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Abstract: After exposure to ozone, humans develop neutrophil infiltration of
the nasal mucosa. To investigate the events contributing to inflammatory cell recruit-
ment in the nasal mucosa we exposed 10 healthy nonsmoking volunteers to 400 ppb
ozone or filtered air for 2h at rest on two separate occasions. Nasal biopsies were per-
formed 6h after ozoneffiltered air exposure. The nasal biopsies were embedded in
glycol mathacrylate and immunostained for inflammatory cells, including neutrophils,
mast cells, total T-cells (CD3), T-cell subsets CD8 and CD4, macrophages, eosinophils
adhesion molecules (P-selectin, E-selectin, ICAM-1, VCAM-1), cytokines (TNF-a., IL-
1B, GM-CSF, IL-6), chemokines (IL-8 and RANTES), and nuclear factor NF-xB. No
significant changes were seen in the number of T-cells, and T-cell subsets, eosinophils,
macrophages, or percentages of vessels expressing P-selectin, VCAM-1, GM-CSF, IL-6
and RANTES in the biopsies. The number of neutrophils and mast cells in the
submucosa was significantly higher after ozone exposure (p = 0.009 and p = 0.005
respectively). The percentage of vessels expressing E-selectin (p = 0.01), ICAM-1 (p =
0.005), IL-8 (p = 0.02), TNF-a (p = 0.02), IL-1B (p = 0.009), and NF-xB (p = 0.05)
increased significantly after ozone exposure as compared to filtered air exposure.

Exposure of normal subjects to ozone increases the expression of proinflam-
matory cytokines resulting in upregulation of IL-8 and adhesion molecules via
activation of NF-xB, leading to neutrophil inflitration in the nasal mucosa.
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Introduction

Ozone is a major component of photocemical airpollution produced
from the interaction of sunlight, oxides of nitrogen, and volatile organic com-
pounds. It is often associated with increased respiratory symptoms in allergic
individuals during episodes of poor air quality. After exposure to ozone, humans
develop increased levels of neutrophils in nasal lavage fluid [1-3] and increases
in soluble components, such as albumin (a permeability marker) and histamine
and tryptase (mast-cell degranulation markers) [3, 4]. Graham and Koren [2]
reported a qualitative correlation between neutrophil increases in the lower
airways as assessed by BAL and in the upper respiratory tract as assessed by
nasal lavage. In a recent European field study, nasal lavage was performed on
children at various intervals before, during, and after the season of highest ozone
levels; a positive correlation was found between nasal lavage neutrophils and
measured ambient ozone concentration [5]. It is likely that airway neutronphilia
occurs as a result of recruitment from the microvasculature involving activation
of leukocyte-endothelial adhesion molecules. Selectins play a pivotal role in the
initial phase of adhesion [6]. This is followed by increased expression of
members of the immunoglobulin super family, intercellular adhesion molecule-1
and -2 (ICAM-1 and ICAM-2) and vascular cell adhesion molecule-1 (VCAM-
1) with up-regulation of the corresponding ligands, leading to firm adhesion of
the leukocytes to endothelium and trans-endothelial migration. Exposure to
ambient levels of ozone results in an up-regulation of ICAM-1 [7] in the
vascular endothelium of the proximal airways mucosa associated with an
increased expression of CD11b, a ligand for ICAM-1 on BAL neutrophils.

In order to elicit the events involved in ozone-induced inflammatory re-

action, we obtained nasal biopsies 6h after controlled exposure to 400 ppb ozone
for 2 h at rest.

Obijectives of the study
We wanted to examine the effects of controlled exposure to 400 ppb
ozone for 2 h at rest on healthy volunteers, especially on the production of pro-

inflammatory mediators of the endothelial cell to be able to better understand
the mechanism of ozone-induced mucosal inflammation.
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Methods

Ten healthy, nonsmoking, non-atopic, volunteers (4 male, 6 female,),
mean age 30.6 (range 20-52) years were recruited. None had a history of rhini-
tis, respiratory or other illnesses or were taking medication or antioxidants. They
had had no respiratory tract infections for 6 weeks prior to or during the study
period, had negative skin prick tests to common airborne allergens. The study
was approved by the local ethics committee and each subject gave their written
informed consent.

