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Abstract

Background: The acute respiratory distress syndrome
(ARDS) represents a form of severe acute inflammatory
lung disease. We have previously demonstrated signifi-
cantly raised interleukin-8 (IL-8) levels in the lungs of at-
risk patients that progress to ARDS, and identified the
alveolar macrophage as an important source of this
chemokine. We wished to extend this study in a well-
defined group of patients with major trauma, and to in-
vestigate potential mechanisms for rapid intrapulmonary
IL-8 generation.

Materials and Methods: Patients with major trauma un-
derwent brochoalveolar lavage (BAL) and IL-8 levels were
measured in BAL fluid by ELISA. Human macrophages
were derived from peripheral blood monocytes from
healthy volunteers. Rabbit alveolar macrophages were
obtained from ex-vivo lavage of healthy rabbit lungs.
Macrophages were culture under normoxic or hypoxic
(PO, 26 mmHg) conditions. IL-8 and other proinflam-
matory mediator expression was measured by ELISA,
northern blotting or multi-probe RNase protection assay.
Results: In patients with major trauma, IL-8 levels were
significantly higher in patients that progressed to ARDS

compared to those that did not (n =56, P = 0.0001). High
IL-8 levels negatively correlated with PaO,/FiO, (r =
—0.56, P <0.001). In human monocyte derived macro-
phages hypoxia rapidly upregulated IL-8 protein (within
2 hours) and mRNA expression (within 30 mins). Acute
hypoxia also increased rabbit alveolar macrophage I1L-8
expression. Hypoxia increased DNA binding activity of
AP-1 and C/EBP but not NF-«kB. Hypoxia induced HIF-1
expression, but cobaltous ions and desferrioxamine did not
mimic hypoxic IL-8 induction. Hypoxia downregulated a
range of other proinflammatory mediators, including
MCP-1 and TNF-a. Both the pattern of cytokine expres-
sion and transcription factor activation by hypoxia was
different to that seen with endotoxin.

Conclusions: Rapidly raised intrapulmonary IL-8 levels
are associated with ARDS progression in patients with ma-
jor trauma. Acute hypoxia, a clinically relevant stimulus,
rapidly and selectively upregulates 1L-8 in macrophages
associated with a novel pattern of transcription factor acti-
vation. Acute hypoxia may represent one of potentially
several proinflammatory stimuli responsible for rapid in-
trapulmoanry IL-8 generation in patients at-risk of ARDS.

Introduction

The acute respiratory distress syndrome (ARDS) rep-
resents a severe form of acute inflammatory lung dis-
ease. The lung injury is characterised by an intense,
predominantly neutrophilic, inflammatory infiltrate
in the pulmonary vasculature and airspaces (1-3).
There is currently no specific therapy for this disor-
der and the associated mortality is 50% or higher (4).
A variety of clinical conditions or insults including
major trauma, sepsis syndrome, acid aspiration and
severe pneumonia, predispose to the development of
ARDS, typically several hours or days after the initial
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insult. Hence, ARDS often occurs in the context of a
severe systemic inflammatory response. Only a sub-
group of between 2-35% of at-risk patients however
progress to full-blown ARDS (5).

We have previously observed that in bron-
choalveolar lavage (BAL) fluid samples taken within
a few hours of the initiating insult, levels of inter-
leukin-8 (IL-8) were significantly higher in those
that progressed to ARDS compared to those that did
not. Interleukin-8 is a potent neutrophil chemokine,
and immunohistochemical analysis has implicated
the alveolar macrophage as an important source of
this mediator (6). Other investigators have also iden-
tified this chemokine as an early marker of inflam-
mation, present in tissue before the onset of neu-
trophil influx (7,8). Recently, raised intrapulmonary
IL-8 levels in donor lungs have been shown to be
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associated with development of graft dysfunction in
the recipients (9). Investigating potential mecha-
nisms by which intrapulmonary IL-8 is rapidly gen-
erated therefore may be key to our understanding of
the pathogenesis of lung injury.

In this paper we report our extended studies of
multiple trauma patients, a well-defined group ‘at-
risk’ of developing ARDS. We confirm our earlier
finding that raised bronchoalveolar lavage (BAL) IL-8
levels in the very early risk period (median 95 mins
post-trauma) are closely associated with ARDS
disease progression. The mechanisms by which
macrophages may rapidly upregulate IL-8 under such
circumstances are unknown. Bacterial endotoxin-
derived lipopolysaccaride (LPS) is a classical proin-
flammatory stimulus that may play a role in the
development of the systemic inflammatory response
and acute lung injury following major trauma (10,11).
However, we found no association between circulat-
ing or intrapulmonary endotoxin and IL-8 levels or
progression to ARDS. We postulated that physiologi-
cal events occurring in the first few hours following
admission to the Emergency Room may result in in-
creased IL-8 generation. A relationship between pa-
tient hypoxia at presentation, as manifest by a reduced
Pa0,/FiO, ratio, and raised alveolar IL-8 levels was
identified, invoking the hypothesis that hypoxia may
play an initial role in IL-8 generation.

In in vitro studies of human macrophages we have
demonstrated that acute hypoxia rapidly and selec-
tively upregulated IL-8 generation. The hypoxic stim-
ulus induced a pattern of chemokine and transcrip-
tion factor activation significantly different from that
seen with LPS, However, IL-8 generation by hypoxia
in vitro was found to be less than could account for the
differences observed in patient studies. This suggests
that in addition to hypoxia, other proinflammatory
stimuli such as reoxygenation and pulmonary baro-
trauma during resuscitation may also play a role in
rapid intrapulmonary IL-8 production.

Materials and Methods
Patient Studies:

Patient enrolment and Bronchoalveolar Lavage—Consecu-
tive patients with severe multiple trauma and requir-
ing intubation in the Emergency Room (n = 56) were
enrolled at the Royal Infirmary Edinburgh, Scotland
over a period of 36 months. Consent was obtained
from relatives or guardians and the study approved by
the Lothian Health Board Ethics Committee. The ex-
tent of trauma was assessed by the injury severity
score (ISS); severe trauma was defined as an ISS score
of =15 (12). A chest radiograph was taken on all
patients as soon as clinically appropriate in the
emergency room. The initial ratio between arterial
oxygen tension (Pa0,) and fractional concentration of
inspired oxygen (FiO,), a measure of patient oxygena-
tion and gas exchange, was recorded in the emergency
room. All patients intubated for clinical indications

underwent bronchoalveolar lavage (BAL) in the emer-
gency room. The technique for BAL and processing of
fluid obtained has previously been described (6). A 10
ml venous blood sample, obtained immediately prior
to BAL, was centrifuged at 400 g for 10 minutes at 4°C
and the plasma stored at —70°C for later analysis.
Measurement of BAL fluid IL-8, by standard ELISA as
previously described (6). BAL fluid total protein was
measured using a commercially available kit (Pierce,
Rockford, IL). Serum and BAL endotoxin levels were
measured by the limulus amoebocyte lysate assay as
previously described (13). Subsequent development
of ARDS was defined using the European/American
Consensus criteria (13) which requires the presence of
bilateral pulmonary infiltrates on the chest radiograph
and a PaO,/FiO, ratio of <200 mmHg.

