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The Effects of Ozone on Immune Function

George J. Jakab,' Ernst Wm. Spannhake,' Brendan J. Canning,’
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A review of the hiterature reveals that ozone 0.} exposure can either suppress or enhance immune responsiveness. These disparate effects elicited
ey O, exposure depend, in farge part, on the éxpermental design used, the immune parameters examined as well as the animat species studied.
Desoite the apparent contradictions, a general pattern of response to O3 exposure can be recognizea. Most studies indicate that continuous O

exgosure leaas to an early {days 0-3) impairment of immune responsiveness followed, with continued exposures, by a form of adaptation to O3 that
resuits in a re-establishment of the immune response. The effects of O_ exposure on the response to anugenic stimulation also depend on the tme
et v.nich O_ exposure occurred. Whereas O, exdosure prior to immunization is without effect on the response to antigen, Os exposure subsequent
10 MUNIZETION SUOPresses the responsa 10 anugen. Althougn most studies have focused on immune resoonses in the lung, numerous INvestiga-

1273 ~ave providea functional and anatomicar 2viaence (o0 support t~e hypothesis that O exposure can rave profound effects on systenic immunity.

— Znviron Health Perspect 103(Suppl 2):77-59 (1995)

Kev words: czone, mmunity, alveolar masrconages. peritoneal macrophages, immunogiobuling, n.:ogenesis, lymphocytes, respiratory infec-

1icns. phagocytosis, prostaglandins

Introduction

Broadly defined. the function of the
immune svstem is to protect the body from
damage by infectious microorganisms and
neoplastic cells. The immune response is
mediated by a variery of soluble factors and
cells grouped according to their capacity to
mediate innate (natural) or adaptive
(acquired) immune responses. Innate
immunity is primarily dependent on the
phagocytic effector mechanisms (including
humoral factors such as complement.
lvsozvme, etc.), which are neither specific
for particular infectious agents nor
improved by repeated encounters with the
same agent. Acquired immunity is specific
for the inducing agenr and is marked by an
enhanced response upon repeated encoun-
ters with that agent. thus displaying mem-
orv. These systems do not function inde-
pendently since innate and acquired
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immune mechanisms can interact: specific
antibodies enhance the phagocytic inges-
tion process and cell-mediated immune
responses increase the intracellular micro-
bicidal and tumoricidal capabilities of the
phagocvres. Both innate and acquired
immune responses and the cells that carry
out these processes are regulated by soluble
factors such as cvtokines and various auto-
coids.

The multiple interlocking mechanisms
involved in the complex sequence of events
that lead to the expression of the immune
response can present a plethora of targets
for air pollutants and xenobiotic com-
pounds. Recognition that environmental
agents can impair immune function has
lead to the emerging field of immunortoxi-
cology (1.2). As with any new area of sci-
entific endeavor, uncertainties abound as
the field is defining itself and gaining
recognition. This is especially true when
many questions remain unanswered in the
parent discipline immunology. Against this
background the literature on the effects of
ozone on immune function is reviewed.

Ozone and
the Immune Response

A survey of the literature on the effects of
QO exposure on innate and acquired
ini‘nmniry reveals that the responses range
from no ettect to impaired and/or enhanced
cttects. Several factors related to the experi-
mental systems used are responsible for this
ambiguous situation. Firse, many studies

have examined a diverse range of immuno-
logic paramerers with varving sensitivities
to O,. Second, there are differences in
responses to O among animal species.
Third. it is becoming increasingly apparent
that the O concentrations employed and
the exposure protocols utilized (i.c., con-
tinuous versus intermittent) heavily influ-
ence the responses measured. Finally, che
ame at which O, exposure occurs, relative
to the time at which responsiveness is mea-
sured, appears to be critical.

To unravel the variables and to deter-
mine the trends that emerge, it is helpful
to group the approaches that have been
used to investigate the eftfect of O, on the
immune system into several categories.
These include: @) measurement of lym-
phoid organ weights and cellular compo-
sition: &) determination of the funcrional
capacity of lymphocytes in the absence of
antigenic stimulation; ¢) measurement of
the immune response following antigenic
stimulation: d) assessmenc of the phago-
cvric capacity of alveolar macrophages:
and ¢) measurement of the host response
to infectious agents. Because multiple
variables determine the response of the
immune apparatus to experimental ()‘
expostre, attention is given herein o the
exposure conditions utilived. Thereatier,
the studies pertormed in our laboratories
in an acempr o validate and gain insighes
into the mechanisms of the divergent
etfects of O on the immune system will
be presented.
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Effect of Ozone on Lymphoid Organ
Weight and Cell Numbers
The cttect of O, exposure on lvmphoid
organ weights and/or cellularity have been
examined in several studies. Although there
is no clearcut conclusion, a general pattern
of response to O is reected in the changes
in lvmphoid tissues that can be correlated
with changes in immune parameters.
Continuous 0. 3100.8 ppm ()‘ exposure
tor 20 to 24 hr/day elicits decreases in
murine spleen, rhunus, and mediastinal
ivmph node (MLN) weights atter 1 0 3
davs of exposure (3.4). The changes in
MLEN weight were tound to be dose dcpcn-
dent over a range of 0.3 t0 0.7 ppm O_ ().
Wich prolonoed exposures (7—14 d‘uc
spieen. chymus. and MLN weights returned
to control levels {3,4). Concomitant with
the return of lvmphoid organ weights to

control levels is an increase in the number of

T-cells in these organs. Thus. after an inidal
decrease. T-cells increase in Ivmphoid
organs after continued O exposure (5-8).
The increases in MLN T-ceU numbers were
abolished by pretreatment with a mono-
clonal antibody for T-cells (8).

The increase in T-cell numbers is not
paralleled by a change in B-cell numbers.
IgG- and IgM-secreting cells in murine
bronchus-associated lymphoid tissue
(BALT) (9) and B-cell numbers in the
lung as a whole did not change with pro-
lonoed O, exposures (7). Likewise, expo-
sure of rits to 0.13 ppm O for 1 week
increased T/B cell ratios in rhe MLN. with
the increases lasting for at least 5 davs after
cessation of exposure (10).

Based on the studies cited above. it is
apparent that a pattern in the response to
O, can be recognized. Subsequent to an
initial decrease in tv mphond organ weights
and cellularity after 1 o 7 davs of expo-
sure. continued exposure of 1 to 3 weeks
reveals that the organ weights not only stop
decreasing, but actually return to control
levels and. in some cases. exceed control
levels (). Most of these changes in lym-
phoid organ weights can be correlated 10
changes in T-cell numbers and prolifera-
tion. This apparent adaptation to O expo-
sure is also mirrored in the tumnon.ll stud-
ies of the immune response.

The general pateern of response to O
exposures does not always hold. however.
For example, it was observed that thymus
weights continued to decrease as continuous
exposures o 0.8 pbm O, were extended 1o
periods as long as 56 (l.l\\ (71, On the
other hand. when mice were continuously
exposed 10 0.31 ppm O (103 hr/week tor 6
months) and allowed to breathe tlwered air
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for 5 monthy following evposure, an
mcrase e the spleen weights was observed
«12). Furthermore, an analvsis of BALT tis-
sue in rats showed that exposures of 2 w3
days actually enhanced DNA synthests and
the mitotic index. both of which gradually
returned to control levels with continued
exposures. These changes in proliferation in
BALT tissue were not reflected by changes
in BALT size, which was unatfected by O
exposure {13).