Study Design:

Each subject was exposed to filtered air and 400 ppb ozone for 2 hours
at rest on two different occasions in randomized double-blinded controlled fas-
hion, at least 2 weeks apart. Six hours after exposure either to filtered air or 400
ppb ozone nasal biopsies were taken.

Ozone exposure

Exposures were carried out using a purpose-built ozone exposure sys-
tem in our laboratory. Ozone was produced using a generator (Trigged Ozone
System, Glasgow, Model NVF 1/20 DE, manufactured by Ordup Maskin, Co-
penhagen, Denmark) capable of producing 5-30 mg/h of ozone.

Nasal biopsy and tissue processing

After prior local anaesthesia with topical 4% lignocain containing 1 : 10 000
adrenaline, nasal biopsies were taken under direct vision from the inferior or
inferomedial edge of the inferior turbinate, using Hartmann’s ear forceps (Medi-
con, Tuttlingen, Germany) as previously described [8]. The biopsies were
immediately placed in ice-cooled acetone containing the protease inhibitors
iodoacetamide (20 mM) and PMSF (2 mM) stored at —20°C for 24 h and then
processsed into water-soluble GMA resin [9].

Immunohistochemistry

Processing of the biopsy in GMA and immunostaining were performed
using a standard protocol as previously described [8, 10]. The following mouse
IgG1 mAb were applied: AA1 to mast cell tryptase (11), UCHT1 to CD3 for
pan T cells; anti-CD8 for the CD8" T cell subset; anti-CD14 for macrophages;
anti-Neutrophil Elastase for the neutrophils (all from Dako, High Wycombe,
UK); anti-CD4 for CD4" T cell subset (Becton Dickinson, Oxford, UK); EG2 to
the cleaved form of ECP in activated eosinophils (Pharmacia, Milton Keynes,
UK); anti-human GM-CSF and anti-IL-1 (Genzyme, West Malling, UK), 104-
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B11 to IL-6 (Dr.L.A. McNamee, Glaxo, Greenford, Middlesex, UK); anti-IL-8
(Biowhittaker House, Wokingham, UK); 12-H11 to 65p unit of NF-xB
(Boehringer Meinheim, Lewes, UK); anti-RANTES and anti-TNF-o (R&D
Systems Europe Ltd, Abingdon, UK), and RR1 to ICAM-1 (Dr.Rothlein, Boe-
hringer Ingelheim, Ridgefield, CT).

Assessment and quantification of immunohistochemical staining

Immunostaining cells were counted in the submucosa and areas, inclu-
ding smooth muscle, glands, large blood vessels, and torn or folded tissue within
the section were excluded. The area of the submucosa where the cell count was
performed were determined using computer-assisted image analysis (Color Vi-
sion Software; Improvision, Birmingham, UK), and the results were expressed
as cells/mm? of the submucosa. Citokines, chemokines, NF-kB, and adhesion
molecules in the submucosal blood vessels were quantified by expressing the
proportion of vessels staining with mAB as percentage of the total number of
vessels revealed by staining with pan endothelial mMAB EN4 in adjacent sections
(2um apart) [10].

Statistical analysis

Statistical analyses were performed on SPSS (Windows version 6.1).
Wilcoxon’s paired sign rank tests were used to copmare the immunoreactivity of
the nasal epithelium for the GM-CSF, IL-13, IL-6, IL-8, RANTES, TNF-a,
ICAM-1 and NF-kB and quantify the AAL, neutrophil elastase, CD3, CD4, CD8
and CD14 positive cells. Correlations were tested using Spearman’s rank
correlation test. P values < 0.05 were considered significant.

Results

Nasal biopsies obtained 6 h after 400 ppb ozone exposure exhibited an
increased number of neutrophils (neutrophil elastase positive cells, p = 0.005),
and mast cells (AAL1", p = 0.009) in the submucosa in comperison to biopsies
obtained from the same patients when they were exposed to filtered air. There
was no significant difference in the numbers of total T-cells (including subsets),

CD14" cells, and activated eosinophils (EG2" cells) in the submucosa (Tab 1a).
Table la
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Immunohistochemistry data (inflammatory cells)*

mAb Air Ozone p-Valuet
CD3 431.8 (145.5-990.3) 546.5 (148.4-1008.8) NS
Ch4 232.4 (77.7-589.1) 377.8 (166.0-683.1) NS

