
that increase the pulmonary dose of NO,, such as exercise
(Bauer et al. 1986), could act in concert with exposure to
ambient levels of NO; to produce more serious viral infec-
tions.

Can the NO, levels that in these studies altered suscepti-
bility to viral infection in mice be directly extrapolated to
predict human health risks? Anatomic and physiologic
differences between the murine and human respiratory
tracts may influence the local concentration of NO, at the
alveolar level. Nevertheless, previous work with a related
oxidant pollutant, ozone, demonstrated that these morpho-
logic differences do not appear to influence the predicted
tissue-dose deposition curves for the lung (Miller et al.
1978). This finding supports the validity of extrapolating
from animal studies to humans for oxidant pollutants like
NOZ.

Potential differences between the time course of NO, ex-
posure employed in these studies and that associated with
naturally occurring human exposure may be important.
Human exposure typically occurs in brief peaks, while the
levels used here were uniform and consistent over time. Re-
cent work by Graham and associates (1987) and Miller and
coworkers (1987) demonstrates that NO, peaks contribute
substantially to the development of altered lung defenses
against infection and to abnormal pulmonary function in
exposed mice.

The exposure threshold for the increased susceptibility
to virus observed in these studies, 5 ppm NO,, is near the
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range of peak NO, concentrations recorded in some home
environments with gas stoves (Melia et al. 1978; Speizer et
al. 1980). It is also noteworthy that exposure to this level of
NO, produced few biochemical or cellular indicators of
lung injury and inflammation in bronchoalveolar lavage
fluid (Figure 3), and was not associated with histologic al-
terations under light microscopy (Figure 2). These findings
suggest that altered respiratory tract susceptibility to viral
infection is one of the most sensitive measures of exposure
to NO,.

Although previous animal studies have demonstrated a
clear relationship between NO, exposure and bacterial in-
fectivity (Jakab 1980), the relation of NO, exposure to viral
infectivity is not well established. Earlier work that used in-
fluenza viruses to infect in a variety of animal species ex-
posed acutely or chronically to NO, has shown either no
effect (Lefkowitz et al. 1986}, or enhanced mortality (Henry
et al. 1970). Discrepancies between our studies and previ-
ous ones may result from differences in exposure patterns
(the present study is one of the few to expose animals before
and after the introduction of virus}, in the viral agent used
(the current study used an endogencus murine pathogen),
and in the species of animal under study.

Our study indicates that alterations in pulmonary macro-
phage function may play a role in the enhanced susceptibil-
ity of NOy-exposed animals to primary viral infection. The
pulmonary macrophage is an important aspect of the lung’s
defense against primary infection with viruses. Previous
work has confirmed the importance of this cell in the patho-
genesis of MCMYV infection in mice (Brautigam et al. 1979;
Rose et al. 1982; Selgrade et al. 1982). For this reason, the
impact of NO, exposure on pulmonary macrophages was
investgated. Exposure to 5 ppm NO, depressed in vivo
phagocytosis of ¥8Au-colloid by macrophages and in-
hibited the ability of macrophages to eradicate the test virus
after intratracheal inoculation (Table 4). This apparent vi-
rucidal defect could not, however, be demonstrated during
in vitro infection of cells obtained by bronchoalveolar la-
vage from animals exposed to 5 ppm NO;, (Figure 4). This
suggests that any NOy-induced alteration in macrophage
virucidal capacity may depend on factors in the lung
microenvironment, and is reversible.

These observations extend our understanding of the rela-
tion between NO, exposure and macrophage virucidal
function. Valand and coworkers (1970) demonstrated that a
three-hour exposure to 25 ppm NO, diminished the ability
of rabbit macrophages to secrete interferon in response to a
viral challenge. Similarly, parainfluenza-virus-infected rab-
bits exposed to 15 ppm NO, for three hours exhibited less
resistance to subsequent inoculation with rabbitpox virus
than did air-exposed animals {Acton and Myrvik 1972).
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Taken together with these studies, the current work sug-
gests that NO, exposure may adversely affect some an-
tiviral functions of the pulmonary macrophage. This does
not exclude the possibility that NO, affects susceptibility to
primary viral infection by alternative mechanisms. Natural
killer cells have been shown to be an important host defense
against systemic infection with MCMV (Selgrade et al.
1982). It may be that NO, exposure impairs the antiviral ac-
tivity of natural killer cells in the respiratory tract; however,
this hypothesis has not yet been addressed.

The ability to reinfect animals exposed to NO, during
primary infection implies a deficiency in the development
of virus-specific immunity. This does not appear to be at-
tributable to alteration in humoral immunity, since serum
MCMYV antibody levels were comparable in NO5- and air-
exposed animals. This is consistent with previous work
(Fenters et al. 1971) that demonstrated no effect of NO, ex-
posure on the development of virus-specific antibody after
influenza virus infection. Two key findings suggest that ab-
normal cellular immune function may be responsible for
the lack of protective immunity in NOy-exposed animals.
First, and most importantly, splenic lymphocytes obtained
from NOy-exposed animals 30 days after primary infection
failed to proliferate in response to MCMV antigen, whereas
lymphocytes from air-exposed animals were fully capable
of blastogenesis under these conditions (Table 6). This sug-
gests that in spite of the known immunosuppressive effect
of MCMYV infection on cellular immunity (Loh and Hudson
1980), the effects of the virus itself could not be implicated
as the sole cause of impaired lymphocyte responses in
NO,-exposed animals, since these responses were appro-
priate in the group of infected animals that were exposed
to air alone.

Although splenic lymphocyte responses have been ob-
served to be altered by NO, exposure in a variety of assay
systems (Holt et al. 1979; Lefkowitz et al. 1986), these
studies have not used microbial antigens to which control
animals exhibit an immune response. For instance, Holt
and colleagues (1979) found that lectin-induced blastogene-
sis by splenic lymphocytes was depressed during acute and
chronic exposures to 10 ppm NO,. On the other hand, ex-
posure to considerably higher concentrations of NO, (26
ppm)} actually increased antigen-specific lymphocyte stim-
ulation after immunization with sheep red blood cells (Hil-
lam et al. 1983). This may have resulted from increased anti-
gen translocation through respiratory epithelium damaged
by oxidant exposure (Schnizlein et al. 1980).

The ability of lymphocytes to proliferate after exposure to
a “recall” antigen is an appropriate anamnestic response
of the cellular immune system. This response is critical to
the production of lymphocyte-derived antiviral defenses,
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such as interferon-8 and cytotoxic T-cells. The failure of
lymphocytes from NOj-exposed animals to develop this
virus-specific anamnestic response indicates that other
parameters of cellular immunity may also be deficient. This
was verified by the demonstration that macrophage expres-
sion of the la epitope is diminished in NO,-exposed ani-
mals, compared to air-exposed animals, during reinfection
with the test virus (Table 5). Since interferon-8 is the only
known inducer of this epitope (Unanue and Allen 1987), it
appears likely that local pulmonary production of
interferon-8 is deficient during reexposure to MCMV.
Studies are in progress to measure pulmonary levels of in-
terferon directly to confirm this supposition.