Effect of Ozone on

Immune Function in the Absence of
Antigenic Stimulation

Longitudinal studies on the effects of O,
exposure on lvmphoid organ cell numbus
provide information on cellular traffic and
cell numbers but provide few insights into
the functional capaciey of the lymphocytes.
A number of studies have investigated the
ertect of O exposure on the blastogenic
response of [vmphocytes to nonspecific
mitogens. These assays measure nonspecific
clonal expansion of the lvmphocyvte popu-
lations, a critical step during the amplifi-
cation of the immune response. Thus.
MLN cells stimulated with concanavalin A
(ConA) during the course of continuous
0.7 ppm O, exposure (20 hr/day, 7
davs/week for 28 consecutive days) showed
lictle change in responsiveness during the
first week: however, by day 14,
enhanced reactivity was observed that con-
rinued to increase through day 28 (4,8).
Short-term exposure studies have shown
that the rat splenic cell responses to T-cell
mitogens phytohemagglutinin (PHA) and
ConA and a B-cell mitogen (Escherichia
coii LPS) were significantly enhanced by
exposure to | ppm O (8 he/day for ~
davs) (74). In conrrast, mtermment expo-
sure to 2 ppm O (8 hr/day for 4 days, 2—
days in ambient air foilowed by another
dav of O exposure) was withour effect
while lono -term exposure of mice to 0.1
ppm Q, (5 hr/day, 5 davs/week for 103
davs) xupprusgd the splt.mc cell responses
to T-cell mitogens (PHA and ConA) but
not to a B-cell mitogen [Salmonella typhosa
LPS: (/9)).

Nartural killer (NK) cell activiey has also
been used as an index of O_-mduud
ctiects on the functional integrity of the
immune surveillance svstem. One such
\'(Ull\' d&'l“()n\'“"l(t’d lh;l( C()I][il]l.l(“lﬁ L'\P()-
sure of rats to 1 ppm O for 10 consecutive
davy resules ina \|<-mhc.mr decrease in pul-
monary NK cell activiey on davs 1, 5, and
T ot exposure, with activity recovering, by
dav 10 (76).
exposure of rats to ()‘ (0.2 ppm, 0.4 ppm,

In another study, continuous

snd 0.8 ppmy enhanced lung NKocell
wtivine on dav 7 acthe two lower coneen-
trations, whereas exposure at 0.8 ppm O
had asuppressive eftect (17).

The above-mentioned studies on the
ettects of OO exposure oh mitogen respons-
es and NK'eell activity used exposures
O in great excess of that found in ambient
air. To i investigate the cffects of acute and
chronic exposure o O at near ambicnt
concentrations. Selgrade’vr al. (/8) used an
experimental protocol designed to mimic
diurnal urban O exposure patterns. Rars
were exposed 1o 1 background level of 0.06
ppm for a period of 13 hr, a broad expo-
sure spike rising from (.06 ppm ro 0,23
ppm and returning to .06 ppm over Y hr,
and a 2-hr downtime. The exposures to
this profile were 5 daysfweek: weekend
exposures were to the background. After 1.

13,52, or 78 weeks of exposure. blood
was drawn and the spleens removed.
Spleen cells were assessed for NK cell activ-
i and responses to T-cell mitogens (PHA
and ConA) and a B-cell mirogen
1Salmonella typhimurium glvcoprotein).
Peripheral blood leukocytes were also
assessed for responses to T-cell mitogens.
The data show that O exposure had no
ettect on NK cell activity, nor were there
any O —related changcs in mirogen
responses in splenic or blood leukocytes.
There were also no effects of a single 3-hr
exposure to 1 ppm of O, on spleen cell
responses to the mitogens immediacely
after exposure or at 24, 48, and 72 hr
thereafter.

Several studies have also investigated the
erfect of O, exposure on human peripheral
blood I_vmp%oc,vtes. Exposure of subjects to

0.4 ppm O, for 4 hr impaired the abiliey of

B-cells to form rosettes with human ervthro-
ates. whereas the ability of T-cells ro torm
rosetees with sheep ervthrocvees was unat-
tected (/9). Another study examined the
ettects of a single 2-hr exposure to 0.6 ppm
O, on the mitogenic response of peripheral
Ivmphocytes following stimulation with
PHA, ConA. pokeweed mirtogen {(PWA,
and Candida albicans. The mitogenic
response to PHA was significantly reduced
at 2 and + weeks following O L'me'urc.
with normal responses obscrved at 2
months. In contrast. no significam dnnuus
in lvmphocyte responses to ConA, PW M,
and o albicans were observed (20). Finally,
subjects were exposed for 2 hir o 0.12 and
0.4 ppm O during moderate exercise, and
PHA-induced peripheral T-celt proliteration
Wiy asseased betore exposure and 24 and 72
7 atter exposure (21). In the absence of O
evercise enhanced profiferation as uunp.md
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o restng subjeas, whereas exposure to O
with exercise appeared o reduce the capadi-
o of the subjects o react to exercise with an
enhanced proliterative response. This
reduced response appeared to be more pro-
nounced in subjects exposed to the higher
concentration ot O, and appeared to be
more pronounced at 24 hr than 72 hr post-
exposure.

Effect of Ozone on Immune Function
with Antigenic Stimulation

A handful of studies have examined the
effect of O exposure on the allergic
response to antigenic {ovalbumin, OA)
stimulation. In general, these studies have
used a Pandora’s box of O exposure regi-
mens and varied the time and site (aerosol.

antigenic stimulation. A common thread
through most of these studies is that when
the antigenic stimulation was performed
during O exposure, enhanced allergic
responses were observed (22-26). How-
ever, when O exposure preceded OA stim-
ulation. IgE antibody production was sup-
pressed (.27

In a series of studies, Fujimaki and col-
leagues 13,11,28) evaluated the systemic
etfects of short-term O exposure on the
humoral and cell-médiated immune
response. In the first study, mice were con-
tinuously exposed 1o 0.8 ppm O, for 1, 3,
7.and 14 days. After each day of exposure,
the animals were tested for the primary
splenit antibody response 1o either sheep
enthrocytes (SRBCs; T-dependent antigen)
or DNP-Ficoll (T-independent antigen).
The antibody response to SRBCs was sup-
pressed following all exposure periods. In
contrast. no suppression was observed in
the primary antibody response to DNP-
Ficoll (3). When the continuous 0.8 ppm
O, , exposure was extended to 56 days, sup-
prcsslon of the primary splenic antibody
response to SRBCs. but not DNP- Ficoll,
was still evidene (/7). Using the same expo-
sure protocol (continuous 0.8 ppm O‘ tor
1. 3, 7. and 14 days). cthe delayed-tvpe
hypersensitivity (DTH) response to SRBCs
was also examined (28). Ozone exposure
gradually depressed the DTH reaction from
1 dav to 7 davs of exposure and returned to
control fevels by dav 14. In the same study.
the timing between O exposure and SRBC
immunization for thé DTH response was
also examined. Cogtinuous exposure to 0.8
ppm Q_ tor 3 davs immediately betore
Hnn]llnl/.l(l()n (\\'l(h no PO\[ ll"lnllnll.l[l()ll
exposure) had no cffect on the DTH reac-
(l()n \\hkft.‘\ um(lnuom U ppl“ () (\P()'
sure tor 3 days following immunization

\orame 103, Supplement 2. March 1995
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systemic. or a combination of both) of

seniticandy suppressed the DTH response
280 In toto, v appears that O exposure
preterentially aftects the immune repertoire
of the T-cells rather than that of the B-cells.