CD8 118.3 (28.5-392.9) 239.1 (48.8-427.7) NS
CD14 28.8 (11.2-56.2) 28.9 (13.5-62.3) NS

AAl 40.0 (27.8-81.2) 76.3 (28.2-156.3) 0.009
Neutrophil Elastase 22.4 (4.9-42.3) 65.0 (12.1-376.1) 0.005
EG2 4.5 (0.0-11.2) 5.2 (1.5-77.4) NS

*Values are medians, with interquartile ranges shown in parentheses. Cells are
expressed as cells/mm? submucosa. The cytokines, chemokines, adhesion molecules
and NF-xB are expressed as % of the total number of vessels revealed by staining with
the pan endothelial mAb EN4.

tWilcoxon’s matched paired sign rank test.

The mADb EN4 clearly picked out the endothelium of the microvascu-
lature. In the microvascular epithelium, P-selectin, E-selectin, and ICAM-1 were
expressed constitutively in biopsies obtained from subjects exposed to air, but
only a very low level of VCAM-1 staining was observed. After 0zone exposure
there was significant increase of the proportion of blood vessels that expressed
E-selectin (p = 0.01), ICAM-1 (p = 0.005), and activated form of NF-xB (p =
0.05) (Tabl. 1b). No significant differences were observed in the level of
expression of P-selectin, and VCAM-1 between the two exposures. After ozone
exposure there was a significant increase in the expression of proinflammatory
cytokines TNF-a (p = 0.02), and IL-1p (0.009) on the blood vessels in the
microvasculature but no significant differences in the expression of IL-6 and
GM-CSF between the two exposures. Regarding the chemokines examined in
our biopsies, there was a significant increase of the proportion of blood vessels
that expressed IL-8 (p = 0.02) but no change in the expression of RANTES was
seen. In addition significant correlations were seen between IL-8 expression and
the number of neutrophils in the submucosa (r = 0.84; p = 0.004), TNF-a. and
ICAM-1 expression (r = 0.75; p = 0.01), TNF-a and NF-xB expression (r =
0.79; p = 0.006) and ICAM-1 and NF-xB expression (r = 0.67; p = 0.03) all
after exposure to 400 ppb ozone. These results suggest that activation of NF-xB
and up regulation of adhesion molecules and IL-8 as well as some other pro-
inflammatory cytokines contribute to the neutrophil recruitment and
inflammation after ozone inhalation in normal subjects.

Table Ib
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Immunohistochemistry data (adhesion molecules and cytokines)*

mAb Air Ozone p-Valuet
P-selectin, % 23.5(12.1-42.5) 49.2 (19.3-78.5) NS
E-selectin, % 19.3 (10.2-35.9) 44.1 (14.8-64.5) 0.01
ICAM-1, % 31.8 (10.1-46.1) 54.2 (24.0-88.3) 0.005
VCAM-1, % 7.6 (0.0-23.9) 12.1 (0.0-32.5) NS
RANTES 0.0 (0.0-0.0) 0.0 (0.0-2.1) NS
IL-8, % 0.0 (0.0-3.7) 2.5(0.0-7.3) 0.02
IL-6, % 0.0 (0.0-5.4) 1.1 (0.0-12.6) NS
IL-1B, % 8.7 (0.0-24.2) 29.3 (3.7-53.5) 0.009
TNF-0, % 0.0 (0.0-3.0) 2.3(0.0-7.3) 0.02
GM-CSF, % 0.0 (0.0-1.0) 0.5 (0.0-8.4) NS
NF-xB, % 0.0 (0.0-5.3) 1.5 (0.0-16.4) 0.05

*Values are medians, with interquartile ranges shown in parentheses. Cells are
expressed as cells/mm? submucosa. The cytokines, chemokines, adhesion molecules
and NF-xB are expressed as % of the total number of vessels revealed by staining with
the pan endothelial mAb EN4.

tWilcoxon’s matched paired sign rank test.