In summary, these experiments demonstrate that, in
mice, short-term exposure to 5 ppm NO, enhances the sus-
ceptibility of the lower respiratory tract to both primary in-
fection and reinfection with a virus. This susceptibility is
based, at least in part, on NOy-associated alterations in pul-
monary macrophage function and lymphocyte anamnestic
responses to the viral antigen. Although the exposure
threshold necessary to produce these effects on viral sus-
ceptibility is considerably greater than ambient levels of
NOj, exposure to this level of NO, alone produced no bio-
chemical or histologic indications of major pulmonary in-
jury. Therefore, exposure to a concentration of NO, that has
no observable effects on lung structure is nevertheless capa-
ble of predisposing the respiratory tract to infection with a
virus,
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APPENDIX A. Nitrogen Dioxide Susceptibility Studies

Table A.1. (continued)

Viral Titer in Lung

i - Exposure (pfu/g)
Table A.1. Virus Recovered in Lung Homogenates
During Primary Infection?® 5 ppm NO,
Day 6 1.85 x 10°
Viral Titer in Lung 1.25 x 10°
Exposure (pfu/g) 0
} 1.50 x 103
102 pﬁl Inoculum 1.66 X 103
Alr , 7.69 x 102
Day 5 1.25 x 10‘3 4.87 x 102
0 3.41 x 10%
0 4.10 x 10°
8 1.50 x 103
0 Day 12 7.40 x 102
0 9.09 x 102
0 0
0 0
0 0
0 10 ppm NO,
0 Day 5 1.81 x 103
0 1.42 x 10°
Day 12 0 7.14 x 102
0 Day 12 3.50 x 103
0 2.85 x 103
0 0
0
0 105 pfu Inoculum
0 Air
0 Day 5 6.00 x 10°
0 1.8¢ x 103
0 2.30 x 103
0 3.00 x 108
1 ppm NO, 1.00 x 108
Day 5 0 1 ppm NO,
0 Day 5 1.50 x 102
0 4.80 x 107
Day 12 0 3.50 x 103
0 1.20 x 108
0 5 ppm NO,
2.5 ppm NO, ’ Day 5 3.30 x 101
Day 5 1.30 x 103 9.50 x 107
2.00 x 10° 1.20 x 107
0 3.60 x 105
0 1.10 x 10°
0 10 ppm NO, i
Day 10 0 Day 5 3.10 x 10‘:
0 6.45 x 10°
0 8.10 x 104
0 6.89 x 10%
0 15 ppm NO,
Day 5 6.90 x 10°
(Table continues next column.) 4.00 x 10°
3.70 x 10°
4.54 x 104

* Each data point represents the results obtained from the study of a single

animal.
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Table A.2. Exposure to 5 Parts per Million Nitrogen Table A.2. (continued)
Dioxide or Air and Infection with Varying Quantities

of Murine Cytomegalovirus® Viral Titer in Lung

Exposure (pfu/g)
Viral Titer in Lung 10 1.75 x 163 pfu Inoculum
Exposure (pfu/g) Air
1.2 x 10 pfu Inoculum Day 5 0
Air 0
Day 5 0 0
0 Day 12 0
0
Day 12 0 0
0 NO,
0 Day 5 5.50 x 10%
NO, 1.60 x 10%
b 3
Day 5 1.00 x 102 1.60 x 103
0 8.50 x 10°
0 Day 12 1.30 x 10°
s 3
Day 12 0 2.80 x 10
0 1.0 to 2.0 x 10% pfu Inoculum
0 Air
Day 5 0
o 2
1.2 x 102 pfu Inoculum 3.15 x 10'}
Air 1.50 x 10°
Day 5 0 0
’ 0 7.69 x 102
0 0
0 4.20 x 10°
6.50 x 109
Day 12 0 1.00 x 10%
0 8.30 x 10
NO, ' NO,
Day 5 6.25 x 102 Day 5 8.54 x 10%
0 7.77 x 10%
5.26 x 102 526 x 103
Day 12 1.40 x 102 1.20 x 10:1
8.00 x 10 3.80 x 10
1.20 x 102

¢ Each data point represents the results obtained from the study of a single
animal,

{Table continues next column.)
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Table A.3. Virus Recovered in Lung Homogenates Table A.3. (continued)
During Reinfection?

Viral Titer in Lung

Viral Titer in Lung Exposure (pfu/g)
Exposure (pfu/g) 2.5 ppm ,
Air Day 5 1.05 x 10%
Day 5 0 0
y 0 0
0 0
0 Day 11 0
0 0
0 0
0
0 5 ppm .
5 Day 5 1.50 x 10%
Day 12 1.35 x 10 1.00 x 104
0 1.20 x 102
0 1.40 x 102
0 1.00 x 102
0 1.00 x 102
0 0
0 8.50 x 107
0 1.50 x 103
8 1.00 x 103
0 Day 12 0
0 0
0 0
0 0
0
NO, 0
1 ppm 0
Day 5 0 0
0 1.40 x 10
8 3.00 x 102
% Each data point represents the results obtained from the study of a single
Day 11 0 animal.
0
0

(Table continues next column.)
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APPENDIX B. Histology

Predominant Pattern?

Total Number of Focal Focal
Exposure Animals Examined Normal Alveolar Interstitial
Air
Uninfected 12
Day 5 4
Day 10 4
Day 15 4
Infected with 102 pfu MCMV 14
Day 5 5
Day 10 6
Day 15 3
NO,
Uninfected 19
5 ppm
Day 5 5
Day 10 5 1
Day 15 7 1
Infected with 102 pfu MCMV 13
2.5 ppm
Day 5 5
Day 10 4 1
Day 15 3
5 ppm 34
Day 5 7 6 3
Day 10 5 5 2
Day 15 6 0 0

? The predominant histologic pattern was determined by examining multiple, horizontally cut sections from the apex to base of either the right or left lung
from each animal. A focal alveolar pattern represents the accumulation of acute or chronic inflammatory cells, or both, in the alveolar spaces (Figure 2a).
A focal interstitial pattern represents the presence of increased cellularity or thickness, or both, of the interstitial space in a focal distribution {Figure 2b).
A diffuse interstitial process represents increased cellularity or thickness, or both, of the interstitial space with a diffuse pattern. Between five and 10 sections
were examined for each animal. Each animal was assessed and recorded separately.
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APPENDIX C. Bronchoalveolar Lavage Analysis

Table C.1. Cellular Analysis?