In Vitro Studies:
Cell Isolation and Culture

Human macrophages—Blood from normal, healthy
volunteers was collected in citrated tubes and pe-
ripheral blood mononuclear cells (PBMCs) obtained
by separation through Percoll (Pharmacia Biotech-
nologies, St. Albans, UK) density gradient centrifu-
gation as previously described (14,15). Autologous
serum was prepared by adding CaCl, (10 mM final
concentration) to plasma and incubating at 37°C
for 1 hour. PBMCs were resuspended in complete
medium (Iscove’s Modified Dulbecco’s Medium
suplemented with 1 mM glutamine, 100 U/ml peni-
cillin and 100 pug/ml streptomycin, Life Technologies,
Paisley, UK) at a concentration of 4 X 10° cells/ml and
3 ml aliquots plated into 35 mm plastic culture wells
(CorningCostar, High Wycombe, UK). Monocytes
were allowed to selectively adhere for 1 hour in stan-
dard conditions (37°C in humidified 95% air/5%
CO,). Non-adherent cells were washed away with
warm complete medium and adherent monocytes
overlaid with 3 ml of complete medium supple-
mented with 10% autologous serum. Monocytes
were allowed to mature to macrophages over 6 days
following which overlying medium was removed
and the cells gently rinsed with warm medium.
Rabbit alveolar macrophages—Adult female spe-
cific pathogen-free (SPF) New Zealand white rabbits
(Charles River Ltd. Margate, Kent) were sedated with
intramuscular fentanyl citrate and fluanisone (Hyp-
norm® 0.3 ml/kg bolus followed by 0.3 ml/kg/h,
Janssen-Cilag Ltd., High Wycombe, UK) then anaes-
thetised with intravenous (i.v.) midazolam (Hyp-
novel® @ 2 mg/ml, 0.75 ml/kg, Roche Products Ltd.,
Welwyn Garden City, UK) via marginal ear vein. A
tracheotomy was performed and a purpose-made en-
dotracheal tube inserted and secured. Animals were
then euthanased with sodium pentabarbitone
(Sagatal, 200 mg/ml, Rhone Merieux Ltd., Harlow,
Essex) and the lungs immediately removed and
placed on ice. Both lungs were lavaged ex-vivo by se-
quential instilling and aspiration of 40 ml aliquots of
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cold (4°C) PBS via a quill placed in the tracheostomy
tube. Lavaging was continued until there was an
appreciable loss of opalescence in the lavage fluid.
Alveolar cells were washed in PBS (4°C) twice and
resuspended in complete medium. This process
yielded alveolar macrophages of >98% purity >95%
viability, as assessed by Wright-Giemsa staining of
cytospins and trypan blue exclusion (data not
shown). Alveolar macrophages were aliquoted in
6-well plates at 4 X 10° cells/3 ml complete medium
with 10% heat-inactivated foetal calf serum (FCS)
per well. Cells were cultured overnight under stan-
dard conditions to allow adherance and then used in
hypoxia experiments.

Hypoxic incubation of macrophages—Cells to be
cultured under normoxic conditions were placed in a
standard incubator at 37°C, 95% air/5% CO,. In pre-
liminary experiments, cells to be incubated under hy-
poxic conditions were placed in an anaerobic incuba-
tor at 37°C (Napco, Precision Scientific Inc, Ill. USA)
with an infused gas mixture of 95% N,/5% CO,. We
established that our key finding with regard to I1L-8
protein secretion and transcription were reproducible
in an alternative anaerobic chamber (MK3 Anaerobic
Workstation, Don Whitley Scientific Ltd. UK) which
maintained an environment at 37°C/80% N»/10%
H,/10% CO,. This latter chamber was subsequently
used in hypoxia experiments. For both normoxia and
hypoxia experiments, cells were overlayed with 1 ml
of preincubated complete medium supplemented
with 2% autologous serum (or 10% FCS for rabbit
alveolar macrophages). The PO, of the normoxic and
hypoxic medium at steady-state was ~150 mmHg
and ~26 mmHg respectively as measured by dis-
solved oxygen meter (ISO, with OXEL-1 probe,
World Precision Instruments, Inc. Florida, USA).
Cells were cultured for up to 2 hours and viability
was not affected as measured by trypan blue exclu-
sion and LDH assay (data not shown).

Supernatants overlying adherent macrophages
were collected by gentle aspiration. Adherent macro-
phages were immediately placed on ice and lysed for
protein or RNA extraction. In the case of hypoxic
cells, these manipulations were performed inside the
anaerobic chamber to avoid reoxygenation.

Enzyme-linked Immunosorbent Assay

Monoclonal and biotinylated anti-human IL-8, tu-
mour necrosis factor-a (TNF-«) and interleukin-I83
(IL-1B) antibodies were obtained from R&D Systems
and used at concentrations recommended in the
manufacturers ELISA protocol. Briefly, flat-bottomed
96-well microtitre plates (E.I.A/R.I.A. plate, Costar,
Cambridge, MA) were coated with 100 ul per well of
the monoclonal antibody in PBS overnight at room
temperature (RT), washed and non-specific binding
sites blocked with 1% BSA in PBS. 100 ul aliquots
of macrophage-derived supernatants or cell lysates
(obtained by lysing cells in 0.1% Nonidet-P40 in
PBS) were added and incubated for 2 hours at RT.

After washing, 100 ul per well of secondary biotiny-
lated antibody was added and the plates incubated
for 2 hours at RT. Plates were washed and 100 ul
streptavidin-peroxidase conjugate (Dako, Denmark)
diluted 1 in 20,000 was incubated in the wells for
20 minutes. Substrate solution consisting of TMB
100 pg/ml, 4.5 mM H,O0, in 0.1 M sodium acetate-
citrate pH 4.9 was added and the plates incubated in
darkness at RT to the desired extinction. The reaction
was stopped with 50 ul of 0.5 M H,SO,. Plates were
read at 450 nm in an plate reader (Dynatech MR5000).
Sample results were extrapolated from a standard
curve derived with recombinant human (rh) IL-8
(WHO International Standard, NIBSC, Herts, UK),
rhTNF-«a or rhIL-18 (R&D Systems).

RNA Extraction and Northern Blotting

Total RNA from cells was extract using TRIzol reagent
(Life Technologies) as per the manufacturers protocol.
Equal quantities of RNA (15 ug per lane) were sepa-
rated on a 1.2% formaldehyde-agarose gel (40 mM
3-morpholinopropanesulphonic acid, pH 7.0, 10 mM
sodium acetate, 1 mM EDTA, 2 M formaldehyde)
and then transferred to nylon membrane (Du Pont
NEN Genescreen Plus) by capillary action in 20X
SSC. The RNA was wet cross-linked under UV-light
and pre-hybridised for 2 hr at 65°C in buffer con-
taining 0.5 M NaHPO,, 7% SDS and 1 mM EDTA
(pH 7.2). Fresh buffer containing (a->?P) dCTP-
labelled 1L-8 ¢cDNA probe was then added and
hybridisation continued for 18 hours at 65°C. The
membranes were washed three times in 2X SSC,
0.1% SDS, once at 65°C and twice at room tem-
perature. Membranes were exposed to Biomax MR
or X-Omat films (Kodak) with intensifying screens
at —70°C. Membranes were subsequently stripped
with boiling 0.1% SDS and re-probed with a house-
keeping 18s cDNA probe.

Probe Synthesis and Labelling

A 747 bp length human IL-8 cDNA probe was gener-
ated by RT-PCR from mRNA derived from human
monocytes stimulated with LPS. The primers used
were 5 -ATT-TCT-GCA-GCT-CTG-TGT-GA-3’ and 5’-
TGT-GGA-TCC-TGG-CTA-GCA-GA-3’. Fifty nano-
grams of IL-8 probe was labelled with 50 uCi of
(@-*?P) dCTP (Amersham Life Science Ltd., Bucks,
UK) as per the manufacturers protocol (ReadyToGo™,
Pharmacia Biotechnologies, St. Albans, UK). Twenty
nanograms of the 18s housekeeping cDNA probe (a
generous gift from Dr Irfan Rahman, Edinburgh, UK)
was similarly labelled.