Discussion

The purpose of our study was to examine the events involved in ozone-
induced inflammatory cell recruitment. We specifically examined the effects of
400 ppb ozone on nasal mucosa in normals at rest for 2 h. The level and duration
of ozone exposure were selected because they are the same as those that have
induced neutrophil influx into the nasal tissue of normal subjects as reported by
other authors [2, 3, 12, 13]. Although the level of ozone used was relatively high
(400 ppb) exposure was only for 2 h and occurred without exercise, unlike a
study of normal subjects who underwent heavy exercise [12]. Each subject
underwent both an ozone and filtered air exposure, which was followed by nasal
biopsy 6 h after the exposure. Previous studies have shown that short-term expo-
sure to ozone at a concentration pf 80-400 ppb ozone induces neutrohilic
inflammation that peaks 6 and 10 h after exposure [12, 14, 15] which was why
we chose to take biopsies 6 h post exposure to ozone. We found a significant
increase in the number of neutrophils and mast-cells in the sub mucosa after
0zone exposure.

Ozone has been shown to induce inflammatory changes in upper air-
ways of both normal and allergic subjects. Graham and Koren [2] have demon-
strated that ozone caused increased neutrophil content of the nasal lavage fluid
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(NLF) of nonallergic subjects, indicating that ozone also induces nasal inflame-
mation. Fischer and colleagues [5] have found increased amounts of of eosino-
phil cationic protein and myeloperoxidase in NLF obtained from both allergic
and normal children on days during which ambient ozone levels were increased.
There are many reports that ozone-induced neutrophilia in the BAL is associated
with increased levels of IL-8, IL-6, GM-CSF and other inflammatory markers
[12, 14, 15]. We also found increased expression of IL-8 on the microvasculatu-
re. Furthermore, we found a significant correlation between the expression of
IL-8 on the blood vessels and the number of neutrophils in the submucosa indi-
cating that IL-8 plays an important role in neutrophil recruittment. IL-8 is a
potent neutrophilic chemoattractant [16] that induces shape change [17], the
shedding of L-selectin [18], and the up regulation of adhesion molecules on the
neutrophil cell surface [19], events essential for cell recruitmentfrom the circula-
tion. IL-8 activates neutrophil degranulation [20] and respiratory burst [21] and
is therefore likely to play a role in neutrophilic inflammation. Other cell types
also respond to this chemokine [22-26]. There are reports that I1L-8 and
RANTES are chemoattractant for mast cells which number was significantly
higher in the submucosa of the patients when exposed to 400 ppb ozone. The
role of the mast cell in the ozone-induced inflammation remains uncertain but
the injury of epithelial cells and mast cells results in increased permeation or
accumulation of plasma proteins within the interstitium or airspace [27, 28],
triggers further inflammation [12], and stimulates neural afferents in the
airways. Although there is evidence that IL-8 is a potent eosinophil
chemoattractant [29] we did not see a significant increase in the number of
eosinophils in the submucosa. Additionally, there was no significant change in
the expression of RANTES and VCAM-1 on the microvasculature indicating
that ozone does not induce eosinophil recruitment in normal subjects. Boscom
and co-workers [3] have reported that normal subjects did not have an ozone-
induced increase in eosinophils to the nasal mucosa, as did persons with allergic
rhinitis, indicating that eosinophil influx to the nasal airway is a unique response
of allergic subjects to 0zone exposure.

In our study we found increased expression of E-selectin and ICAM-1
6h after exposure to ozone. Up regulation of ICAM-1 on the vascular endothe-
lium and increase in the number of CD11a/CD18" and CD11b/CD18" neutron-
phils in BAL fluid by ozone at 18 h after short-term exposure to 200 ppb ozone
have been recently reported, suggesting that ICAM-1 plays a role in the neutron-
phil migration after ozone exposure [30, 31].