Total Cells Total Macrophages Total Neutrophils
Exposure (% 109) ( x 109) (x 105)
Uninfected
Alr
Day 0b 1.00 0.95 0.05
1.20 1.16 0.04
0.83 0.825 0.05
0.90 0.90 0.00
(0.98 + 0.13)° (0.95 + 0.12) (0.035 + 0.02)
Day 6 1.80 1.68 0.12
0.83 0.82 0.01
0.73 0.70 0.03
1.20 1.10 0.10
(1.14 + 0.42) (1.075 + 0.37) (0.065 + 0.04)
5 ppm NO,
Day 0 3.60 3.60 0.00
0.88 0.72 0.16
0.92 0.92 0.00
1.45 1.39 0.06
(1.70 + 1.10) (1.65 + 1.10) (0.055 + 0.06)
Day 6 0.89 0.78 0.11
1.65 1.00 0.65
2.50 1.85 0.65
1.40 1.30 0.10
(1.61 + 0.58) (1.23 + 0.40) (0.37 + 0.27)
Infected with 10% pfu MCMV
Air
Day 0 1.80 1.80 0
2.40 2.20 0.20
1.40 1.20 0.20
0.90 0.85 0.05
(1.625 + 0.54) (1.50 + 0.52) (0.11 + 0.08)
Day 6 1.16 0.76 0.39
3.60 2.80 0.80
4.00 3.60 0.40
2.50 2.00 0.50
(2.81 + 1.10) (2.29 + 1.04) (0.52 + 0.16)
5 ppm NOy
Day 0 2.00 1.90 0.10
1.20 1.10 0.10
3.37 3.37 0
1.50 1.50 0
(2.01 + 0.83) (1.96 + 0.85) (0.54 + 0.05)
Day 6 3.40 2.70 0.70
2.27 1.50 0.77
1.00 0.70 0.30
4.80 4.40 0.40
(2.86 + 1.40) (2.32 + 1.39) (0.54 + 0.19)

# Each data point represents the results obtained from the study of a single animal,

Day 0 refers to animals studied just prior to initiation of NO, exposure or viral inoculation. Day 6 refers to animals studied six days after initiation of NO,
exposure alone, or six days after viral inoculation for infected animals exposed o either air or NO,.

(S . 3
Numbers in parentheses show mean + SD.
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Table C.2. Biochemical Analysis®

Lactate
Dehydrogenase Peroxidase Albumin Hemoglobin
Exposure (mU/ml) {(mU/ml) (ug/ml) (1Lg/100 ug)
Uninfected
Air
Day 0P 24.40 0 79.00 6.10
6.40 0 68.20 18.80
29.64 0 56.08 0
(20.14 + 9.90)¢ (0) (67.76 + 9.36) (8.30 + 7.83)
Day 6 27.90 0 62.00 0
21.20 0 62.00 4.90
41.90 0 83.00 6.20
(3.033 + 8.60) (0} (69.00 + 9.80) (3.70 + 2.80)
5 ppm NO,
Day 0 44.61 0 78.80 4.67
12.00 0 67.28 1.50
12.50 0 83.23 2.80
(23.03 + 15.25) 8] (76.43 + 6.72) (2.99 + 1.30)
Day 6 12.80 0.63 75.20 0
23.00 0 110.60 0
24.00 0 181.00 1.90
17.40 4.10 NDd 0
(19.30 + 4.50) (1.18 + 1.70) (122.26 + 43.90) (0.475 + 0.82)
Infected with 102 pfu MCMV
Air
Day 0 21.05 0 85.40 4.87
24.00 0 68.50 6.20
21.00 0 70.00 4.90
(22.01 + 1.40) (0) (74.63 + 7.63) (5.32 + 0.62)
Day 6 27.00 2.00 70.00 14.30
26.00 0 83.00 6.83
22.00 0 62.00 5.60
22.00 1.60 62.40 5.05
(24.25 + 2.27) (1.15 + 1.25) (54.35 + 30.90) (7.93 + 3.72)
5 ppm NOy
Day 0 51.80 0 86.40 12.29
14.80 0 45.90 6.80
11.70 0 60.80
(22.76 + 21.21) (0) (64.36 + 16.72) (8.03 + 3.10)
Day 6 37.90 0 181.60 0
26.00 0.75 146.80 3.60
16.30 2.00 235.00 0
(26.73 + 8.80) (0.91 + 0.82) (187.80 + 36.27) (1.20 + 1.69)
® Each data point represents the regults obtained from the study of a single animal.
b Day 0 refers to animals studied just prior to initiation of NO, exposure or viral inoculation. Day 6 refers to animals studied six days after initiation of NO,

exposure alone, or six days after viral inoculation for infected animals exposed to either air or NO,.
¢ Numbers in parentheses show mean & SD.
4ND = not detected.
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APPENDIX ID. Serologic Studies®

b
Total Number of _Result?

Exposure Animals Examined - +
Uninfected 3

Air 3
Infected with 102
pfu MCMV 10

Air 5

5 ppm NO, 5
Infected with 104
pfu MCMV 23

Air 11

5 ppm NOy 12

4 These studies were performed on serum obtained from animals between
30 and 45 days after viral inoculation.

b Results of antibody studies performed by the ELISA method. A positive
result corresponds to an antibody titer of 1:32 or greater. In all instances
except one, a positive antibody study was confirmed by indirect immuno-
fluorescence antibody staining. A negative result reflects the absence of a
specific antibody in a serum sample.

APPENDIX E. Pulmonary Macrophage Expression

of the la Epitope?

Days After Inoculation

Exposure 1 5 9
Air
Uninfected 1.20 1.93 0.77
1.35 0 1.20
0 0
0
Infected with 10% pfu MCMV 4.10 4.00 3.60
7.30 4.63 1.44
2.75 1.26 2.86
5.60 3.45
4.80
2.53
1.00
4.00
Reinfected with 10% to 10° 6.60 10.57
pfu MCMV 5.20 8.00
5.40 11.50
4.80
5 pm NOZ
Uninfected 1.40 0 0.53
0.50 3.14 0
0 1.46
Infected with 104 pfu MCMV 2.10 0.89 1.25
5.50 2.00 4.30
4.19 4.37 2.70
3.06 1.96 3.65
4.30 1.12
5.50
1.50
7.00
8.30
6.90
Reinfected with 104 to 105 0 1.49
pfu MCMV 2.50 5.36
3.60 2.40
1.45

@ Data represent the percentage of cells staining positively for Ia out of 200
cells examined. Hach data point represents the results from a single

animal.
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APPENDIX F. Lymphocyte Proliferative Responses

Table F.1. Primary Infection?