The effect of O exposure on DTH
responses 1o Listeria ‘nmno(_‘ymgmes antigen
has also been investigated (/0). For this,
rats were continuously exposed to 0.75
ppm O for 7 days immediately betore or
immediately after intratracheal infection
with L. monocytogenes. The DTH response,
tested at 7 and 14 days after infection
timmunization), was not significantdy influ-
enced by exposure to O for | week before
intection. However, if O exposure
occurred during the Listeria mfcctlon, the
DTH response was suppressed. Using the
same exposure protocol. the proliferative
responses of spleen cells to Listeria antigen
was also examined. The effect of O, expo-
sure on this expression of immunin closely
paralleled the etfect tound with DTH to
Listeria antigen [i.e., whereas exposure
before immunization did not decrease blas-
togenesis, the proliferative response was
significantly suppressed in animals chat
were exposed to O, immediately after
immunization {(/0)]. In a related study,
mice were continuously exposed to 0.59
ppm of O_ for 36 days. On the fifth day of
exposure, the animals were immunized with
tetanus toxoid and challenged with tetanus
toxin on day 27. Compared with unex-
posed controls, O -exposed mice exhibited
greater mortality and morbidity following
the toxin challenge (29).

Effect of Ozone on Alveolar
Macrophage Phagocytosis

Studies on the effects of O exposure on
innate immunity have focused on the
phagocytic activiry of alveolar macrophages
{AMs). Acute exposures (2.5 ppm for 5 hr)

decreased the in situ phagocvtosis of

inhaled Staphlvlococcus aureus in rat lungs
{30). In a similar manner, _.xposure to 0.4
and 0.8 ppm O, ppm for 3 hr decreased
phagocytosis of mtratrachcallv adminis-
tered Streprococcus zooepra’emtcm in murine
lungs in a dose-dependent manner (37).
Ex vive studies on AM phagocytosis
have found divergent effects of O, expo-
sure. For L\.llTlPlL‘ when rats were continu-
ousl\ exposed to 0.8 ppm O (for 3, 7. and
20 days). an enhancement i i the ingestion
ot carbon-coated larex p‘lr[ldcs was
observed. with the greatest increase follow-
ing 3 davs of exposure (32). On the other
hand, rat AM phagocytosis of opsonized
SRBCs was progressively suppressed from
dav 1 o day 3 of contnuous 0.5 ppm O
cxposure, with recovery of phngocyrif‘

ULk A IIVVIUNITY

activiey by dav o of exposure (33). When
rabbits were given a single 2-hr exposure ol
0.1 ppm O - AM phagocyrosis was maxi-
mally decreased immediately after exposure
and remained low throughout the ensuing
day, albeit to a lesser extent: complete
recovery of phagocytic activiry occurred by
day 7 post-exposure (34). Increasing the
single 2-hr exposure dose ot rabbits 10 1.2
ppm 0O, resulted in a continued suppres-
sion of AM phagocytosis through pose-
exposure day 7. Intermittent exposure of
rabbits (0.1 ppm () for 2 he/day for 14
davs) resulted in a \n,mhc'm( reduction of
AM phagocytosis on day 3 and 7 with
recovery of phagoevric potential by day 1+,

To assess species ditferences in O -
induced changes in AM phagocvtosis, rats
and mice were intermictently exposed to
0.4 ppm O, (12 hr/day for 7 days). Afrer |
day of L\PO\UFL‘ AM ph.wourmns of
opsonized SRBCs was suppressed in mice
and enhanced in rats. By davs 3 and 7
post-exposure. rat AM phagocytosis
returned to control levels, whereas mouse
AM phagocytosis continued to be sup-
pressed (33).

The eftect of O exposure on human
AM-mediated phagocytosis has also been
examined. For this, subjects were exposed
for 6.6 hr to either 0.08 ppm or 0.10 ppm
O. during moderate exercise (36).
Bronchoalveolar lavage was performed 18
hr after exposure {36). Ozone exposure
significantly decreased the ability of AMs
to ingest Candida albicans veast particles
coated with serum (complement receptor-
mediated phagocytosis). However. no such
effect was observed with IgG-coated yeasts
(Fc receptor-mediated phagocytosis) or
unopsonized veasts (nonspecific receptor-
mediated phagocvtosis). Finally, a human
study investigated the effect of a single 0.4
ppm O, exposure on peripheral blood
leukocyt te function. The capacity of poly-
morphonucl‘.nr neutrophils (PMNs) to
phagocytize and kill Staphyvlococcus epider-
midis was signiticancly suppressed at 72 hr
atter exposure and returned t normal lev-
els 2 weeks after exposure (3.7)

The Effect of Ozone on Resistance

to Infectious Agents

Recognition of che association berween
exposures to air pollutants and che develop-
ment of acute respiratory illnesses has led 1o
aninal models that use microbiologic para-
meters to evaluate toxicity (38.39). Many
studies on the effeets of O on host defenses
have been pertormed with a rodent model
that is often referred 1o as the
model™ (39). In this model, rodenes are

“infectivity
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challenged by aerosol inhakation with highiv
vitulent  Aledsiella  pnewmoniae  or
Nerepracoceus pyogenes tollowing various O

exposure protocols and observed tor deaths
over the subsequent 14-day peried. The
data on the etfects of O exposure are
expressed as increases in mortality. The car-
liest of these studies (40) found significant
increases in mortality following K. preumo-
niae challenge when mice were exposed to 1
ppm and 4 ppm O, for 3 hr, | ppm O for
100 hr.and 1 ppm O, for 4 hr/day. 5
davsiweek for 2 weeks. With the use of
Streprococcus pyogenes, the sensitivity of the
“infectivity model” increased in that
significant differences in mortality were
demonstrated when the infectious challenge
was given simultaneously or 2 hr after expo-
sure to 0.1 ppm O for 3 hr (41). Mice
exposed 3 hridav, 5 3:1ys/week for 103 davs
t0 0.1 ppm O, also exhibited increased sus-
ceptibility to death trom streprococcus chal-
lenges (13). Other studies with the “infec-
tivity model™ involving O exposure
focused on the relationship benween O and
NO, exposure on resistance o streprococ-
cal pneumonia (+2—44).

The “infectivity model” links interfer-
ence with pulmonary antibacterial defenses
to mortality following pulmonary chal-
lenges with virulent organisms. Another
approach is to use minimally virulent
organisms, such as S. aureus, that do not
provoke injurious responses in the lungs
(45). In this svstem, rodents are challenged
by aerosol inhalation with staphvlococci
and intrapulmonary killing of the organism
is assessed over a 4- or 5-hr period by stan-
dard microbiologic methods. Exposure to
O, can occur before, after. or before and
after bacterial challenge. Under normal
conditions. approximately 90% of the
staphvlococci are killed over the initial 4-hr
period of infection. The effects of O expo-
sure are assessed in terms of suppression of
intrapulmonary bacterial killing.

Exposure of mice to 0.1 ppm, 0.5
ppm, and 1 ppm O _ for 3 hr immediately
before staphylococcal challenge signiticant-
Iv suppressed the intrapulmonary killing of
S. awurens in a dose-related manner
(46.47). Similarly, exposure to increasing
concentrations of O for 17 hr betore or 4
hr atter bacterial challenge also impaired
the intrapulmonary killing of staphvlococ-
¢t in a dose-dependent manner (+8,49).