Although we did not find increased expression of P-selectin it is likely
to be one of the earliest stages of leukocyte recruitment since this adhesion
molecule is involved in leukocyte rolling [32, 33]. P-selectin exists as a
preformed molecule and its storage in Weibel-Palade bodies of endothelial cells
allows its mobilization to the surface in less than 5 min of endothelial activation.
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P-selectin is soon internalized by the endothelial cells and is not detectable after
2h. This could be the reason why we did not see any up regulation of P-selectin
since our biopsies were taken 6h post exposure. Whereas the expression of P-
selectin relates to the transport of a preformed adhesion molecule, the
expression of E-selectin involves post-stimulation transcription [34]. Surface
expression of E-selectin has been reported to peak 4 h after stimulation, with a
return to basal levels of expression within 24h [35]. ICAM-1 and E-selectin
expression is induced when the cells are activated by IL-1 and TNF-a [36, 37].
These cytokines activate the transcription of E-selectin and ICAM-1 via the
release of an activated form of NF-xB, resulting in peak cell surface expression
at 4-6h. Products of the genes that are regulated by NF-xB also cause the
activation of NF-kB [38]. The proinflammatory cytokines IL-13 and TNF-a
both activate and are activated by NF-kB. This positive regulatory loop may
amplify and perpetuate local inflammatory responses [38]. We found significantly
increased expression of TNF-a, IL-18 and NF-xB on the microvasculature.
Ozone itself or via its intermediate product H,O, can trigger a reaction that leads
to the degradation of the bound IxB protein in the epithelial cells. Loss of the
inhibitory 1xB protein bound to the protein complex p50-p65 is followed by
rapid translocation of the p50-p65 heterodimer to the nucleus. The transcription
is switched on after the binding of p50-p65 to cis-acting kB sites in the
promoter and enhancer genes. NF-xB is implicated in the activation of several
gene families encoding proinflammatory cytokines (IL1-B, TNF-a, IL-6, IL-2,
GM-CSF, MC-SF, GC-SF), chemokines (IL-8, MIP-1a, MCP-1, Gro-a,-f3 and-
y and eotaxin), inflammatory enzymes (iNOS, inducible cyclooxygenase-2, 5-
lipoxygenase, cytosolic phospholipase A;), adhesion molecules (ICAM-1,
VCAM-1, E-selectin) and receptors (IL-2R, T-cell receptor) (38-40). The
activation of NF-xB leads to a coordinated stimulation of the expression of the
genes for E-selectin, ICAM-1, IL-8, TNF-a. and IL-1p in the endothelial cells
resulting in the recruitment and activation of neutrophils. We found a significant
correlation between TNF-a and ICAM-1 expression (r = 0.75; p = 0.01), TNF-
o and NF-xB expression (r = 0.79; p = 0.006) and ICAM-1 and NF-«B
expression (r = 0.67; p = 0.03) all after exposure to 400 ppb ozone.

Short-term exposure to 400 ppb ozone induces infiltration of neutron-
phils into the nasal mucosa 6 h post exposure as a result of increased expression
of IL-8 and adhesion molecules (ICAM-1 and E-selectin). Since both TNF-
o and IL-1B can induce NF-xB (38), it is tempting to postulate that ozone may
induce TNF-a and IL-1f which in turn increase NF-xB-binding to cause IL-8,
ICAM-1 and E-selectin m-RNA up regulation

Conclusion
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Although the precise mechanism(s) by which ozone induces inflame-
mation of the airways are not clear, there is increasing evidence that airway epi-
thelium may play a vital role, since it can express and synthesize a large variety
of proinflammatory mediators, including eicosanoids, cytokines and cell adhe-
sion molecules, which influence the growth, differentiation, proliferation and
activetion of inflammatory cells.

In view of the immediate interaction of epithelial cells with ozone and
their importance in modulating airway inflammation observed after inhalation of
ozone, we postulate that this is a result of increased synthesis and release of
inflammatory cytokines from the airway epithelial cells. Exposure of normal
subjects to ozone increases the expression of proinflammatory cytokines
resulting in up regulation of IL-8 and adhesion molecules via activation of NF-
kB, leading to neutrophil infiltration in the nasal mucosa.
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E®EKT HA O30HOT BP3 HASATTHATA MYKO3A
(EHOIOTE/JHU KJIETKHN)

oxuk [1.", Tpajkoscka-dokuk E.? Xayapr X.IT°

!Yuueepsuitieiticka KAUHUKA 34 {lyAMOA0ZUja U aAepZoa0Zuja,
Meouuuncru axyaiteiti, Croiije, P. Makeoonuja
?Unciuuitiyiti 3a mukpobuoaozuja u ilapasuitionozuja,
Meouvuncru aryaitieini, Crotije, P. Maxeoonuja
3University Medicine, Southampton General Hospital, Southampton, UK