Phytohemagglutinin Mock Antigen® MCMV Antigen
Congcanavalin A
Exposure 1 ug/ml 2.5 pg/ml 5 ug/ml 1:50 11200 110 150 10100 1:200 1:500
Ailr
Uninfected 4.38 5.14 5.75 0.67 0.81 1.63 2.05 1.30 1.92 1.40
7.58 8.10 9.57 0.91 0.60 1.53 1.07 .90 0.67 0.52
3.74 3.00 8.43 1.11 0.54 2.186 1.93 1.15 0.81 1.21
3.80 3.67 5.05 1.53 0.75 5.42 2.05 1.44 1.09 1.12
3.90 4.43 5.77 0.60 1.72 1.57 1.15 0.77 0.83 0.82
5.74 5.42 5.07
(5.02 + 1.69)° (5.28 + 1.50) (6.60 + 1.91) (0.88 + 0.55) (0.88 + 0.47) (2.46 + 1.67) (2.24 + 1.60) (1.12 + 0.27) (1.06 = 0.50} (1.01 + 0.34)
Infected 9.80 1.79 2.04 2.34 1.99 4.24 6.02 6.11 11.62 3.72
17.86 4.20 4.49 0.79 0.55 2.89 1.22 0.92 0.87 0.96
7.98 1.70 1.72 1.08 0.99 1.00 0.63 0.85 0.93 0.82
11.70 3.56 4.29 1.22 1.06 1.30 1.12 1.49 1.18 1.17
17.78 3.67 6.63 1.21 0.82 1.98 1.19 0.86 0.85 0.66
27.00 5.94 6.86 1.65 0.92 1.47 1.24 1.16 0.83 0.92
(15.36 & 7.01)  {3.47 = 1.58) (4.33 + 2.18) (1.38 + 0.54) (1.05 + 0.49) (2.16 + 1.23) (1.90 + 2.02) (1.88 % 2.07) (2.71 + 4.36) (1.37 + 1.16)
Immune 18.90 4.29 4.87 1.57 1.16 2.36 6.01 4.45 5.88 3.00
48.44 2.56 4.60 0.96 0.75 1.36 7.04 1.68 3.99 2.96
23.13 2.55 3.24 1.10 1.21 2.65 1.54 0.85 1.42 0.92
14.86 2.83 3.86 0.78 0.98 2.58 3.84 3.05 2.89 1.98
(23.83 + 17.41) (2.55 + 1.41) (3.39 & 1.83) (1.1 + 0.33) (1.025 + 0.20) ({2.23 + 0.59) (4.60 + 2.44) (2.50 + 1.58) (3.57 + 1.92) (2.21 & 0.98)
5 ppm NO,
Uninfected 15.49 8.92 9.36 1.19 0.69 1.28 0.65 0.96 1.01 0.88
10.51 6.33 8.54 2.17 1.04 1.96 1.70 1.34 0.99 1.24
6.57 5.45 12.30 0.50 0.39 0.63 0.41 0.42 0.33 0.32
8.33 8.78 8.52 1.05 0.80 1.84 1.63 0.77 0.87 0.67
7.40 11.61 14.73 1.06 0.60 3.08 1.54 1.10 1.34 1.34
10.68 5.75 9.97 1.16 1.09 1.81 .80 1.23 1.19 1.13
{9.83 + 3.22) {7.80 & 2.39) (10.57 : 2.46) 1.18 + 0.54) {0.76 + 0.266) (1.78 + 0.81) (1.12 + 0.56) {0.87 + 0.33) (0.95 + 0.34) {0.93 + 0.38)
Infected 3.31 4.37 1.69 1.36 1.67 0.69 1.01 1.36 0.86
14.41 3.37 3.93 1.00 0.83 .68 2.09 2.55 2.77 2.02
17.03 3.95 5.31 1.40 0.74 1.71 0.96 0.77 0.82 0.58
19.10 5.53 8.56 1.38 0.85 1.13 0.85 1.07 1.11 0.64
16.72 6.13 6.12 1.06 0.97 1.07 0.85 0.92 0.84 0.68
24.88 5.66 7.06 1.17 0.72 1.32 0.31 0.54 0.53 0.37
(17.53 + 4.18) (4.82 + 1.46) {5.89 + 1.73} {1.28 + 0.25) (0.91 + 0.23) (1.26 £ 0.58) (0.97 + 0.59) (1.14 + 0.71) (1.23 + 0.80) (0.85 + 0.59)
Immune 36.76 3.62 5.80 1.14 0.93 1.70 1.01 1.27 1.52 0.92
50.00 2.33 2.92 0.88 0.34 0.79 0.66 1.02 0.76 0.69
40.88 5.78 7.49 0.83 0.63 2.39 0.79 1.89 0.66 0.85
26.40 2.80 3.24 0.75 0.64 1.89 1.43 1.18 0.78 0.60
(36.51 + 8.78)} (3.63 + 1.53) (4.86 + 2.17) (0.90 + 0.16) (0.63 + 0.24) (1.44 + 0.75} (0.97 + 0.33}) (1.34 + 0.38) (0.93 + 0.39) (0.71 + 0.14)

# Each data point represents the results obtained from the study of a single animal.
b Mock antigen was prepared in a fashion identical to that described for MCMV antigen, except uninfected mouse cells were used.

¢ Numbers in parentheses show mean + SD.
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Table ¥.2. Reinfection?

Phytohemagglutinin Mock Antigen MCMV Antigen
Concanavalin A
Exposure 1 ug/ml 2.5 ng/ml 5 pg/ml 1:50 1:200 1:10 1:50 11160 1:200 1:500
Air
Day 5 26.44 4.48 5.20 1.23 0.88 2.45 1.46 0.95 0.93 0.88
8.88 0.81 1.46 1.24 1.38 1.21 0.61 0.84 1.07 0.42
24.58 3.87 4.58 1.68 1.57 2.01 2.39 2.41 2.43 2.12
(19.96 + 9.64)® (3.05 + 1.96) (3.75 + 2.0) (1.38 + 0.25) (1.27 + 0.35) {1.89 = 0.62)  (1.48 z 0.89) (1.4 + 0.87) (147 + 0.82) ({1.14 + 0.87)
Day 11 T 12.52 2.88 3.60 0.98 1.32 1.36 1.23 1.29 1.30 1.81
12.26 1.58 1.78 1.17 1.46 5.71 1.87 2.24 1.87 1.18
50.27 3.32 5.09 2.34 3.04 32.29 19.47 30.34 17.80 8.80
(25.01 + 21.87) (2.59 + 0.89} (3.49 + 1.65) (1.49 = 0.73) (1.94 + 0.95) (13.12 + 16.74) (7.45 + 10.4) (11.29 & 16.50) (6.9¢ + 9.36) (4.29 :+ 4.86)
5 ppm NO,
Day 5 14.37 2.76 3.18 1.21 1.06 1.13 1.03 1.42 1.21 0.91
13.00 3.51 3.58 1.15 1.12 1.09 1.63 1.23 1.00 0.86
26.16 3.64 5.01 0.82 0.82 2.16 0.79 1.09 0.72 0.46
{17.84 + 7.23) (3.30 + 0.47) (3.92 + 0.96) (1.06 + 0.21) (1.0 + 0.15) (1.46 + 0.6) (1.15 + 0.43) (1.24 + 0.16) (0.97 + 0.24) (0.74 = 0.24)
Day 11 24.74 5.21 5.20 0.78 1.07 1.83 1.48 1.52 1.39 0.80
18.20 2.65 2.64 0.78 0.98 5.18 2.12 2.08 2.17 1.46
18.70 4.39 5.01 1.22 1.18 3.08 1.05 1.32 1.23 0.78
(20.54 + 3.64) {4.08 £ 1.30) (4.28 + 1.42) (0.92 + 0.25) (1.07 + 0.1) (3.36 + 1.69) (1.55 + 0.53) (1.64 + 0.39) (1.59 + 0.50}) (1.01 + 0.38)

@ Each data point represents the results obtained from the study of a single animal.