Rabbit Interleukin-8 Reverse Transcription PCR (RT-PCR)

IL-8 mRNA expression from rabbit alveolar macro-
phages was determined by semi-quantitative RT-PCR.
First strand cDNA was synthesised from 1 ug total
RNA using AMV reverse transcriptase (Promega,
Southampton, UK). Rabbit IL-8 primers, designed
from the GenBank succession sequence number
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M57439 (16) were; 5-ATG AAC TCC AAG CTG GCT-
3’ (sense) and 5’-TTA TGA CTC TTG CTG CTC AGC-
3’ (antisense). PCR conditions were: 94°C for 1 min
(denaturation), 55°C for 1 min (annealing) and 72°C
for 1 min (extension) for 26 cycles followed by a final
5 min extension at 72°C. IL-8 product was expressed
relative to that obtained by RT-PCR for the house-
keeping gene human B-actin, the primers for which
were: 5'-CCA CCA ACT GGG ACG ACA TG-3’ (sense)
and 5’-GTC TCA AAC ATG ATC TGG GTC ATC-3’ (an-
tisense). The PCR conditions for B-actin were: 94°C
for 1 min (denaturation), 60°C for 1 min (annealing)
and 72°C for 1 min (extension) for 26 cycles followed
by a final 5 min extension at 72°C. Preliminary exper-
iments had established that a limited cycle number of
26 yielded PCR product within the linear amplifica-
tion range for both IL-8 (306 base pairs) and human
B-actin (180 base pairs).

Electromobility Gel-Shift Assay

Total nuclear proteins were extracted from cells using
a method modified from that previously described
(16). Briefly, macrophages were kept on ice and
scraped into cold buffer containing 10 mM HEPES—
KOH pH 7.8, 2 mM MgCl,, 1 mM dithiothreitol,
0.1 mM EDTA protease inhibitor cocktail (Com-
plete™, Boehringer Mannheim). The cells were al-
lowed to swell on ice for 15 mins then lysed by adding
0.4% Nonidet P40 and centrifuged (12000 g for 1 min
at 4°C). The supernatant was carefully removed and
the pellet resuspended in 50 ul of cold buffer con-
taining 50 mM HEPES—KOH pH 7.8, 50 mM KCl,
300 mM NacCl, 1 mM dithiothreitol, 10% glycerol,
0.1 mM EDTA and protease inhibitor cocktail. Fol-
lowing 20 mins incubation at 4°C with gentle agita-
tion and centrifugation (12000 g for 1 min at 4°C) the
supernatant was carefully removed and protein con-
tent assayed by BCA protein assay (Pierce, Rockford,
IL). The binding reaction was performed at RT as fol-
lows: 4 ug aliquots of protein were incubated for
5 mins in binding buffer containing 5 mM Tris, 0.5 mM
EDTA, 8% glycerol, 1 mM MgCl,, 50 mM NacCl,
0.5 mM DTT and 1.2 ug of polydI-dC and then a fur-
ther 15 mins with an appropriate (y->?P)-labelled
oligonucleotide. In the case of supershift assays nu-
clear extracts were first co-incubated at 4°C with rab-
bit anti-human polyclonal IgG antibodies to p50 and
p65 (Santa Cruz) for 4 hours or with antibodies to
c-jun and c-fos (Santa Cruz) for 20 hours in binding
buffer minus DTT. These were subsequently incu-
bated at RT with appropriate (y->?P)-labelled
oligonucleotide in the presence of 0.5 mM DTT. The
reaction mixtures were separated on a 6% polyacry-
lamide gel at 180 V at room temperature in 0.5% TBE
buffer. After drying, gels were exposed to X-ray film
and densitometry performed. The double stranded
oligonucleotide probes used were as follows: AP-1
5’-AGT GTG ATG ACT CAG GTT TGC-3’, C/EBP 5’-
CAT CAG TTG CAA ATC GTT AAC-3’, NFkB 5’-TCG
TGG AAT TTC CTC TGA CAT-3".

Immunoblotting for HIF-1a Protein in Macrophages

Total cellular protein was extracted by a Trizol base
method as per the manufacturers protocol. Immuno-
blotting for HIF-1a with MoAb 28B has been previ-
ously described (17). Briefly, proteins were resolved
in SDS/10% polyacrylamide gel, transferred over-
night to Immobolin P (Millipore, Bedford, MA) and
exposed to HIF-la antibody. Detection was with
HRP-conjugated goat anti-mouse Igs (DAKO, Ely,
UK) and enhanced chemiluminescence. After analy-
sis, membranes were stained with Ponceau S to ver-
ify equal protein loading and transfer.

RNAse Protection Assay for Multiple Chemokines

RNAse protection assays were performed using the Ri-
boQuant® multi-probe RNase protection assay system
(Pharmingen, San Diego, CA) as per the manufacturers
protocol. Briefly, total RNA from human macrophages
was obtained as described. (a->?P)-labelled anti-sense
RNA probes were generated from multi-probes using
T7 polymerase. Multi-probe hCK-5 contains multiple
chemokine templates. Multi-probe hCK-3 includes a
TNF-a template. Both probe sets include templates for
the house-keeping genes L-32 and GAPDH. Five
micrograms of total RNA was hybridised with 3 X
10°cpm of labelled hCK-5 or hCK-3 probe at 56°
overnight. Free-probe and other single stranded RNA
was digested with RNase A and protected hybridised
RNA species were resolved on a 6% denaturing poly-
acrylamide sequencing gel and exposed to X-ray film
at —70°C.

Statistical Analysis

Patient data is presented as mean +=SD and analysed
by the non-parametric Mann-Whitney U test. Corre-
lation was analysed by Pearson r. In vitro data is pre-
sented as mean =S.E.M unless otherwise stated and
analysed by Mann-Whitney U or t-test for normally
distributed data. Significance testing was two-tailed
and a value of P < 0.05 was considered significant.

Results
Patient Studies

Fifty-six trauma patients, median age 48 years (range
18-89) were enrolled in the study. The median ISS
was 25 (range 16—66). A chest radiograph was taken
and reviewed within 4 hours of admission for all pa-
tients. No patients had radiographic evidence of
ARDS at this time. BAL sampling as performed at a
median time of 95 mins (range 30-240) after the
trauma event. Seventeen patients subsequently pro-
gressed to ARDS and mean BAL IL-8 (pg/ml) levels
were significantly higher in these patients compared
to those who did not (1425 = 1841 v 206 * 288
pg/ml, P =0.0001) (Fig. 1). Bronchoalveolar lavage
total protein levels (as a measure of lung leak), en-
dotoxin levels, and neutrophil counts were not sig-
nificantly different between patients who did and
did not progress to ARDS (Table 1.) and in 7 of the
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Fig. 1. Bronchoalveolar lavage (BAL) levels of IL-8 in pa-
tients that did and did not progress to ARDS. BAL IL-8
levels were significantly higher in those patients that progressed
to ARDS (n =56, P =0.0001).

17 patients who progressed to ARDS, BAL endotoxin
levels were at the lower limit of detection (2.5
pg/ml). Plasma endotoxin levels in patients who did
and did not progress to ARDS were also not signifi-
cantly different (8.2 = 23 v 6.7 = 35 pg/ml, P = 0.65).