More recent studies  with  che
Streprococcus :n”e/vif/mniuux infectivicy
mode! found that 0.4 ppm and 0.8 ppm
O, exposure of 5- and Y-week-old CD-1
mice for 3 hr impaired intrapulmonary
bacterial killing, with the most severe eftect

clicited by the higher dose of O in the
vounger mice (50}, When the studyv was
pertormed in two ditterent mouse strains,
the results showed that C3H/He] mice
were more sensitive to the eftects of O
exposure on susceptibility to streptococcus
infection than C37BI/6 mice (37).

The effect of O exposure on chronic
respiratory infections has been assessed
using Mycobacterium tuberculosis and L.
monocyrogenes as challenge organisms. Mice
exposed to 1.5 ppm O, (4 hr/day, 5
davs/week for 2 months) exhibited no
increased mortality to intravenously admin-
istered M. suberculosis {(51). On the other
hand. exposure of mice to 1 ppm O, (4
hr/dav. 5 davs/week for up to 8 weeks)
beginning at 1 or 2 weeks after inhalation
challenge with AL ruberculosis significantly
enhanced the number of bacteria recovered
from the lungs {32). With L. monocyogenes.
rats were exposed continuously to 0.13
ppm, 0.25 ppm, 0.5 ppm, 0.75 ppm, 1.0
ppm, and 2.0 ppm O, for 1 week and
thereafter intratrachea}lly infected with
Listeria. Exposure to 1 ppm O, significantly
increased mortality through dyvsfunctions
in the intrapulmonary elimination of the
bacteria (10).

Only a few studies have investigated the
effects of O, exposure on the outcome of
viral respiratory infection. Fairchild (53)
demonstrated that exposure to 0.6 ppm O,
for 3 hr after aerosol infection of mice with
mouse-adapted influenza A2/Japan 305/57
virus inhibited viral replication in the nose
but did not alter influenza virus growth in
the lungs of the same animals. Continuous
1.5 ppm O3 exposure also had no effect on
the proliferation of virus in the lungs of
mice infected by aerosol inhalation with a
sublethal dose of influenza A/PR8/34 virus
(54). In another study (55). mice were
exposed to 1 ppm 0,3 hr/dav tor 5 davs
and intranasally infected -vith mouse-adapt-
ed influenza virus A/Hong Kong/68 imme-
diatelv after the first. second. third, fourth.
and fitth of the five daily exposures. A 2-fold
increase in the incidence of mortality was
observed in mice infected after the second
exposure, with no effects on percentage
mortality in mice infected on the hrse, third.
fourth. or ffth exposure. When the expo-
sure conceneration was lowered to 0.5 ppm.
there were no etfects on mortality in mice
after the second exposure. Five daitv 3-hr
expostres to 1 ppm O had no eftecr on
virus titers in the hungs of mice infected after
cither the second or hitth day of exposure.

Wolcotr et al. {(56) observed a protec-
tive ctfect of O exposure to infuenza virus
intection. Mice were continuously exposed

S ppm O for 2 weeks betore and atrer
acrosol miecnon with intluenza A virus
(WSN strain). Four groups were included
in tac scudy. The control mice were
exposed to air for 2 weeks. virus infected
and reexposed to air for 2 weeks. The
experimental groups were exposed to (0
either before, atter, or betore and after
virus infection. fr was tound that all animal
aroups expased to O had a significan
decrease in mortality, which correlated
with a less widespread intection of the lung
parenchyma. The reduced moreality was
independent of peak pulmonary virus
titers. pulmonary interferon titers, and pul-
monany and serum-neutralizing ancibodies.

Other Studies

Ozone exposure may also induce aberrane
immune responses through modification of
“selt” Jeterminants in the lTungs by wavs
such as cross-linking ot antigen (57),
denaturation of protein (38). or by other
means {39). Indeed. an auroimmune
response has been attributed to O expo-
sure 1 60). '

The effect of in vitro O exposure on
the immune responsiveness of isolated cells
has also been investigated. These experi-
ments have demonstrated that acute expo-
sure to O reduces AM phagocytosis (6/)
ina dose—c'iependenr manner (6.2). In addi-
tion. PGE_ producrion by AMs was
increased by O exposure, and superoxide
release from stimulated cells decreased
(62). Exposure of peripheral mononuclear
cells from healthy individuals ro various
concentrations of O, revealed a general
decrease in immune parameters such as
NK activity (63), responsiveness to mito-
gens. expression of activation markers on
monocytes and lvmphocyies (64.65). and
antibodv production (66). These are
important observations because they
demonstrate similar responses to O
between human cells exposed in wirro and
animals cells exposed in vivo. Confirming
the validity of the animal models, rhese
studies demonstrate that the response o
O, of human celis exposed in vitra is simi-
laf to that of animal cells exposed in vivo.

Studies Performed

The studies performed in our laborarories
were designed o clarify some of the issues
regarding the eftects of O exposure on the
innate and acquired immune svstem, The
first goal was to vestigate the modulating
etfect o O exposure on AM phagocytosis
and to determine whether an adaptive
phase rollowed prolonged exposure. The
second goal was to explore whether changes
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in the o tlungl immune responses were
mirrored by changes in the systemic
immune responses. The chird goal was 1o
"Jln SOMmMe l”\l"h( mrto (ht‘ n]c(h.\nl\l“Q ()f-
the systemic cttects and, hnally, we
attempred to clucidate the mechanisms by
which O exposure reduced the pathogene-
sis af'expérimcnml influenza virus infection.

Suppression and Recovery of the
Alveolar Macrophage Phagocytic
System
To investigate the effect of O, exposure on
AM phagocytosis and to determine whether
prolonged O exposure results in an adap-
tive rcspongc:. mice were exposed to 0.5
ppm O tor 23 hriday for 14 consecutive
davs. At 1. 3. 7. and 14 days of exposure.
AM phagocyrosis of opsonized SRBCs was
assessed 211 rirro (67). Figure 1.4 shows that
I day of O cxposure suppressed AM
phd"OC\ tosis. This impairment of phago-
cvtic activity was further exacerbarted at dav
3 buc began to recover at 7 davs and
returned to contcrol levels by 2 weeks.
Using another particle to probe the
functional capacity of the AM phagocytic
svstem in situ (43), mice were challenged
by aerosol inhalation with S. aureus, and
intrapulmonary bacterial killing was
assessed over a 4-hr period. The dana
{Figure 1B} reflect the results obtained
with the ex 2710 assay on AM phagocytosis

Phagocytic Index
(Percent of Control Mean)

“one 1 3 7 14
Zavs of Ozone Exposure (05 ppm)

Bacteria Remamung at 4 Hrs
(Percent of Control Mean)

\ore 1 3 7 14
Zavs of Ovr\e Exposure (05 ppm)

Figure 1. Ais~~ &7 macrophage Fe-receptor-methates
phagocvtoss ¢~ and intrapulmonary bactenal killing
of Staphwlococ...s aureus (B} trom mice exposed con-
unuousiv 10 85 zom czone. * = p<0.05 From Gilmour
atal 87}
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ot opsonized SRBCs (Figure 1A dhat s,
an initial suppression of intrapulmonary
\[lph\luu)(.(,.ll killing was followed by
recovery of bactericidal acrivity by day 1+