5 Numbers in parentheses show mean + SD.
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INTRODUCTION

In the summer of 1983, the HEI issued a Request for Ap-
plications (RFA 83-2) soliciting proposals on “Nitrogen Ox-
ides and Susceptibility to Respiratory Infections.” In Sep-
tember 1983, Dr. Richard M. Rose (Principal Investigator) of
the New England Deaconess Hospital, Boston, MA, pro-
posed a project entitled “Nitrogen Oxides and Susceptibil-
ity to Viral Respiratory Infection” The HEI asked Dr. Rose
to modify his proposal and, in June 1984, approved the
three-year project. Total expenditures of $469,955 were
authorized. The project began in July 1984, and the final re-
port was accepted by the Health Review Committee in April
1988. The Health Review Committee’s Report is intended to
place the Investigators’ Report in perspective as an aid to the
sponsors of the HEI and to the public.

THE CLEAN AIR ACT

The U.S. Environmental Protection Agency (EPA) sets
standards for motor vehicle emissions of oxides of nitrogen
(and other pollutants) under Section 202 of the Clean Air
Act, and for ambient levels of nitrogen dioxide under Sec-
tion 109.

Section 202(a){1), as amended in 1977, directs the Ad-
ministrator of the EPA to “prescribe (and from time to time
revise) . . . standards applicable to the emission of any air
pollutant from any class or classes of new motor vehicles or
new motor vehicle engines, which in his judgment cause,
or contribute to, air pollution which may reasonably be an-
ticipated to endanger public health or welfare” Sections
202(a)(3) and 202(b)(1) impose specific requirements for
reductions in motor vehicle emissions of oxides of nitrogen
(and other pollutants), and provide the EPA with limited
discretion to modify those requirements.

The determination of the appropriate standards for emis-
sions of oxides of nitrogen depends in part on an assess-
ment of the risks to health that they present. Of the oxides
of nitrogen, nitrogen dioxide has been of most concern, and
its effect on health has been the focus of much research. A
study of the effects of nitrogen dioxide on respiratory infec-
tion in an animal model can contribute knowledge useful
in making the evaluations of probable health effects in hu-
mans that are an important part of informed regulatory
decision-making under Section 202.

In addition, Section 109 of the Clean Air Act provides for
the establishment of National Ambient Air Quality Stan-
dards. The current standards include primary and second-
ary standards for nitrogen dioxide. Those standards were

last reviewed in 1985. Also, under Section 166 of the Act,
the EPA, in February 1988, published regulations to prevent
significant deterioration of air quality due to emissions of
oxides of nitrogen. Research of the type described here can
increase understanding of the effects of nitrogen dioxide on
lung tissue, and thus contribute indirectly to the assess-
ment of the appropriateness of the existing standards and
of ongoing and future regulatory initiatives.

BACKGROUND

The nitrogen dioxide that is present in urban environ-
ments is derived largely from vehicular sources. Morning
rush-hour traffic generates high concentrations of nitric ox-
ide which, in the presence of oxygen and sunlight, are con-
verted to nitrogen dioxide (Ehrlich 1980). The current one-
hour National Ambient Air Quality Standard for nitrogen
dioxide is 0.053 parts per million (ppm) averaged over one
year. Although the nitrogen dioxide standard is being met
generally, typical long-term ambient concentrations of ni-
trogen dioxide range from 0.001 ppm in isolated rural areas
to hourly peaks in urban areas that can exceed 0.3 ppm (U.S.
Environmental Protection Agency 1985). Nitrogen dioxide
generated indoors by appliances such as gas stoves reaches
average levels of 0.025 ppm, although peaks as high as 0.2
to 0.4 ppm may be reached (Samet et al. 1987). Nitrogen di-
oxide is known to cause serious biologic effects at high lev-
els of exposure. There is also evidence to suggest that ex-
posure to nitrogen dioxide leads to increased susceptibility
to respiratory infections (see reviews by U.S. Environmental
Protection Agency 1982; Morrow 1984; Samet et al. 1987).

The lung disposes of particulates and microorganisms
through the cooperative efforts of various components of
host defense mechanisms. Such mechanisms include trans-
port mechanisms for clearance of foreign particles; phago-
cytic cell functions (alveolar macrophages and polymor-
phonuclear leukocytes); and lymphocyte cell functions
(T-cells and B-cells) (Green et al. 1977; Green 1984). Each of
these mechanisms is a complex and multicomponent pro-
cess. Cilia-mediated transport physically removes particles,
including bacteria and viruses, from the trachea and bron-
chi. In the nonciliated regions of the lung, phagocytic cells
are the major line of defense. Alveolar macrophages have
multiple roles—phagocytosis, antigen presentation, and
T-cell stimulation. Lymphocytes participate in the disposal
of deposited antigens and consist of two main types with
different functions. Activated B-cells undergo rapid prolif-
eration and secrete immunoglobulins. T-cells regulate cell-
mediated responses (delayed hypersensitivity, graft rejec-
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tion, cell destruction)}, and secrete cell function modulators
(interleukines, interferons).

Oxidants, such as nitrogen dioxide, penetrate beyond the
nasopharyngeal region, and can alter the normal function-
ing of the major pulmonary defenses (Gardner 1984). Data
from animal studies suggest that such alterations of pulmo-
nary defenses may make the lung vulnerable to secondary
insults, such as infection (Gardner 1982; Pennington 1988).

Very few clinical studies on the effects of nitrogen dioxide
on respiratory infections have been performed, primarily
because of ethical and practical considerations (see, for
example, Kulle and Clements 1988). A number of epidemio-
logical studies have investigated this relationship; however,
taken as a whole, the results of some epidemioclogical
studies have suggested an association between nitrogen di-
oxide and respiratory illness, although others have not (see
reviews by Samet 1987 and Pennington 1988). The relation
between nitrogen dioxide exposure and respiratory infec-
tion has been explored in both in vivo and in vitro animal
systems. The animal studies have shown that nitrogen diox-
ide does affect host defenses, although the mechanism of
action is still not settled.