A reliable initial PaO,/FiO, ratio was available
in n = 41 patients. The median value was 315 mmHg
(range 204-460). Hence, the majority of trauma
patients had evidence of significantly impaired gas
exchange at the time of recruitment. A correlation
was observed between degree of hypoxia as mani-
fested by reduced PaO,/FiO, ratio and raised BAL
IL-8 levels (r= —0.56, P <0.001) (Fig. 2). The
influence of acute hypoxia upon IL-8 generation
from human macrophages was investigated.
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Fig. 2. Correlation between PaO,/FiO, ratio and raised IL-8
at admission. Initial PaO,/FiO, ratio plotted against BAL IL-8
for trauma patients (n = 41). A negative correlation was
observed between reduced PaO,/FiO, ratio and raised BAL 1L-8
(r = —0.56, P < 0.001).

In Vitro Studies
IL-8 Secretion from Hypoxic Human Macrophages

Hypoxia was found to double IL-8 protein secretion
from macrophages by 2 hours compared to normoxic
controls (0.94 = 0.28 v 0.54 = 0.24 iu/ml (P < 0.02).
This rapid increase was similar to that induced with
IL-183 (0.89 + 0.21) and TNF-a (1.1 * 0.3) but signi-
ficantly less than that with LPS (3.8 * 0.35) (Fig. 3).
In order to determine if these findings were, in part,
due to release of intracellular stores we measured
IL-8 in cell lysates. IL-8 levels in both hypoxic and
normoxic cells were below the level of detectability
(<4 iu/ml) at both time-points demonstrating the ab-
sence of stored IL-8 in these cells. We addressed the
possibility that the increase in IL-8 release by 2 hours
was secondary to increased TNF-a or IL-18 synthesis.
Supernatant and cell-lysate levels for both cytokines
were found to be below the level of detectability
(<15.6 pg/ml) and <3.9 pg/ml respectively) by
ELISA.

Table 1. Analysis of bronchoalveolar lavage fluid of multiple trauma patients (n = 56) who did and did not

progress to ARDS

Patients who did

Patients who

not Progress Progressed
Bal Fluid to ARDS to ARDS P Value
Total protein ug/ml 190 + 98 240 + 142 0.6
IL-8 pg/ml 206 *= 288 1425 * 1841 0.0001
Endotoxin pg/ml 4.5 * 3.6 5.5 + 3.8 0.8
Neutrophils (%) 5 (0.5-10)* 4.5 (1-8)* 0.8

*Results expressed as mean *s.d. except [median (range)].
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Fig. 3. Hypoxia stimulates IL-8 protein secretion. Human
macrophages cultured for 2 hours secreted significantly greater
IL-8 than normoxic controls (n = 9, P < 0.02). The increase
was similar to that seen with 2 hours incubation with IL-13
(10 ng/ml) and TNF-a (10 ng/ml), but significantly less than
that induced by LPS (1 pug/ml) (n >4, P <0.01).

Hypoxia Increases IL-8 mRNA in Human Monocyte-derived
Macrophages and Rabbit Alveolar Macrophages

The increase in IL-8 protein secretion at 2 hours
prompted us to investigate the influence of short
periods of hypoxia upon IL-8 mRNA levels. We
found that in human macrophages hypoxia in-
creased steady-state IL-8 mRNA levels at 30 mins,
1 hour, 2 hours (by 90 *50%, 104 * 38% and
157 = 41% respectively, expressed as a percentage
increase over normoxic controls) (Fig. 4). Using
semi-quantitative RT-PCR, acute hypoxia was found
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Fig. 4. Hypoxia increases IL-8 mRNA expression in hu-
man monocyte-derived macrophages. Human macrophages
were exposed to normoxia (N) or hypoxia (H). IL-8 mRNA
expression was determined by northern blot analysis. Hypoxia
significantly increased IL-8 mRNA as measured by densitome-
try, expressed as a percentage increase over normoxic controls
(A). (P <0.01 for all time points, minimum of n = 3). Repre-
sentative blots are shown (B) and comparable loading is
demonstrated with an 18s housekeeping probe.
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Fig. 5. Hypoxia increases IL-8 mRNA expression in rabbit
alveolar macrophages. Rabbit alveolar macrophages were
exposed to normoxia (N), hypoxia (H) or LPS. Hypoxia
significantly increased steady-state IL-8 mRNA expression
compared to normoxic controls by 1 and 2 hours (A).

A representative RT-PCR gel is shown (B).

to increase steady-state IL-8 mRNA expression in
rabbit alveolar macrophages (Fig. 5).

Transcription Factor Activation in Hypoxic Macrophages

The increase in steady-state IL-8 mRNA might have
occurred as a consequence of increased mRNA
transcription, stability or both. Our finding that in
human macrophages hypoxia increases mRNA lev-
els as rapidly as 30 mins post-exposure suggested
that an increase in transcription at least played a part
in increasing IL-8 mRNA levels. We therefore stud-
ied the effect of hypoxia on transcription factors
known to be implicated in the regulation of IL-8
synthesis in human cells.

Since hypoxia induced a rapid upregulation of
1L-8 mRNA levels, we first measured by EMSA the
nuclear levels of NF-«B, AP-1 and C/EBP. These
transcription factors are known to be important in
the regulation of IL-8. We compared the pattern of
expression observed with that induced by LPS, a
known potent activator of macrophages and stimu-
lus for IL-8 release.

Hypoxia increased nuclear AP-1 levels by 67 =
11% and 130 * 34% at 15 and 30 mins respectively
as measured by densitometry (P < 0.02, n = 4). (Fig.
6A and 6B). By contrast LPS (1 ug/ml) did not
significantly activate AP-1 by 30 mins of exposure.
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Fig. 6. Hypoxia activates AP-1. Macrophages were incubated under normoxic (N) or hypoxic (H) conditions for up to 30 min.

and nuclear levels of AP-1 determined by electromobility gel-shift assay (EMSA). Compared to normoxic controls, (6A) hypoxia
significantly increased AP-1 activity at 15 and 30 min. respectively as measured by densitometry (A) (n =4, P = 0.02). LPS (1 pg/ml)
for 30 min. does not induce AP-1 activation. PMA (100 nM), a known potent upregulator of AP-1 is used as a positive control. A rep-
resentative EMSA is shown (6B). The specificity and nature of the observed AP-1 band is addressed by super-shift assay (6C). Lane 1
contains 4 ug of nuclear protein from hypoxic macrophages incubated with end-labelled AP-1 oligonucleotide probe only. Subse-
quent lanes are as Lane 1 with the addition of 100X excess cold AP-1 competitor (Lane 2), 100X excess cold non-competitor (Lane 3),
2 pl rabbit serum (Lane 4 with non-specific band), c-fos antibody (Lane 5) or c-jun antibody (Lane 6 with super-shifted band).

Phorbol myristate acetate (PMA) (100 nM), a known
stimulus for AP-1, was used as a positive control in
these experiments. We confirmed the specificity of
the AP-1 band by competition assay and demon-
strated that the DNA-protein complex induced by
hypoxia contained the c-jun member of the AP-1
family but not c-fos. (Fig. 6C)

Hypoxia also increased nuclear C/EBP levels by
79 = 9% and 82 * 18% at 15 and 30 mins respec-
tively as measured by densitometry (Fig. 7A and 7B).
By comparison, LPS induced a 160 = 26% increase
in levels compared to normoxic controls (P < 0.02,
n = 4). The specificity of the band-shift observed was
confirmed by competition assay. (Fig. 7C).

We found that hypoxia for up to 30 mins did not
increase nuclear NF-«B above normoxic levels,
demonstrating that hypoxia does not lead to a gen-
eral increase in transcription factor activation. LPS
by contrast increased NF-«B levels by 322 * 34% by
30 mins (Fig. 8A). We confirmed the specificity of
this band with a competition study, and supershift
assay with LPS-treated macrophages revealed two
supershifted bands with a p50 antibody and one
with a p65 antibody, suggesting the activated NF-«B
complex contained both subunits. (Fig. 8B).