(67).
Modulation of the Inmune Response

In nonimmunized mice. continuous 0.7
ppm O exposure results in an initial
rcducnon of the number of cells recovered
from MLN, which was followed by an
increase and maintenance above basal lev-
cls as the O exposure continued (4,8). Ta
determine whether the splenic events were
comparable to the changes in the MLN
mice were exposed 23 hr/dav for 14 con-
secutive davs to 0.8 ppm O . After 1,

and 14 d.x\s of exposure. thc numbu of

celis in the MLN and the spleen/body
weighr ratios were determined. Then. to
test the tunctional activiry of these two cell

populations, the proliferative response of

MLN and splenic Iymphocytes to PHA
stimulation was measured (68). The daca
(Figure 2.4} demonstrate that continuous
O, exposure causes a reversible decline in
MLN cells followed by hvpertrophy.
Spleen weights were decreased with respect
to body weight after 1 day of O, exposure
(Figure 2B). This effect was still evident at
dav 3 but returned to control values fol-
lowing 7 days of exposure. With continu-
ous exposure, the spleens were larger in

.- - [N
(=} wn o
(=] (o] Q

Number of Celis
{Percent of Control Mean)

w
(=]

None i 3 7 14
Days of Ozone Exposure (0.8 ppm)

Spteen/Body Weight Ratio
(Percent of Control Mean)

None 1 3 7 14
Days of Czone £xcosure (08 ppm)

Figure 2. Number of cetis recovered from the med:-
astinal lymph nodes (A) and spleen/body werght ratios

{5) from mice exposed continuously to 0 8 ppm ozone
= - 005 From Gilmowr and Jakab {69)
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see relative to body weight than in control
animals.

Cells from both MLN and splenic
ources obtained after 1 day of O expo-
sure had reduced responsiveness to I'HA
mitogen (Figure 34). However, this effect
was ablated tollowing prolonged exposure.
I g similar manner. the NK cell activity of
splenic Ivmphocvees was signiicantly
reduced following 1 and 3 days exposure
hut was restored upon continued exposure
HFigure 38).

Another ser of experiments was
designed to investigate the etfece of O
exposure on antigen-stimulated immune
responsiveness. For this, an immunization
protocol was adopted thar maximizes the
focal (pulmonary) immune response.
Brieflv. mice were primed with an ip injec-
tion of OA and 2 weeks later boosted by
serosol inhalation of OA. One week atter
the acrosol boost (i.e.. 3 wecks after the
intraperitoneal priming injection). the
MLN and splenic lymphocvres were
assaved for proliferative responses to OA
antigen. and the bronchoalveolar lavage
Huid was assaved for specific IgG and IgA
antibody to OA. Ozone exposure was
incorporated into this immunization proto-
coi 1o the effect that groups of animals were
e\posed t0 0.8 ppm of O for 23 hr/day for

1. 3. 7. or 14 davs prior’ o assay as shown

schematically in Table t.

T '@
i" 150k 3w
= | -Splcun
g
g~
» 3
=6
= Y
- ¥ 7
None 1 3 7 14
DOays of Czone Exposure (08 ppm)
b
N
H
Bl
3

None 1 3 7 14
Days of Ozone Exposure (08 ppm)

Figure 3. Pranferative responses of mediastinal lymph

cud and splenic lymphocytes to phytohemagglutinin

stmLation (34 and natural killer cell activity of spleno-

ci:es +8) from mice exposed continuously to 0.8 ppm
* 20 005 fiom Gilmow and Jakab (68).
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Figure 44 shows that che MLN cell
responses to OA antigen were not
signiﬁcantlv ditferent from controls for 1.
3. and 7 days of O_ exposure. However.
fn”owmﬂ 14 days of exposure to O‘ the
MLN v mphoq te responses to OA antigen
were significanty enhanced. Splenocyte
responses to OA antigen were similariy
unaffecred by 1 and 3 davs of exposure.
but were significancly lower than control
values at the 7- and 14-dav time points.

Serum antibody titers to OA antigen
were high in all animals and were unattect-
ed bv anv period of O, exposure {68).
Pulmonar\ lgG and IgA annbodv titers 1o
OA antigen (Figure -iB) were jower in
bronchoalveolar lavage fluid from animals
exposed to O, for 7 and 14 days. At the
earlier time pomts, IgA titers remained
unchanged: IgG levels were at first sup-
pressed (day 1) and then returned to con-
trol values (day 3) before decreasing again
at the later time points.

(PH) - Thymidine  Uplahe

(Percent of Contro! Mean)

Nonc 1 3 7 14

Specific Antibody liters
(Percent of Control Mean)

3 7 14
Cays of Ozone Exposure (08 ppm)

None 1

Figure 4. Prosferative Wesnonses to ovalbumin anugar
of mediastingl lvmph noge and splenmic lymphogyi2s
{Atand spec.ic 1gG and IgA antbody to ovalbumin
bronchoalveciar lavage fluid (5} from immunized mic2
exnosed to O B ppm ozone ior various cays beice
assay * = p~ 005. From Gilmour and Jakab {68)

Finally, all the experiments derailed
above with exposure to 0.8 ppm () were
also performed with continuous e\p()surc 1o
0.5 ppm O_. The results of these studies
showed similar trends in responses, howev-
er. the magnitude of these responses was not
as large as that observed wich 0.8 ppm O,
exposure (M1 Gilmour and GJ Jakab.
unpublished observations).

Impairment of Peritoneal Macrophage
Phagocytosis: The Role of Prostanoids

During the course of studies on the effect of

continuous 0.5 ppm O exposure on AM
Fe-recepror-mediated phavocvtoms, it was
also observed that the exposure impaired
peritoneal macrophage (PM) phagocytosis.
Due to its high reactivity, it seemed unlike-
lv that O could directly mediate systemic
changes in phagocvte function. Rather, as
has been suggested by others, the systemic
eftects of oxidant gases are likely indirecr,
due to mediarors produced upon oxidant
exposure (69). One such class of mediators
may be the prostaglandins, porent
immunomodulatory autacoids found in
high concentrations in the airways (70,71)
and serum of animals (72) and man (73)
following acute O exposure. Furthermore.
exogenously added prostaglandin E_ (PGE)
inhibits macrophage phagocyrosis (74). To
test the hypothesis that PGE plays a role in
mediating the O -induced suppressxon of
macrophage phavowtosm. mice were con-
anuously exposed to 0.5 ppm O and the
effect of the cvclooxvgenase inhibicor
indomethacin on AM and PM Fe-recepror-
mediated phagocvtosis and PGE levels in
the bronchoalveolar lavage fluid {BAL) were
assessed.