In vivo infectivity models have been developed that test
the ability of oxidant gas exposures to affect susceptibility
to respiratory infections. Such studies evaluate, among
other endpoints, mortality and bactericidal activity (the ca-
pacity to kill bacteria in the lungs). Mortality studies in sev-
eral animal species have documented decreased survival
when animals were exposed to bacterial or viral strains in
conjunction with an excess of 5 ppm nitrogen dioxide
(Henry et al. 1970; Fenters et al. 1971; Ehrlich and Fenters
1973; McGrath and Oyervides 1985). Studies of bactericidal
activity have shown impaired killing of bacteria by lung
phagocytes in animals exposed to levels of nitrogen dioxide
above 3.8 ppm (reviewed by Jakab 1980).

Specific components of the lung defense system have also
been investigated to evaluate the effect of nitrogen dioxide
on the course of infection (Pennington 1988). Much of the
work has focused on macrophages, through evaluation of
the physiological functions of macrophages, or measure-
ment of levels of enzymes that are secreted either by mac-
rophages directly or by macrophage-activated T-cells or
B-cells.

Macrophages isolated from rabbits exposed for two hours
daily to 0.3 or 1.0 ppm nitrogen dioxide over two weeks ex-
hibited accelerated particle clearance, decreased phago-
cytic capacity, and decreased macrophage mobility com-
pared to air-exposed animals (Vollmuth et al. 1986;
Schlesinger 1987). Mochitate and colleagues (1986) noted
both mildly enhanced activities of certain metabolic en-
zymes of the macrophage (such as glucose-6-phosphate de-
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hydrogenase and glutathione peroxidase of the peroxidative
metabolic pathway, and succinate-cytochrome ¢ reductase
of the mitochondrial respiratory system) and increased
macrophage numbers when rats were exposed to 4 ppm
nitrogen dioxide for 10 days. Twenty-four-hour exposure of
rats to 10 ppm nitrogen dioxide did not affect subsequent
phagocytosis by macrophages in culture, although ex-
posures as high as 25 ppm were found to reduce phagocyto-
sis (Katz and Laskin 1975). Amoruso and coworkers (1981}
found dose-dependent decreases in superoxide anion radi-
cal production in alveolar macrophages isolated from rats
exposed to 6.1 to 17.0 ppm nitrogen dioxide (for two to three
hours). Superoxide anion radical production is implicated
as playing a role in antibacterial activities.

Other investigators have focused on the effects of nitrogen
dioxide on immunoglobulins and other biochemical im-
mune factors. Mice exposed to 2 ppm nitrogen dioxide for
12 weeks showed a decrease in serum immunoglobulin A
and a decrease in immunoglobulin G; IgM and IgG, were
unaffected (Ehrlich et al. 1975). Lefkowitz and coworkers
(1984) found no significant changes in interferon levels, a
measure of immune system responsiveness, of mice after
5.0 ppm exposure for seven days. Thus, the experiments on
defense mechanisms indicate that nitrogen dioxide affects
specific components of the immunological system.

Unlike the animal models frequently used, however, the
origin of human respiratory infections is most commonly
viral. In addition, human respiratory infections generally
result in morbidity, rather than mortality. Very little infor-
mation is available on the combined effect of nitrogen diox-
ide exposure and viral infection. Such studies have gener-
ally been conducted on animals with mortality as an
outcome, or have been conducted in vitro. For example,
Valand and coworkers {1970) and Acton and Myrvik (1972)
found that rabbits exposed to 15 and 25 ppm nitrogen diox-
ide for three hours yield macrophages that have lowered ca-
pacity to develop virus-induced resistance to reinfection
and have inhibited phagocytosis. Studies of viral infection
in conjunction with nitrogen dioxide exposures are impor-
tant to fill the gap in our understanding of the effect of nitro-
gen dioxide on human health.

JUSTIFICATION FOR THE STUDY

Relatively high doses of nitrogen dioxide can cause seri-
ous toxic:effects, but whether or not ambient levels of nitro-
gen dioxide exposure cause risks to health is uncertain. The
HEI solicited proposals (RFA 83-2) that would help resolve
the issue of whether or not nitrogen dioxide in or near the
ambient exposure range increases the severity of, or en-



hances the susceptibility to, respiratory infections. Animal
studies that included aspects of host defense mechanisms
were particularly desirable.

In response to the RFA, Dr. Rose (Principal Investigator)
proposed to study the putative effects of nitrogen dioxide on
the course of respiratory viral infection in mice. Infectivity
studies were planned to evaluate the influence of both acute
and chronic exposure on the severity of pneumonitis in-
duced by both mouse cytomegalovirus and Sendai virus.
These proposed studies included determining the effect of
nitrogen dioxide exposure on susceptibility to primary in-
fection and reinfection, the effect of simultaneous exercise,
the effect of route of infection (virus administered intra-
nasally versus intratracheally), and the reversibility of
nitrogen dioxide effects. In addition, studies were proposed
to examine the mechanism of nitrogen dioxide effects, fo-
cusing on the antiviral functions of macrophages and lym-
phocytes. One of the strengths of the proposal was the
potential usefulness of the immunological techniques for
future investigations in humans.

GOALS AND OBJECTIVES

The objective of this research was to clarify the potential
role of nitrogen dioxide exposure in the pathogenesis of vi-
ral infection of the lower respiratory tract. The study fo-
cused on infectious outcome as the endpoint in animals ex-
posed to very low titers of virus. The specific goals of the
authors, as stated in the Investigators’ Report, were to exam-
ine the influence of exposure to inhaled nitrogen dioxide
on the pathophysiology of viral respiratory infection in an
established animal model (mice infected with the murine
cytomegalovirus); to delineate specific alterations resulting
from nitrogen dioxide exposure on host antimicrobial
defenses, with particular emphasis on the antiviral mecha-
nisms of the pulmonary macrophage and the function of
Tlymphocytes; and to determine if nitrogen dioxide ex-
posure results in immunological abnormalities detectable
in peripheral lymphoid tissue.

The experiments undertaken included studies of:

1. The effect of nitrogen dioxide exposure on susceptibility
to, and severity of, primary infection, using a subinfec-
tious dose of murine cytomegalovirus;

2. The effect of nitrogen dioxide exposure on susceptibility
to reinfection, using nitrogen dioxide exposure at the
time of initial murine cytomegalovirus infection and
again with subsequent reinfection with murine cyto-
megalovirus 30 days later;

3. The integrity of the macrophage plasma membrane, as
measured by in vivo and in vitro particle uptake studies;

4. Systemic immune responses, by examining proliferation
of splenic lymphocytes and virus-specific antibody
production.

STUDY DESIGN

The general design of most of the experiments in this
study called for exposing mice to varying concentrations of
nitrogen dioxide for six hours per day on two consecutive
days prior to inoculation with murine cytomegalovirus, and
then reexposing them to the same level of nitrogen dioxide
for six hours per day on four consecutive days, beginning
the day after viral inoculation. The titer of the inoculum
was selected to produce virologic or pathologic evidence of
lower respiratory tract infection in exposed animals with-
out producing evidence of infection in control animals. For
reinfection studies, a second inoculation with virus was
performed both on air-preexposed animals and on nitro-
gen-dioxide-preexposed animals that had been treated as
described above.