To further explore a potential activation of NF-
kB by hypoxia we repeated this experiment using a
consensus oligonucleotide probe (Promega—see
methods), designed to bind to a broader spectrum of
NF-«kB subunits. This again revealed increased
nuclear NF-«B levels with LPS (430 * 54% increase

compared to normoxic controls) but no significant
effect with hypoxia (Fig. 9)

Role of HIF-1« in Hypoxia-induced IL-8 Generation

Whilst AP-1, C/EBP and NF-«B have all previously
been implicated in IL-8 gene transcription, the
role of HIF-1« is not known. The regulation of HIF-
la is predominantly governed by oxygen tension
(18). However cobaltous ions and iron chelators
mimic hypoxia in both induction of HIF-1«a protein
and activation of HIF-la-mediated target genes
(19-22).

Macrophages exposed to normoxia, hypoxia,
CoCl (100 uM), desferrioxamine (DFO) (1 mM) or
LPS (1 pg/ml) for 2 hours. Immunoblotting for HIF-
la revealed expression in hypoxic cells and those
treated with CoCl and DFO, with no expression in
normoxic cells or those treated with LPS (Fig. 10A).
However neither CoCl nor DFO increased IL-8
mRNA expression at this time point (Fig. 10B),
suggesting HIF-1l« is unlikely to be implicated in
the hypoxic induction of IL-8.

Hypoxia Specifically Upregulates IL-8 mRNA

Our clinical data had specifically associated with
ARDS progression with raised IL-8 levels rather than
a range of other chemokines. We studied the effect of
2 hours hypoxia on steady state mRNA levels of a
range of chemokines using a multiprobe RNase pro-
tection assay (see methods). In contrast to the increase
in IL-8 mRNA observed (130 = 18%, expressed as a
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Fig. 7. Hypoxia activates C/EBP. Macrophages were incubated under normoxic (N) or hypoxic (H) conditions for up to 30 min. and
nuclear levels of C/EBP determined by EMSA (7A). Hypoxia significantly increased C/EBP activity at 15 and 30 min. respectively as
measured by densitometry. LPS (1 pug/ml for 30 min.) induces a 160 * 26% increase compared to normoxic controls (P < 0.02, n = 4).
A representative EMSA is shown (7B). (7C) The specificity of the observed C/EBP band is addressed by competition assay. Lane I
contains 4 ug of protein from hypoxic macrophages incubated with end-labelled C/EBP oligonucleotide probe only. Lane 2 as Lane 1
with the addition of 100X excess cold non-competitor. Lanes 3, 100X excess cold C/EBP competitor. Lane 4, 1000X excess cold C/EBP

competitor.

percent increase over normoxia. P < 0.01) the other
chemokines assayed were all significantly downreg-
ulated by 2 hours hypoxia: RANTES (62 * 12%), IP-
10 (100%), MIP-18 (76 * 9%), MIP-1a (52 * 10%)
and MCP-1 (100%), expressed as percentage inhibi-
tion of normoxic controls (all P < 0.02). LPS was
able to rapidly upregulate RANTES (590 = 94%),
1P-10 (60 * 38%), MIP-18 (480 * 48%), MIP-la
(396 + 47%) and IL-8 (410 * 60%) (all P < 0.02)
(Fig. 11). Hypoxia also had a small but significant in-
hibitory effect on TNF-a mRNA expression (38 =
8%) whilst LPS significantly increased expression

was { IS " .
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° NH NH LPS T,
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(610 = 98%) (P < 0.05 and P < 0.02 respectively).
(Fig. 12)

Discussion

In this study we confirmed that in multiple trauma
patients at risk of ARDS, raised initial BAL levels
of IL-8 were significantly associated with subse-
quent progression to ARDS. We hypothesised that
physiological events in the first few hours fol-
lowing major trauma generated intrapulmonary
IL-8 production. We found a significant correlation

B Fig. 8. Hypoxia does not activate NF-«B.
Macrophages were incubated under normoxic
(N) or hypoxic (H) conditions for up to
30 min. and nuclear levels of NF-«B deter-
“ +— mined by EMSA (8A). Hypoxia does not
activate NF-«B activity above basal normoxic
levels. LPS (1 ug/ml for 30 min.) strongly
induces NF-«B activation (n =4, P < 0.01). A
representative EMSA is shown including a
| competition assay (8B). Lane 3 contains 4 ug
h I of protein from LPS-stimulated macrophages.
Lane 2 as 3 with the addition of 100X excess
| cold non-competitor. Lane 1, 100X excess
cold NF-«B competitor. A supershift assay
further defines this LPS-induced band (8C).
Lane 4, nuclear extracts from LPS-stimulated
macrophages (as Lane 1). Subsequent lanes
with addition of 2 ul control rabbit serum
(Lane 5), p50 antibody (Lane 6) revealing two
distinct supershifted bands) or p65 antibody
(Lane 7 revealing one supershifted band).
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Fig. 9. Hypoxia does not activate NF-kB—using a consensus
oligonucleotide probe. Macrophages incubated as previously for
30 min. and nuclear levels of NF-«kB determined by EMSA using
a consensus oligonucleotide probe (see methods) (9A). Hypoxia
does not activate NF-«B activity above basal normoxic levels. LPS
(1 png/ml for 30 mins) strongly induces NF-«B activation. (n = 4,
P < 0.01). A representative EMSA is shown, demonstrating that
the concensus probe reveals two distinct NF-«xB bands, of which
the upper (arrowed) is inducible by LPS (9B).
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between patient hypoxia, as indicated by a reduced
Pa0,/FiO, ratio on admission, and raised intrapul-
monary IL-8 levels (r = —0.56, P < 0.02). In subse-
quent in vitro studies we demonstrated for the first
time that clinically relevant short periods of hy-
poxia upregulated synthesis of IL-8. Hypoxia was
shown to increase DNA binding activity of the
transcription factors AP-1 and C/EBP, but not NF-
kB, within 15 mins of hypoxic exposure, a pattern
of activation which differs from that observed with
LPS. Hypoxic macrophages expressed HIF-1l«, but
our studies with cobaltous ions and DFO suggest
that HIF- 1o may not be implicated in IL-8 regulation.
Both the pattern of transcription factor activition
and chemokine expression were different to that ob-
served with the classical proinflammatory mediator,
endotoxin.

It is acknowledged that ARDS represents the
severe end of a spectrum of acute lung injury (23).
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One strategy for investigating the pathogenesis of
ARDS is to focus on patients at-risk of developing
ARDS, in particular delineating those key early
inflammatory events which may be associated with
subsequent disease progression. Our initial report,
based on patients (n =29) with a variety of risk-
factors for ARDS, revealed an association between
raised bronchoalveolar lavage (BAL) levels of IL-8
and progression to ARDS (6). In this extended study
we have focused on a larger, well-defined at-risk pop-
ulation of trauma victims. Our original observation
that raised initial alveolar IL-8 levels are associated
with ARDS progression was confirmed. Investigating
potential mechanisms by which intrapulmonary IL-8
is rapidly generated may therefore be key to our un-
derstanding of the pathogenesis of lung injury.

Several studies have identified raised IL-8 levels
in the BAL fluid of patients with established severe
lung injury and ARDS (24-26). We are confident that
the raised intrapulmonary IL-8 levels detected in our
patients was present before the onset of significant
lung injury based upon the following observations:
1) we were able to target patients very soon after the
trauma event (median 95 min), with no patient re-
cruited after 4 hours. At this time no patient studied
had characteristic chest radiographic appearances of
ARDS; 2) lung leak, as assessed by total protein con-
centrations in BAL fluid, was low (240 * 142 pg/ml
in the patients who progressed to ARDS). Previous
studies have shown that BAL levels of total protein
in established ARDS are 5-10 fold higher than that
found in our at-risk population. (27-29); 3) the
median BAL neutrophil count was 5% for our at-risk
population. Again, this is strikingly lower than
would be found in established disease, in which
neutrophils typically represent over 50% of the BAL
cell population (27,28,30).