Figure 5 shows that the time course for
Q -mduccd impairment of PM phdgou’to-
sis paralleled that of the AMs in thar maxi-
mal suppression occurred at 3 davs of expo-
sure, which progressively abated as exposure
continued. PGE levels in BAL Huid during
the course of QO exposure are presented in
Flgure 54 The data show chat the time
course of PGE coneent in BAL Huid is strik-
ingly similar to the time course of OO
induced suppression of AM and PM phago-

cvtosis. Treatment of mice  with

Phagezyt c Index
(Percent of Control Mean)

None 1 3 S 8 4
Days ot Ozone Exposure (03 ppm)

PGE i BAL
(Percent of Control Mean)

Days of Qzone Exposure (05 ppm)

Figure 5. Alveolar and peritoneal macrophage Fc-
receptor —egiated phagocytosis (A} and PGE levels in
bronchoan eolar favage fluid (B) from mice continuously
exposen :0 0.5 ppm ozone. * = p < 0.05. From Canning
stal (73]

indomethacin for 3 davs before and during
O, exposure ablared the O -induced
.3 . . -

inCreases in bronchoalveolar lavage PGE lev-
els (Figure 6) and suppression of PM
phagocytosis (Figure 7). Indomethacin also
significantly reduced the effect on AM
phagocytosis on the third day of exposure
(Figure 7). The effect of indomethacin on
O -mduced suppression of PM plng,ocvro-
sis’were mimicked by pretreatment of mice
with the active enantiomer of the cyclooxy-
genase inhibitor naproxen (74). Thus,
prostanoids seem to play a key role in the

250p
200

150

100

PGE Content in BAL
(Percent of Unexposed Control Mean)

w
o

0
ozone _ OZone +
indomethacin
Treatment

Figure 6. Eitect of indomethacin treatment of nuce on
ozoneg-nduced ncreases n PGE tevels i bronchoalveo-
lar Tavage thud on the third day ol continuous G 5 ppm
ozone exposuie "= p< 005 From Canming et at (/)
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Figure 7 =iisct of indomethacin treatment on ozone
induces coooression of alveolar and peritoneal
macroghaze Fe-receptor mediated phagocytosis on dav
3 of continucus exposure to 0.5 ppm ozone. *=p< 005

from cc":'”l = p< 005 from controls and 0,
exposec; """ = p< (0.05 from 3 exposed O From
Cenning s22- 174).

focal and svstemic decreases in phagocytic
activiey induced by O

The observations that prosmnmds play
a significant role in the suppression of AM
phagocytic tunction has been recently
confirmed with S. zovepidemicus as shown
by the reduced susceptibility of mice to
O -enhanced infection by indomethacin
tréarment { 50).

Reduction of Influenza Virus
Pathogenesis

Although O exposure has been shown to
increase suscepubllm' to infectious bactertal
challenges. the opposite has been observed
with viral infections: ozone exposure actual-
Iv &iminishes the severity of influenza virus
infection. as evidenced by decreased mortal-
ity and increased survival time (56).
Mortality from experimental influenza

pneumonitis is due to extensive damage of

alveolar tissue resulting in impaired gas
exchange t75). The antiviral immune
response is known to participate in inHuen-
za-induced lung injury since immuno-
deficient ( 76~80) and immunosuppressed
(87-83) mice develop much less cellular
inhltration and histopathology than their
immunocompetent counterparts. Also.
adoptive transter of specific immunity to
immunosuppressed animals during the
course of infuenza virus infection reestab-
lishes lung injury and increases pneumonic
deaths (849, Because the integrity of the
antiviral immune response is required for
the tissue destructive phase of viral pneu-
nonitis, we tested the hypothesis that O
sxposure reduced che pathogenests of
wtluenza pneumaonitis through suppression
of the angvizal immune response.
Mice were intected with a nonlethal
dose of influenza A {PR8/34 strain) and

continuousiv exposed 1o 0.5 ppm ()‘ (23

Vokume 103, Supplemer: Z. March 1995

he/day for T+ consecutive davs), On the
ninth day of infection. at the height of the
virus-induced pathologic changes (83.86 ).
morphometric analvsis of lung rissue, lung
wet/dry weight ratios. and lavage albumin
concentrations showed that O exposure
was associated with a significant reduction
in these paramerers of lung injury (Figure
8). Because viral-induced pathologic
changes are infectious dose related (87,88).
the etfect of O , exposure on viral prolifera-
tion and (mngcn accumulation in the lungs
was quantitated. Figure 9 shows that nei-
ther virus proliferation nor the accumula-
tion of viral antigen was affected bv O
exposure. :

Since immunosuppression during the
course of viral infection reduces the num-
ber of lymphocyres retrieved from the
fungs. which. in turn. is related 1o reduced
immunopathologic changes (86,89). the
effect of O exposure on the recovery of
the two ma;or classes of lymphocytes from
lung tissue was phenotvpically quantitated.
In the presence of viral infection, both the
T- and B-cell populations are significantly
reduced by exposure 10 O, (Figure 10) as
were the antiviral serum anubodv responses
(85). These data support the notion of the
immunosuppressive nature of O_ in that
immunopathologic mechanisms are
involved in the virus-induced lung injury.
which are mitigated by O, exposure.
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Figure 8. Morphometric anaivsts of lung tissue (4),
lung wet/dry weight ratios and lung lavage albumin
content {8) among virus-infected and -umniected mice
that werg continuously exposed 1o 05 ppm ozone or
allowed to breathe amtbnent air for 3 days. * = p<0.05,
virus-intected versus vius-infected and ozone-
exposed From Jakab et at {85}
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Figure 9. Comparison of infectious virus titers and
:3tal viral antigen in lung homogenates during the
caurse of influgnza virus infection i mice exposed con-
> nuousiv to 0.5 ppm ozone or ambient arr. From Jakab
2t al. (85).

With lechal doses of virus, immuno-
suppressed mice still succumb to intluen-
za virus infection. However, the deaths
are not the early pneumonic deaths but
oceur later and are due 1o the extrapul-
monary spread of the virus (90.97). The
effects of continuous 0.5 ppm O expo-
sure on a severe influenza A/PR/34 infec-
tion were investigated. Twenty-five per-
cent of the unexposed con.rol mice died
between day 8 and day 12 of infection,
with no deaths occurring thereatter. In
contrast. in O -exposed mice, 5% died
between day 8 and day 12, with another
35% succumbing between dav 12 and
day 20 of che infection (GJ Jakab.

unpublished observations).

Discussion

Before reaching anv conclusions on the
etfects of in vivo exposure to O, on the
immune system, several related issues war-
rant discussion. These issues broadly
encompass inhalation toxicology.
immunotoxicology, host factors, and
experimental design.

40r

B-cells
W r-ceis

3of

20t

Lymphoyles x 100,000
Per Lung

virus+Qs
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Figure 10. Companison of phenotypically wentfied
and B-lymonocytes recovered from lung tssug ot
us-mfecied mice with or without continuous 0 9
T pzone exposure for 8 days. * = p< 005, wituss
~+acted versus virus-infected and ozone-exposed
>y Jakab et ab (85).
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Considerations on the Inhalation
Toxicology of Ozone

Coneepts of inhalation toxicology dicuare
that the animals exposed 10 O and unex-
posed animals are treated in an idencical
manner {i.e., the control animals are exposed
to tiltered air in an identical exposure cham-
ber so that the only difference between the
experimental and control group is the O

exposure). Assuming thac this pracrice is tol-
lowed, several issues arise with the longer
term continuous O exposure studies that
may influence the outcome of an immuno-
logic parameter under investigation. For
example, continuous O, exposure leads 10 a
foss of appetite in rodeénts as reflected by a
slower weight gain in voung animals (92)
and. depending on the O concentrations,
weight loss in older mice (é] Jakab, unpub-
lished observarions). Malnutrition is known
to affect the integrity of the immune svstem
{93) and. to0 a lesser extent, undernutrition
also blunts the immune response (94). In
addition 1o O exposure retarding growth
due to loss of appetite. the food consumed
bv control and exposed animals is not the
same. Ozone exposure oxidizes the food
thereby altering its nutritional value (95).
\ariations in dier composition are known to
affect the immune response (93,94,96).
Because of this, animals exposed to O, for
fonger periods of time have a nutritional dis-
advantage that may act in concert with O,
exposure to suppress immunity. During
long-term continuous O _ exposure, lictle can
be done abour the loss of appetite except to
match the food intake of the control animals
to that of the exposed animals. To minimize
the etfects of ingesting O -oxidized food, it
may be prudent to provide O -treated food
for the control animals {85,86).