Particle uptake was studied in animals that had been ex-
posed to either nitrogen dioxide or air for six hours on two
consecutive days. In vivo studies assessed macrophage
phagocytic uptake of intratracheally instilled ¥8Au-colloi-
dal gold. In vitro studies determined the amount of gold
taken up by lavaged cells in situ. Lymphocyte function was
also assessed in vitro, after recovery of spleen cells from
either nitrogen-dioxide- or air-exposed animals. Virus-spe-
cific antibody was measured in the serum of animals 30 to
45 days after primary infection.

SUMMARY OF INVESTIGATORS’
CONCLUSIONS

The investigators report that relatively short-term ex-
posures of mice to nitrogen dioxide, at concentrations of 5
ppm or greater, increased their susceptibility to infection of
the lower respiratory tract with murine cytomegalovirus, as
indicated by the substantially smaller (approximately one-
hundredth} quantity of viral inoculum that was required to
produce either virologic or pathologic evidence of infec-
tion. Exposure to nitrogen dioxide during the primary in-
fection stage also appeared to result in an increased suscep-
tibility to reinfection on challenge with the same virus, in
the absence of nitrogen dioxide exposure, 30 days later.

Infection produced by the combined effects of nitrogen
dioxide and virus was not associated with any biochemical
evidence of injury. The nitrogen-dioxide-enhanced infec-
tion was associated with diminished macrophage phagocy-
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tosis of ¥8Au-colloidal gold in vivo, but not in vitro, and
with reduced viral clearance from the lungs.

Finally, increased susceptibility to reinfection appeared
to be associated with an interactive effect of nitrogen diox-
ide and the primary infection on the immune response.
Macrophage Ia epitope expression was diminished, sug-
gesting impairment of antigen-presenting capability. The
animals also had a reduced memory T-cell proliferative re-
sponse. There was no evidence of impairment of the hu-
moral immune response.

TECHNICAL EVALUATION

ATTAINMENT OF STUDY OBJECTIVES

The investigators had originally submitted a proposal to
the HEI with more ambitious experimental goals than those
of the present study. In order to make the study more feasi-
ble and focused, the investigators agreed to limit the goals
to those stated above (see Justification of the Study).

The investigators’ goals of the study were largely met (see
Goals and Objectives section); however, the results are of
uncertain reliability, and need to be validated, as discussed
below.

ASSESSMENT OF METHODS AND DATA ANALYSIS

In general, the experimental methods used in this study
were appropriate for the conduct of research on experimen-
tal infections and immunologic reactions in laboratory
animals.

The concentrations of nitrogen dioxide shown in the In-
vestigators’ Report (Table 1) ranged from 2.5 to 10 ppm, but
a few experiments were conducted at nitrogen dioxide con-
centrations up to 27 ppm. Concentrations of 15 ppm and
above were found to be lethal to some of the animals when
viral infection was superimposed; therefore, they were not
useful for studying the functional parameters intended in
this study.

It appears that the animals were caged in groups after ex-
posure to the virus. Because viral infection can spread in
an uncontrolled fashion among animals in a cage, the prac-
tice of group caging raises questions about whether or not
the total dose of virus received by the animals was ade-
quately controlled. Furthermore, it also suggests that the
treatment of each animal as a separate experimental unit for
the purpose of data analysis may not have been appropriate.

The authors infected the animals through intratracheal
inoculations. Although intratracheal instillation is more
convenient to perform and requires fewer resources, it
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should be pointed out that intratracheal instillation by-
passes the upper respiratory defense mechanisms and leads
to uneven patterns of deposition that are different from
those produced by inhaled virus (Brain et al. 1976). In-
tratracheal instillation with large doses over a short time
period may also have overloaded specific defense mecha-
nisms. It would have been preferable if the animals had
been exposed by inhalation, as is typical of human ex-
posure to virus.

Highly variable, and often small, numbers of animals
were used in the reported experiments. The investigators
encountered an unanticipated obstacle in obtaining reliable
and reproducible small viral inocula for use in the animal
studies. Inoculum titer variability of greater than 10 percent
was designated inadequate; apparently over 30 percent of
the experiments were discarded on this basis. However, a 10
percent variability in titers that range over several orders of
magnitude does not appear to be large enough to warrant
exclusion of data. The authors have also indicated that there
was no evidence of infection in all the discarded experi-
ments. Although the investigators believe this was because
the viral titers administered were too low, they may have
discarded valid data and, as aresult, biased the results away
from the null hypothesis (no effect due to nitrogen dioxide
exposure).

The investigators have adopted the statistical procedure
of estimating the 50-percent-response dosage (EDgg—the
concentration that resulted in 50 percent infections with a
standard viral dose) from their dose-response data, which
in several cases had only one usable data point. This may
have contributed to what appear to be inconsistent conclu-
sions. Thus, it is reported that the 50-percent-response con-
centration of nitrogen dioxide was calculated to be 3.9 ppm.
The report also states that the threshold for enhanced viral
susceptibility from nitrogen dioxide exposure is at 5 ppm,
apparently because 2.5 ppm did not result in any signifi-
cant alteration of viral susceptibilities, but 5 ppm did. How-
ever, no doses between 2.5 and 5 ppm were tested, and the
report does not formally analyze the data for trends to af-
firm dose-response relations. A conclusion that 5 ppm is
the “threshold” implies that nitrogen dioxide has no detect-
able effects at 3.9 ppm.

INTERPRETATION OF RESULTS

A major concern in interpreting the results is the small
number of animals on which the conclusions are based.
This concern is further amplified because the animals were
caged in groups. Although statistical significance was ob-
served in a number of the small-sample experiments, one
must reserve judgment with regard to their biological sig-



nificance. Hence, additional evidence will be necessary to
establish relevant dose-response relationships or mechan-
istic explanations.

There are two noteworthy features of this research de-
sign. First, the animals were exposed to nitrogen dioxide
both before and after the inoculation with virus (see Study
Design section in this report). This protocol may be a more
realistic model for human nitrogen dioxide exposure than
previous studies in which pollutant exposure occurred ei-
ther before or after administration of the infectious agent.

A second feature, the secondary challenge with the virus
30 days after the initial combined nitrogen dioxide and vi-
rus exposure, has provided useful information. The investi-
gators interpret the results of increased sensitivity to viral
reinfection as suggesting a deficit in the immune memory
function induced by the initial combined exposure. This
has important implications, in that reinfection of the respi-
ratory tract is common in early childhood (Henderson et al.
1979), the age at which the influence of nitrogen dioxide on
the frequency of respiratory illness. is postulated to be
greatest (Shy et al. 1970). It is possible that the virus itself
may be immunosuppressive, and that exposure to the virus,
rather than to nitrogen dioxide, was responsible for the sub-
sequent increase in susceptibility; however, this hypothesis
would still involve an interaction between nitrogen dioxide
and virus at the time of initial exposure, which would have
enhanced the initial infection, thus rendering the animal
less immunocompetent on subsequent infection. As indi-
cated by the authors, this observation offers an area for addi-
tional investigation.