Our clinical studies demonstrate a temporal asso-
ciation between IL-8 generation and development of
lung injury, though not necessarily causation. How-
ever interleukin-8 is regarded as the most potent
neutrophil chemokine in the lung (31). In patients
with established ARDS, IL-8 has been shown to

Fig. 10. HIF-la expression in human
macrophages. Macrophages were incubated un-
der normoxic (N) or hypoxic (H) conditions, or
treated with LPS, 100 uM CoCl or 1 mM desfer-
rioxamine (DFO), for 2 hours. HIF-1la protein ex-
pression was determined by immunoblotting total
nuclear extract. Hypoxia, CoCl and DFO all induce
HIF-1a, with no expression under normoxic con-
ditions or following LPS treatment (10A). IL-8
mRNA expression was determined by northern
blotting (10B). An 18s housekeeping probe was
used to verify equal RNA loading (10C). Relative
densitometry, corrected for RNA loading, from

n = 3 experiments is shown in panel (10D).
Neither CoCl nor DFO mimicked the hypoxia-
induced increased in IL-8 mRNA expression.
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Fig. 11. and Fig. 12. Hypoxia selectively upregulates IL-8
— - #+— LA mRNA expression. Macrophages were exposed to normoxia
(N), hypoxia (H) or LPS (1 pg/ml) for 2 hours and RNase
protection assay performed with multiple RNA riboprobes
(see methods). IL-8 is the only mRNA species to be upregu-
lated by hypoxia. RANTES*, IP-10*, MIP-183, MIP-1a and
MCP-1 were all downregulated by hypoxia (P < 0.02) (11A).
In contrast, LPS significantly upregulated the majority of
chemokines (P < 0.02) (11B). A representative gel is shown
(11C). For clarity the probe template is not shown.
(*Expression of RANTES and IP-10 was comparatively low.
l Prolonged radiographic exposure for 3 days however revealed
a clear normoxic RANTES and IP-10 bands and reduced
L expression under hypoxic conditions.) Hypoxia inhibited
+ TNF-a expression (P < 0.05) and LPS significantly increased
a— GAPDH expression (P < 0.02) (12A). A representative gel is shown

be responsible for over 50% of the neutrophil
chemotactic activity of BAL fluid (32). In animal
models, acute lung injury secondary to ischaemia/
reperfusion (33), alveolar collapse/re-expansion (34)
and acid instillation (35) is significantly attenuated
by administration of anti-IL-8 antibody. These studies
suggest that raised IL-8 levels may therefore play a
central role in driving the pulmonary inflammatory
response in acute lung injury.

In our in vitro studies, monocyte-derived macro-
phages were exposed to a PO, of 26 mmHg. The pre-
cursor of the alveolar macrophages is the peripheral
circulating monocyte (36-38), hence macrophages
matured from monocytes provide a reasonable model
for in vitro studies. We showed that our principle find-
ing of hypoxic upregulation of IL-8 mRNA was also
seen in rabbit alveolar macrophages. We believe that the
degree of hypoxia employed may be physiologically

(12B).

relevant in the alveolar air-spaces of patients with
multiple trauma. In the immediate aftermath of major
trauma, impaired consciousness, lung atelectasis, pul-
monary contusion and intrapulmonary shunting are
all likely to contribute to significant alveolar hypoxia
and impaired gas exchange (39-42). These factors
would account for the reduced PaO,/FiO, observed
in our trauma patients in the absence of severe lung
injury. Direct measurement of tissue oxygenation
in vivo was however not feasible in our studies.

We demonstrated that in human macrophages
IL-8 protein secretion was increased within 2 hours,
and mRNA expression within 30 minutes of hypoxic
exposure; a time-frame relevant to our clinical find-
ings. Importantly the degree of stimulation at this time
point was similar to that seen with the archetypal early
pro-inflammatory mediators TNF-« and IL-183. The up-
regulation of IL-8 mRNA in macrophages by hypoxia
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was rapid, occurring within 30 minutes of exposure.
Hypoxia has been reported to increase IL-8 expression
in other cell types including endothelial cells (43), fi-
broblasts and vascular smooth muscle cells (44), al-
though significant protein or mRNA expression did
not occur until at least 4 hours hypoxic exposure.

The 5’-regulatory region of the IL-8 gene contains
several potential transcription regulatory elements.
Three transcription factors in particular, NF-«B,
C/EBP and AP-1 have been implicated in regulating
IL-8 gene transcription. The relative importance of
these transcription factors appears to be dependent
upon both the cell type and the stimulus. Although
the NF-«B binding site is often considered to be the
most important (45-47), recent studies provide evi-
dence for NF-«kB independent, AP-1 dependent IL-8
regulation (48,49). In this study we demonstrated
that hypoxia rapidly activated both AP-1 and C/EBP,
significantly increasing nuclear levels within 15 min-
utes of exposure compared to normoxic controls. In
contrast, there was no hypoxia-induced NF-«B acti-
vation above normoxic levels at the early time-points
investigated. This pattern of activation differs from
that seen with LPS, which strongly induced NF-«B
activation in particular.

The rapid activation of AP-1 by hypoxia has
previously been demonstrated in other cell types
(50-52). C/EBP activation by hypoxia has also
previously been reported in cultured endothelial cells
(53) and in an in-vivo model (54). In contrast to AP-1
and C/EBP, we found that human macrophages ex-
posed to up to 30 mins hypoxia did not exhibit nu-
clear NF-«B levels raised above normoxic controls. At
least two previous studies have implicated NF-«B in
the hypoxic upregulation of IL-8 (43,55). These stud-
ies were in different cell lines (human endothelial and
bovine retinal glial cells respectively) and employed
hypoxia for up to 24 hours. Acute hypoxia has re-
cently been shown to activate NF-«B in a murine
macrophage cell line (56). Our findings do not imply
that NF-«B is superfluous to hypoxia-induced IL-8
transcription. Our experiments revealed basal consti-
tutive activation of all three transcription factors in
normoxic human macrophages. It is possible that con-
stitutive activation of NF-«B is necessary for subse-
quent hypoxic upregulation. However it is suggested
that since both AP-1 and C/EBP are rapidly activated
by hypoxia they may have a direct role in the early
hypoxic upregulation of IL-8 in human macrophages.

Whilst AP-1, C/EBP and NF-«B have all been pre-
viously implicated in IL-8 gene transcription, the role
of HIF-1« is not known. A computer-assisted search
(TFSEARCH version 1.3, Yutaki Akiyama, Kyoto Uni-
versity, Japan) for the core HIF-1 binding sequence
5’-CGTG-3’ in the published 1.5 Kb IL-8 promoter
region (Accession no. M28130) (57) did not reveal any
putative HIF-1 binding sites 5’ to the TATA box. How-
ever, HIF-1 is considered a central regulator of a hy-
poxia-mediated gene transcription (58) and HIF-1
binding elements may be distant to the transcription

initiation site. The regulation of HIF-l« is predomi-
nantly governed by oxygen tension (18). However
cobaltous ions and iron chelators mimic hypoxia in
both induction of HIF-la protein and activation of
a number of HIF-la-mediated target genes (19-22).
Our observation that HIF-1« expression was induced
by hypoxia, cobaltous ions and DFO, but that these
pharmacological mimics of hypoxia did not increase
IL-8 mRNA expression suggests that HIF-1a may not
be involved in IL-8 regulation.