AncrpakT: YoBEeKOBHOT OpraHm3aM Kora Ke ce eKCIIOHHpa Ha 030H
pa3BuUBa BOCHANWTENHA peaKlja Ha Ha3aJlHATa MyKO3a Koja ce KapaKTepuimpa
co HeyTpodmrHa nHpmITpanrja. Co 1men Ka TM UCIUTaMe MEXaHM3MHUTE Ha WH-
¢pmamaTopHaTa peaki@ja BO Ha3ajHaTa MYyKO3a, [IECET 3ApaBW HEMymIauyd T'H
ekcrionnpaBMe Ha 400 mmb 030H WM PUITPpHUpPaH BO3MYX BO Tpaewme off 2 yaca BO
nBa pa3nuunu jeHa. lllect yaca no excrno3unujaTa Ha 030H WM (PUITPUPAH BO3-
IyX, Kaj TMalMeHTUTE ce W3BefeHn Ha3amHu Ouorncuu. [ToToa, Tue Gea MMIIPETHN-
paHu BO TVIMKOJ METaKpUJIAT U MMyHOXHCTOXEMUCKH OOCHHU CO TeJT ia ce UCHTH-
¢uKkyBaaT W M30pojaT BOCHAJHUTEIHATE KIETKH, KAKO IITO CE€ HEYyTPOUIUTE,
MacT-kietknre, Bkynaute T-mumdoruru (CD3), T-kmetounute cyncetoBu CD8 u
CD4, makpodparute, eo3uHO(IINTE, aTXe3uBHITEe MoyeKyau (P-selectin, E-selectin,
ICAM-1, VCAM-1), nutokunute (TNF-a, IL-13, GM-CSF, IL-6), xemokunute (IL-8
and RANTES), kako u HykjieapHHOT pakTop NF-«B.

Bo nazanHuTe Ouomncuu Hemallle CUTHU(PUKAHTHA pa3iiuka BO OpOjoT Ha
BKynmHUTe T-mumdponuT U T-KIETOYHUTE CYNCETOBH, €03MHOMUINTE, MaKpoa-
TUTE WK NPOLEHTOT Ha KPBHUTE CaJIOBM KOMINITO ekcipumupaa P-selectin, VCAM-1,
GM-CSF, IL-6 u RANTES. BpojoTt Ha HEyTpo(uiInTe 1 MacT-KIeTKUTE BO CYyIIMY-
Ko3aTa Oea CUTHM(PUKAHTHO TOTrOJIeMH Kaj MalMeHTUTE MO E€KCHO3WIujaTa co
030H (p = 0.009 u p = 0.005 coopBeTHO). [TPOLEHTOT Ha KPBHUTE CAIOBH KOUIITO
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ekcripnmmpaa E-selectin (p = 0.01), ICAM-1 (p = 0.005), IL-8 (p = 0.02), TNF-a (p =
0.02), IL-1B (p = 0.009), u NF-xB (p = 0.05) Gemre cMTHU(PUKAHTHO MOTONIEM IO
eKCIIOHHPAhETO Ha O30H BO CrIOpesiba co eKCrno3unyjaTa Ha (hUITPHPaH BO3AYX.

Excrno3ummjaTta Ha 3[[paBUTe NCIUTAHUIM Ha O30H ja 3rojieMyBa eKcIpe-
cHjaTa Ha MPOMH(IIaMaTOPHHU IUTOKWHU PE3YJITHPajKU CO 3roJieMeHa peryJialmja
Ha IL-8 m aTxe3moHm Monekynu npeKy akrtupanuja Ha NF-kB mTo BOmm o
HeyTpodmwiHa NH(PUITPpaAlFja Ha Ha3alHa MyKo3a.

Kanyunn 360poBu: 030H, HeyTpodmnn, ICAM-1, THTOKMHN, Ha3aTHa MyKO3a.

Kperenkm: ICAM-1; unTepuenynapHa aTxe3UBHA MoJiekyna 1
VCAM-1; BacKyJlapHO-KJIETOYHA aTXe€3UBHA MoieKyna 1
NF-xB; nykieapeH ¢axktop -«kB
TNF-o,; TYMOp HEKpOTH3UpauKK pakTop anda
IL-1B; uaTepneykuH 1 Geta
IL-6; mHTEpICYKNH 6
IL-8; uaTepneykun 8
RANTES; Regulated on Activation, Normal T Expressed and Secreted
GM-CSF; rpanyloLUTHO-MOHOLIUTEH CTUMYJIUpadku (pakTop Ha
KOJIOHHUTE
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