Justification for the use of the murine animal model to ex-
plore the effect of exposure to nitrogen dioxide in humans
is presented (see Discussion section of Investigators’ Re-
port). The authors point out anatomic and functional
similarities between humans and laboratory animals, and
they suggest that the qualitative differences among species
may not seriously complicate interpretation of the health
implications of the observed results. However, the labora-
tory model used here does not fully represent the actual
conditions of human exposure; therefore, quantitative ex-
trapolation to humans should be approached cautiously.

Also, the levels of nitrogen dioxide at which any effects
were observed in this study are much higher than the levels
to which people are generally exposed. Although the
authors state that the concentration at which increased
sensitivity to viral infection was noted in mice (5 ppm) is
comparable to some reported indoor air concentrations of
nitrogen dioxide, it should be emphasized that the concen-
trations of nitrogen dioxide studied here exceed the outdoor
air quality standard for average nitrogen dioxide concentra-
tions by approximately two orders of magnitude, and that

they exceed the usual peak concentrations in the outdoor
environment by at least one order of magnitude (U.S. Envi-
ronmental Protection Agency 1985).

REMAINING UNCERTAINTIES AND
FUTURE RESEARCH

While the results of this study are limited, they do sug-
gest additional areas of research. A more precise determi-
nation of the actual concentrations required to enhance vi-
ral infectivity or reinfectivity could be achieved with larger
sample sizes and better-controlled experiments. In addi-
tion, animal studies that contribute to knowledge of the
mechanisms by which increased susceptibility occurs may
lead to our understanding of the effect of nitrogen dioxide
on human respiratory infections.

The suggestion that exposure to nitrogen dioxide ad-
versely affects specific antiviral functions of the pulmonary
macrophage and natural killer cells deserves confirmation
and more extensive investigation. The observation that
splenic lymphocytes, obtained from nitrogen-dioxide-
exposed animals 30 days after primary infection, fail to
proliferate in response to subsequent antigens needs more
in-depth study to determine whether or not this deficit is
related to the increased viral sensitivity noted in the rein-
fection experiments. Documentation of a deficit of local
pulmonary production of gamma interferon during ex-
posure to murine cytomegalovirus could help to clarify the
relation.

CONCLUSIONS

This study has provided evidence that mice exposed to
nitrogen dioxide, before and after inoculation with a mu-
rine virus, are rendered more sensitive to initial infection
by the virus and more sensitive to reinfection by the virus
30 days later. The evidence is consistent with the hypothe-
sis, put forward on the basis of epidemiological data, that
exposure to nitrogen dioxide increases the susceptibility to
viral infection. However, because of the small sample sizes
and other problems noted above, the results are of limited
value in terms of quantitative, dose-response relations.

Perhaps more importantly, this research provides the ba-
sis for formulation of hypotheses concerning the mecha-
nism of increased sensitivity to virus that may, with further
research, provide more sensitive tools and better under-
standing of the relations between nitrogen dioxide ex-
posure and human sensitivities to viral infection. Consider-
able additional research is needed to confirm the proposed
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viral mechanisms, and to work out the application of such
mechanisms to the assessment and evaluation of air quality
so that protection of human health can be assured.
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The Health Effects Institute (HEI) is an independent non-
profit corporation that is “organized and operated . . . to
conduct, or support the conduct of, and to evaluate research
and testing relating to the health effects of emissions from
motor vehicles” It is organized in the following ways to pur-
sue this purpose.

INDEPENDENCE IN GOVERNANCE

The Institute is governed by a four-member Board of
Directors whose members are Archibald Cox (Chairman of
the Board), Carl M. Loeb University Professor (Emeritus) at
Harvard University; William O. Baker, Chairman (Emeritus)
of Bell Laboratories and Chairman of the Board of Rocke-
feller University; Donald Kennedy, President of Stanford
University; and Charles Powers, Partner, Resources for
Responsible Management.

TWO-SECTOR FINANCIAL SUPPORT

The Institute receives half of its funds from the United
States government through the Environmental Protection
Agency, and half from the automotive industry. Twenty-
seven domestic and foreign manufacturers of vehicles or en-
gines contribute to the Institute’s budget in shares propor-
tionate to the number of vehicles or engines that they sell.

THE HEI RESEARCH PROCESS

The Institute is structured to define, select, support, and
review research that is aimed at investigating the possible
health effects of mobile source emissions. Its research pro-
gram is developed by the Health Research Committee, a
multidisciplinary group of scientists knowledgeable about
the complex problems involved in determining the health
effects of mobile source emissions. The Committee seeks
advice from HEI's sponsors and from other sources prior to
independently determining the research priorities of the
Institute.

After the Health Research Committee has defined an area

of inquiry, the Institute announces to the scientific commu-
nity that research proposals are being solicited on a specific

topic. Applications are reviewed first for scientific quality
by an appropriate expert panel. Then they are reviewed by
the Health Research Committee both for quality and for rele-
vance to HEI's mission-oriented research program. Studies
recommended by the Committee undergo final evaluation
by the Board of Directors, who review the merits of the study
as well as the procedures, independence, and quality of the
selection process.

THE HEI REVIEW PROCESS

When a study is completed, a final report authored by the
investigator(s) is reviewed by the Health Review Committee.
The Health Review Committee has no role either in the re-
view of applications or in the selection of projects and in-
vestigators for funding. Members are also expert scientists
representing a broad range of experience in environmental
health sciences. The Committee assesses the scientific
quality of each study and evaluates its contribution to unre-
solved scientific questions.

Each Investigator’s Report is peer-reviewed, generally by
a biostatistician and three outside, independent reviewers
chosen by the Review Committee. At one of its regularly
scheduled meetings, the Review Committee discusses the
Investigator’s Report. The comments of the Committee and
the peer reviewers are sent to the investigator, and he or she
is asked to respond to those comments and, if necessary, re-
vise the report. The Review Committee then prepares its Re-
port, which includes a general background on the study, a
technical evaluation of the work, a discussion of the re-
maining uncertainties and areas for future research, and
implications of the findings for public health. After evalua-
tion by the HEI Board of Directors, the HEI Research Report,
which includes the Investigator’s Report and the Review
Committee’s Report, is then published in monograph form.
The Research Reports are made available to the sponsors,
the public, and many scientific and medical libraries, and
are registered with NTIS.

All HEI investigators are urged to publish the results of
their work in the peer-reviewed literature. The timing of the
release of an HEI Research Report is tailored to ensure that
it does not interfere with the journal publication process.