Finally, we considered the potential selectivity of
the IL-8 response and the effect of brief hypoxia on
other macrophage-derived chemokines and cyto-
kines. We found that mRNA expression of several
chemokines, in contrast to IL-8, were clearly down-
regulated by hypoxia. For example MIP-1la, a CC
chemokine with monocyte and neutrophil chemoat-
tractant properties was inhibited by 2 hours hypoxia
exposure. Similarly, mRNA expression of the arche-
typal early proinflammatory cytokine TNF-a was
reduced under hypoxic conditions. These findings
provide further evidence that hypoxia-induced
transcription of these chemokines in macrophages is
independent of NF-«B. As with IL-8, the promoter
regions of MCP-1, MIP-«, and TNE all harbour func-
tionally important NF-«B binding sites. Hypoxia
downregulates steady-state mRNA expression of
these mediators without reducing NF-«B DNA bind-
ing activity to a concensus probe. In contrast LPS
has the capacity to upregulate a broad spectrum of
inflammatory mediators, in association with in-
creased NF-«B activation.

These studies were prompted by our observation
that raised intrapulmonary IL-8 levels were associated
with ARDS progression in at-risk patients. In human
macrophages acute hypoxia selectively upregulated
IL-8 expression, in association with a novel pattern of
transcription factor activation. However, the in vitro ef-
fects of hypoxia alone do not appear to be of sufficient
magnitude to account for the differences in IL-8 ob-
served in the clinical studies. Hypoxia is unlikely to
represent the only relevant stimulus for IL-8 genera-
tion in the clinical setting. Rather several potentially
proinflammatory stimuli including initial hypoxia,
followed by reoxygenation/hyperoxia and pulmonary
barotrauma during resuscitation and ventilation may
create ‘multiple-hits’ to induce significant IL-8 gener-
ation and progression to ARDS. We are currently ex-
ploring this hypothesis in on-going studies.

Acknowledgments

NH and SCD are supported by The Wellcome Trust,
UK.

References

1. Tate RM, Repine JE. (1983) Neutrophils and the adult respi-
ratory distress syndrome. Am Rev. Respir. Dis. 128: 552-559.

2. Repine JE. (1992) Scientific perspectives on the adult respi-
ratory distress syndrome. Lancet 339: 466 (Abstract).



696

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Donnelly SC, Strieter RM, Kunkel SL,

Molecular Medicine, Volume 7, Number 10, October 2001

. Ware LB, Matthay MA. (2000) The Acute Respiratory Distress

Syndrome. N. Engl. J. Med. 342: 1334-1349.

. Milberg JA, Davis DR, Steinburg KP, Hudson LD. (1995)

Improved survival of patients with acute respiratory distress
syndrome (ARDS): 1983-1993. JAMA. 273: 306-309.

. Fowler AA, Hamman REF, Good JT, et al. (1983) Adult respi-

ratory distress syndrome: risk with common predispositions.
Ann. Intern. Med. 98: 593-597.

et al. (1993)
Interleukin-8 and development of adult respiratory distress
syndrome in at-risk groups. Lancet 341: 643-647.

. McColm JR, McIntosh N. (1994) Interleukin-8 in bron-

choalveolar lavage samples as predictor of chronic lung dis-
ease in premature infants. Lancet 343: 643-647.

. Khan TZ, Wagener JS, Bost T, et al. (1995) Early pulmonary

inflammation in infants with cystic fibrosis. Am. J. Respir. Crit.
Care. Med. 4: 939-941.

. Fisher AJ, Donnelly SC, Hirani N, et al. (2001) Elevated levels

of interleukin-8 in donor lungs is associated with early graft
failure after lung transplantation. Am. J. Respir. Crit. Care. Med.
163: 259-265.

Baker JW, Deitch EA, Li M, et al. (1988) Haemorrhagic shock
induces bacterial translocation from the gut. J. Trauma. 28:
896-906.

Parsons PE, Worthen GS, Moore EE, et al. (1989) The associa-
tion of circulating endotoxin with the development of the adult
respiratory distress syndrome. Am. Rev. Respir. Dis. 140: 294.
Baker SP, O’Neill B. (1976) The Injury Severity Score: an update.
J. Trauma 16: 882—-885.

Martin TR, Rubenfeld GD, Ruzinski JT, et al. (1997) Real-
tionship between soluble CD14, lipopolysaccharide binding
protein, and the alveolar inflammatory response in patients
with acute respiratory distress syndrome. Am. J. Respir. Crit.
Car. Med. 155: 937-944.

Haslett C, Guthrie LA, Kopaniac MM, et al. (1985) Modula-
tion of multiple neutrophil functions by preparative methods
or trace concentrations of bacterial lipopolysaccharide. Am.
J. Physiol. 119: 101-111.

Savill JS, Wylie AH, Henson JE, et al. (1989) Macrophage
phagocytosis of ageing neutrophils in inflammation: Pro-
grammed cell death in the neutrophil leads to its recognition
by macrophages. J. Clin. Invest. 83: 865.

Yoshimura T, Yuhki N. (1991) Neutrophil attractant/activation
protein-1 and monocyte chemoattractant protein-1 in rabbit:
cDNA cloning and their expression in spleen cells. J. Immunol.
146: 3483-3488.

Wiesener MS, Turley H, Allen WE, et al. (1998) Induction of
endothelial PAS domain protein-1 by hypoxia: characteriza-
tion and comparison with hypoxia-inducible factor-1e. Blood
92: 2260-2268.

Wang GL, Jiang B, Rue EA, Semenza GL. (1995) Hypoxia-
inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer
regulated by cellular O, tension. Proc. Natl. Acad. Sci. USA 92:
5510-5514.

Goldberg MA, Dunning SP, Bunn HF. (1988) Regulation of
the erythropoeitin gene: Evidence that the oxygen sensor is a
heme protein. Science 242: 1412-1415.

Gleadle JM, Ebert BL, Firth JD, Ratcliffe PJ. (1995) Regula-
tion of angiogenic growth factor expression by hypoxia, tran-
sition metals, and chelating agents. Am. J. Physiol. 268: C1362—
C1368.

Melillo G, Taylor LS, Brooks A, et al. (1997) Functional
requirement of the hypoxia-responsive element in the activa-
tion of the inducible nitric oxide synthase promotor by the
iron chelator desferrioxamine. J. Bio. Chem. 272: 12236-12243.
Lok CN, Ponkas P. (1999) Identification of a hypoxia respon-
sive element in the transferrin receptor gene. J. Bio. Chem. 274:
24147-24152.

Murray JE Matthay MA, Luce JM, Flick MR. (1988) Pul-
monary Perspectives. An expanded definition of the adult res-
piratory distress syndrome. Am. Rev. Respir. Dis. 138: 720-723.
Miller EJ, Cohen AB, Nagao S, et al. (1992) Elevated levels of
NAP-1/interleukin-8 are present in the airspaces of patients

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

with adult respiratory distress syndrome and are associated
with increased mortality. Am. Rev. Respir. Dis. 146: 427-432.
Chollet-Martin S, Montravers P, Gibert C, et al. (1993) High
levels of interleukin-8 in the blood and alveolar spaces of
patients with pneumonia and adult respiratory distress
syndrome. Infect. Immun. 61: 4553-4559.

Torre D, Zeroli C, Giola M, et al. (1993) Levels of interleukin-8
in patients with adult respiratory distress syndrome. J. Infect.
Dis. 167(2): 505-506.