In addition to the nutritional aspect. the
health status of the experimental animals
also merits consideration. Animal hus-
bandry has greatly improved over the past
few decades to the point thac reputable sup-
pliers are capable of providing animals for
research purposes that are free of intercur-
rent diseases. However, endogenous infec-
tions of rodents are pervasive (97), and
assessment of the health status of the ani-
mals requires constant vigilance by suppliers
and in the research sctting since intercurrent
infecrions are known to have profound
cHfects on roxicity and rescarch testing
{98.99). For example, one of the most com-
mon intections of rodent colonies is Sendai
{(parainfluenza 1) Wrus (/00). Sendai virus
infection suppresses AM phagocyrosis
(101.102) and the primary antibody
response ol splenocytes to SRBCs (703)
reduces T-cell mitogenesis (104,105),
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mcreases splenic NK cell activiee (206,107,
alters the i ritro response to heterologous
ervehrocytes (708), and alters immune cell
tunction in aging mice (/09). Ocher
endogenous rodent infectious agents of con-
cern to toxicologists include pneumonia
virus of mice. mouse hepatitis virus, rat
coronavirus, minute virus of mice, Kitham
rac virus, Tooland's virus, and Mwoplasma
pulmonis (98.110). Because of the possibili-
tv that intercurrent infections confound
studies, the validity of observed results may
be art risk if the health status of animals is

not defined.

Considerations of the
Immunotoxicology of Ozone

Undoubredly. one of the overriding factors
involved in the divergent responses ta O‘
exposure on innate and acquired immuné
svstems are the tvpes of experimental meth-
ods used among the various studies. For
example, a close examination of the meth-
ods used to determine the effects of O
exposure on AM phagocytosis reveals the
following techniques: «) visual counting of
the ingestion of 3.5 pum diameter carbon-
coated latex microspheres by adherent AMs
(32); 6) visual counting of the ingestion of
latex particles of unknown size by rabbit
AMs in suspension (34); ¢) scintillation
counting of Fc-recepror-mediated phagocy-
tosis of >!Cr-labelled SRBCs by mouse and
rat AMs seeded in 9G-well microtiter plates
(35); and 4} visual counting of Fe-receptor-
mediated ingestion bv adherent rat AMs
(33) and mouse AMs (67.74). With the use
of the 3.5 pm carbon-coated latex particles,
it was observed that continuous exposure to
0.8 ppm O, for 3 days enhanced Sprague-
Dawley rat AM phagocvrosis (32). In con-
trast, the opposite was observed when the
challenge particles were sensitized SRBCs in
that continuous 0.5 ppm O exposure sup-
pressed Wistar rat AM pha'éocyrosis (33).
These dara point to vast differences in sensi-
tivities to O exposure berween the two
assay systems. the response berween the towo
strains of rats, or the 0.3 ppm difference in
the O, exposure concentration.

In"a manner similar o that exemplified
with the eftects of O, exposure on AM
phagocyrosis. questions arise about the rela-
rive sensitivities of the assavs that measure
Ivmphocyte function. Uptake ot radiola-
beled thymidine following stimulation with
lecting or microbial products is a common
method for assessing the abiliey of T~ and B-
cells to proliferates: a step required for the
amplification of the immune response.
These mitogens have specific binding sites
whichi may not be present on all cell rvpes

G For eample, PHA binds w the
celt recepror and CD2 antigens of mose T
cells (710, Concanavlin A binds ol T
cells (CD3) and is more potent than PHA
(112}, while differences in the hinding sites
of PWM may exist berween different spegics
of animals. Although the binding of these
mitogens to specific glvcoproteins on the
cell surface are integral to subscquent prolif-
cration, these binding sites are many and
varied on any given cell population. Thus.
depending upon the mitogen employed and
the species trom which the cells are derived,
immune detects in any population of cells
may be exaggerated or underestimared dur-
ing a proliferative event.

Interpretation of experimental resules
becomes more complex when examining
specific immune responses toward antigens.
Often the generation of antibody against T-
celi-dependent ancigens (¢.g.. SRBCs) are
compared to antibody production agzinst
T-cell-independent antigens (e.g., DNP-
Ficoll) as indicarors of T~ and B-cell com-
petence respectively. Even though these reg-
imens are optimized to provide maximal
immune stimulation, the relative immuno-
genicity of the test antigens and the avidity
and specificity of the antibodies generated
may differ between assay systems. Thus,
problems of antigen potency and antibody
specificity may arise not only in the immu-
nization stages /7 vivo but also in the detec-
tion of antibody during immunoassay.

Insofar as there are shortfalls in conven-
tional testing of immune function and in
comparing the relative sensitivity of xenobi-
otic agents on the different arms of the
immune response, Luster et al. (//3,1]4)
have demonstrated concordance berween a
chemical effect on the ability of mice to
form antibody to SRBCs and its potential to
cause an immunotoxic effect in any of a
number of other assays measuring immune
function. Changes in lymphocyte surface
markers and. to a lesscr extent, cell prolitera-
tion to mitogens and NK activiey also
showed good correlation with immunotoxi-
citv; however, B-cell proliteration to LPS
and the mixed lvmphocyte reaction {graft
rejection) did not.

In scudving the possible immunomodu-
latory etfects of O, and other air pollutants,
some attempts have been made o examine
the etfect of O on pulmonary immune
respoanses such as local antibody production

22.23,68), NK activity (16). and fvmpho-
ovte function in the draining lymph nodes
(KR). Although these expertments are
technically teasible, their interpretation can
be chnllérlging because of the constant
trathicking of serum facrors and immune
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cells trom the dirculanon o the lung and
possible enhancement of these teatures dur-
ing inHammadon. tor example. the obser-
vation of decreased lvmphocyte sensitivity
to antigen in the spleen tollowing pro-
longed O, , exposure and a con(rasnng
increase in MLN lymphocvte activity
(Figure 44) couid be explained by focal
inflammarion and cellular recruitment to
the site of oxidant damage (i.e., a simple
matcer of immunce circulation). Until the
cellular trathcking between the systemic
immune compartment and that of the lung
during immune stimulation are more clearly
understood, these complicating factors
will remain,

Considerations of Host Factors

A number of studies have investigated the
age-dependent response to O exposure on
nonimmunologic bioparameters of the
lung (115-119). I toto. these studies show
that, depending on the end point, the age
of the animals can play a significant role in
the outcome of the eftects of O, exposure.
With respect to immunologic parameters,
it should be kept in mind that the immune
response is known to wane with age (/20).
In addition to age, qualitacive difference
in nonimmunologic responses to O, among
animal species have also been docamented
(121-127). Also, it is becoming increasingly
clear that pulmonarv responses to O, expo-
sure is subject to genetic influence
(128—13.?) and it is also known that the
immune response is under genetic control
(133.134). While the wide diversity of
receptor sites on antibody and T-cell recep-
tors occur by gene rearrangement of the
immunoglobulin superfamily, a more innate
and stable genetic influence exists over host
suscepribility in mice to intracellular infec-
tions such as Listeria, Mycobacteria, and
Salmonelluae spp. (135). In many cases, the
host response, which governs protection
from these organisms, is the DTH reacrion,
involving both T-ceiis and subsequent acti-
vation of macrophages. Genetic differences
have also been recently observed in the abili-
tv of two ditferent strains of mice to resist
streprococeal challenge (350). lcis also
becoming clear that some mouse strains pro-
duce high or low titers of circulating anti-
body following identical immunization pro-
cedures (736). Thus. in addition to species
ditferences. strain dirferences may also play a
role in the immunowpxicology of O at this
time, it is not known to what extent t}'nc com-
bination of variables that include age, aninmal
species. and genetic constitution may influ-
ence the ettect of O exposure on immune
FCSPONSIVENESS, ’
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Considerations of the
Ozone Exposure Protocols

Investigations of the ettects of O on
immunologic end-points that do not
involve antigen simulation have primarily
used the following protocols: «) continu-
ous (or intermittent) exposure on consecu-
tive days with tests performed during the
exposure protocol; &) a shore thourly)
exposure with tests performed immediartely
after exposure or at intervals thereafter; and
¢) continuous (or intermittent) exposure
for several davs or weeks with tests per-
formed immediately after exposure or at
intervals chereatter.

Using continuous O exposure with
assays performed durmg a 2- to 4-week
exposure period, four general response
patterns emerge from the literature
(Figure 11). In the firse (Figure 114), an
initial suppression followed by recovery
has been observed with spleen weights
(3), spleen/body weight ratios (68), thy-
mus weight (4), AM phagocytosis
(33.34,67,74), PM phagocvytosis (74).
pulmonary NK and splenic NK cell activ-
ity (16,68). MLN proliferative response
(68), and AM- dependent intrapulmonary
bacterial killing (67). The second
response pattern (hgure 118), an initial
suppression followed bv an increased

Responses
(Relative Percent of Control)

Relative Time Interval

Responses
(Relative Percent of Control)

Relative Time Interval

Responses
(Relative Percent of Control)

Responses
(Relative Percent of Control)
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response. has been observed with MLN
cell numbers (4.68). The third response
pattern (Figure 11¢), an initial absence
ot a response followed by increased activi-
tv, has been observed with MLN (8) and
splenic (74) proliferative responses.
Finally, in Figure 110, a sustained
response of thymic atrophy has also been
observed (11).

The second exposure protocol consists
of short thourly) O exposures with the
tests performed immeédiately after exposure
or at various times thereatter. The daw
show that immediately after exposure, AM
phagocytosis is suppressed (30.31.34) and
then followed by reestablishment of phago-
cvtosis as the interval between exposure and
assav was lengthened.

The third exposure protocol consists of
continuous O, exposure tor several days
tor weeks) followed by tests immediately
after exposure or at various intervals there-
atter. Using cthis exposure protocol, T/B-
lvmphocyte ratios remained elevated for at
least 5 days after exposure (/0). Perhaps
more studies were not performed wich this
O, exposure protocol because of a lack of
art effect. A nonresponse situation may be
predicted by the observations that continu-
ous O exposure, after a period of initial
suppressnon‘ is followed by reestablishment

Relative Time Interval

o]

Relative Time Interval

Figure 11. Relauve responses of the immune apparatus (lymphoid organ wetghts, proliferative responses to mito-
gen stimuiation, NK cell activity, alveolar macrophage phagocytosis, and intrapuimonary staphylococcal killing {see
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ot the response, as exemplified by the O
exposure response pattern depicted in
Figure 114
range-hinding studies that showed that con-
tinuous 0.5 ppm O exposure for 10
consecutive davs had no effect on AM-
dependent lmr.npulmonar) bacterial killing
of 8. uurens, either immediarely after cessa-
tion of exposure or at | and 5 days there-
atter (G] Jakab. unpublished observations).

Superimposed on the three exposure
patterns are the O concentrations and
whether the C\posures are continuous or
intermittent. In general. it appears thac the
O, concentrations modulate the intensity
arid the duration of the responses.
Intermittent O exposures can be viewed as
alternating cv cles of O .-induced injury and
repair that appear to blunt the intensity of
the responses.

When the effects of O, exposure on
antigen stimulated responses are examined,
the number of possibilities in exposure
protocols is vastly increased. The simplest
of these protocols is to expose animals to
QO either before or after immunization.
The dara show thar continuous O expo-
sure immediately before immunization had
no effect on the DTH response to SRBCs
(28), the DTH response to Listeria anti-
gen, or the proliferative response of MLN
to Listeria antigen (10), whereas O3 expo-
sure after immunization suppressed the
responses. Using primary and secondary
immunizing regimens, we have investigat-
ed the timing berween immunization and
O, exposure and found that as the interval
was increased beyond 3 davs, no effect was
observed (68).

This is supported bv our

Summary
From the above discussion.
that many known and unknown factors
impinge on the cttect of O exposure on
immunologic responsiveness. The extent 1o
which nutritional factors, health status, age,
spcaes variability, genetic background, and
immune assav sensitivity interact to plav a
role on the etfect of U exposure on the
immune system is dlfhcult to unravel trom
the available data. Mechanistic studies will
undoubtedly provide insighes into the caus-
es of the observed responses. Questions that
beg answers include: ) Is there a level of
O exposure below which immune respons-
es"are enhanced and above which there is a
toxic effect that suppresses immune
responses? &) What is the mechanism for
adapration? ¢) Given the fact that 0O, ieself
never reaches the svstemic immune com-
partment, what is the mechanism of O -
induced suppresslon of svstemic lmmumrv'
d) Where, in the sequence of events thar
leads to an antigen-stimulated immune
response, does O have an effec? Is it anti-
gen availabilitv. antigen presentation or a
step in the complex cascade of events in the
afferent limb of the immune response
which may result in altered effector func-
tion? As alluded to before, O and other
oxidant gases are mﬂammatorv when
inhaled and thus cause a variery of perme-
ability changes in the lung that could cause
an increase in reactive immune tissue
(BALT) or increase the availability of anti-
gen to immunoreactive areas.

Much information is available regarding
the effects of O . exposure on immune func-
tion. However. this information has not

it 1s apparent

paved mugor inroads towaa an understand-
ing of the mechanisms by which O evpo
sure enhancestimpairs/madulates timvmune
tunction. The necessary database from
which specitic mechanistic hypotheses can
be tested is available. The results of these
studies will undoubtedly lead to a4 more
complete understanding o the mechanisms
by which O _alters immune function,
f\lthoug}\ it is expectated that future
experimental studies will unravel the mech-
anisms by which O alters immune respon-
siveness, their relationship to human health
effects will require serious consideration.
The Nattoral Ambicnt Atr Quality
Standard for O is 0.12 ppm for a maxi-
mum of | hr that is not o be exceeded
more than once per vear. The worse case
situation for human environmental expo-
sure 15 In urban areas with concentrations
reported as high as 0.36 ppm O (/37).
However, the “ambient LOI]LCI\(I’J[I()HS of
O, do not retlect the high O cxcursions
documented in urban areas. Indeed, most
experimental animal studies have had o
use O, exposures in excess of the ambient
and spike urban O‘ concentrations to
demonstrate an immunotoxic effect. In this
regard, the study of Selgrade et al. (/8)
found no effect on multiple immune para-
meters when rats were chronically exposed
to O in a way that simulated an urban
prohle Finally, in addition to the O‘ con-
centrations, the inferences that can be
drawn berween human health effects and
the battery of immune tests recommended in
the National Toxicology Program guidelines
for immunortoxicity evaluation in mice
(113) need to be clarified. '
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