Holter JF, Weiland JE, Pacht ER, Gadeck JE, Davis WB.
(1986) Protein permeability in the adult respiratory distress
syndrome: loss of size selectivity of the alveolar epithelium.
J. Clin. Invest. 78: 1513-1522.

Steinberg KP, Milberg JA, Martin TR, et al. (1994) Evolu-
tion of bronchoalveolar cell populations in the adult respi-
ratory distress syndrome. Am. J. Respir. Crit. Care. Med. 148:
556-561.

Donnelly SC, Strieter RM, Reid PT, et al. (1996) The associa-
tion between mortality rates and decreased concentrations of
interleukin-10 and interleukin-1 receptor antagonist in the
lung fluids of patients with the adult respiratory distress syn-
drome. Ann. Int. Med. 125: 191-196.

McGuire WW, Spragg RC, Cohen AB, Cochrane CG. (1982)
Studies in the pathogenesis of the adult respiratory distress
syndrome. J. Clin. Invest. 69: 543-553.

Kunkel SL, Standiford TJ, Kashara K, Strieter RM. (1991)
Interleukin-8 (IL-8): the major neutrophil chemotactic factor
in the lung. Exp. Lung. Res. 17: 17-23.

Goodman RB, Strieter RM, Martin DP, et al. (1996) Inflam-
matory cytokines in patients with persistence of the acute res-
piratory distress syndrome. Am. J. Respir. Crit. Care. Med. 154:
602—-611.

Sekido N, Mukaida N, Harada A, et al. (1993) Prevention of
lung reperfusion injury in rabbits by a monoclonal antibody
against interleukin-8. Nature 365: 654-657.

Nakamura M, Fujishima S, Makoto S, et al. (2000) Importance
of interleukin-8 in the development of reexpansion lung
injury in rabbits. Am. J. Respir. Crit. Care. Med. 161: 1030-1036.
Folkesson HG, Matthay MA, Hebert CA, Broaddus VC.
(1995) Acid aspiration-induced lung injury in rabbits is
mediated by interleukin-8-dependent mechanisms. J. Clin.
Invest. 96: 107-116.

Bowden DH, Adamson IYR. (1980) Role of monocytes and
interstitial cells in the generation of alveolar macrophages.
Lab. Invest. 5: 511-517.

Blusse van Oud Alblas A, van der Linden-Schrever B, van
Furt, R. (1983) Origin and kinetics of pulmonary macrophages
during an inflammatory reaction induced by intra-alveolar
administration of aerosolized heat-killed BCG. Am. Rev. Respir.
Dis. 128: 276-281.

Ungar J, Wilson GR. (1985) Monocytes as a source of alveo-
lar macrophages. Am. J. Pathol. 11: 681-691.

Julien M, Lemoyne B, Denis R, Malo J. (1987) Mortality and
morbidity related to severe intrapulmonary shunting in mul-
tiple trauma patients. J. Trauma 27: 970-973.

Silverston P. (1989) Pulse oximetry at the roadside: a study of
pulse oximetry in immediate care. Br. Med. J. 298: 711-713.
Vlessis AA, Trunkey DD. (1997) Non-penetrating injury of the
thorax. In: Scientific foundations of trauma, Cooper GJ, Dudley
HAF, Gann DS, et al., eds., Butterworth Heinemann, Oxford,
UK, pp. 127-143.

Mizushima Y, Hiraide A, Shimazu T, et al. (2000) Changes in
contused lung volume and oxygenation in patients with pul-
monary parenchymal injury after blunt chest trauma. Am. J.
Emerg. Med. 18: 385-389.

Karakurum M, Shreeniwas R, Chen J, et al. (1994) Hypoxic
induction of interleukin-8 gene expression in human en-
dothelial cells. J. Clin. Invest. 93: 1564-1570.

Tamm M, Bihl M, Eikelberg O, et al. (1998) Hypoxia-induced
interleukin-6 and interleukin-8 production is mediated by
platelet-activating factor and platelet-derived growth factor
in primary human lung cells. Am. J. Respir. Cell. Mol. Biol. 19:
653-661.



45.

46.

47.

48.

49.

50.

N. Hirani et al.: Hypoxic Regulation of IL-8 and Pathogenesis of ARDS

Mukaida N, Mahe Y, Matsushima K. (1990) Cooperative in-
teraction of nuclear factor-kB- and cis-regulatory enhancer
binding protein-like factor binding elements in activating the
interleukin-8 gene by pro-inflammatory cytokines. J. Bio.
Chem. 265: 21128-21133.

Kunsch C, Lang RK, Rosen CA, Shannon MF. (1994) Syner-
gistic transcriptional activation of the IL-8 gene by NFkB p65
(RelA) and NF-IL6. J. Immunol. 153: 153-164.

Roger T, Out TA, Mukaida N, et al. (1998) Enhanced AP-1
and NF-kB activities and stability of interleukin 8 (IL-8) tran-
scripts are implicated in IL-8 mRNA superinduction in lung
epithelial H292 cells. Biochem. J. 330: 429-435.
Lakshminarayanan V, Drab-Weiss EA, Roebuck KA. (1998)
H,0, and tumour necrosis factor-alpha induce differential
binding of the redox responsive transcription factors AP-1
and NF-kappaB to the interleukin-8 promotor in endothelial
and epithelial cells. J. Biol. Chem. 273: 32670-32678.
Roebuck KA, Carpenter LR, Lakshminarayanan V, et al.
(1999) Stimulus-specific regulation of chemokine expression
involves differential activation of the redox responsive tran-
scription factors AP-1 and NF-kappaB. J. Leukoc. Biol. 65:
291-298.

Yao K, Xanthoudakis S, Curran T, O’'Dwyer PJ. (1994) Acti-
vation of AP-1 and of a nuclear redox factor, Ref-1, in the re-
sponse of HT29 colon cancer cells to hypoxia. Mol. Cell. Biol.
14: 5997-6003.

51.

52.

53.

54.

55.

56.

57.

58.

697

Bandyopadhyay RS, Phelan MW, Faller DV. (1995) Hypoxia
induces AP-1-regulated genes and AP-1 transcription factor
binding in human endothelial and other cells types. Biochem.
Biophys. Acta 1264: 72-78.

Rupec RA, Baeuerle PA. (1995) The genomic response of
tumour cells to hypxia and reoxygenation. Differential activa-
tion of transcription factors AP-1 and NF-kB. Eur. J. Biochem.
234: 632-640.

Yan SE Tritto I, Pinsky D, et al. (1995) Induction of interleukin
6 (IL-6) by hypoxia in vascular cells. Central role of the bind-
ing site for nuclear factor-1L-6. J. Biol. Chem. 270: 11463-11471.
Yan SF, Zou YS, Medelsohn M, et al. (1997) Nuclear factor
interleukin 6 motifs mediate tissue-specific gene transcrip-
tion in hypoxia J. Biol. Chem. 272: 4287-4294.

Yoshida A, Yoshida S, Khalil AK, Inomata H. (1998) Role of
NF-kB-mediated interleukin-8 expression in intraocular neo-
vascularization. Invest. Ophthalmol. Vis. Sci. 39: 1097-1106.
Chandel NS, Tryzna, WC, McClintock DS, Schumacker PT.
(2000) Role of oxidants in NF-kB activation and TNF-«a gene
transcription induced by hypoxia and endotoxin. J. Immunol.
165: 1013-1021.

Mukaida N, Shiroo M, Matsushima K. (1989) Genomic struc-
ture of the human monocyte-derived neutrophil chemotactic
factor IL-8. J. Immunol. 143: 1366-1371.

Gleadle JM, Ratcliffe PJ. (1998) Hypoxia and the regulation
of gene expression. Mol. Med. Today 4: 122-129.



