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Fig. 3. Time course of antihyperalgesic effect of 
i.th. infusion of saline (n = 5, 10, and 6 at 30, 
100, and 200 days, respectively), M SAP 
(n = 6, 6, and 6), or M SP-SAP (n = 5, 10, 
and 6). After SP-SAP treatment, there is a re- 
duction in (A) capsaicin-induced nocifensive 
behavior (expressed as duration, in seconds, 
over 300-s observation), (B) thermal hyperal- 
gesia (expressed as paw withdrawal latency, in 
seconds), and (C) mechanical allodynia (ex- 
pressed as paw withdrawal threshold, in g) that 
does not diminish with time after injection. 
Infusion of saline or SAP alone did not produce 
any changes in these pain behaviors at any of 
the time points examined. Asterisks represent 
statistical significance from control (P < 0.05). 
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dence suggests that a uniting feature of many 
spinal and forebrain neurons that express the 
SPR is their involvement in the response to 
tissue injury and stress (10). Characterization 
of the gene and protein changes that SPR- 
expressing spinal neurons undergo during no- 
ciception should provide insight into the spi- 
nal mechanisms involved in the generation 
and maintenance of chronic neuropathic and 
inflammatory pain. 

A + SAP 
+Saline 

+---t---* 
- -  * 

+-+L** 

References and Notes 
1. 5. Arner and B. A. Meyerson, Pain 33, 11 (1988); H. L. 

Fields, M. Rowbotham, R. Baron, Neurobiol. Dis. 5, 
209 (1998); M. Koltzenburg. Curr. Opin. Neurol. 11, 
515 (1998). 

2. D. J. Mayer, D. D. Price, D. P. Becker, Pain 1,51 (1975); 
R. Dubner, D. R. Kenshalo, W. Maixner, M. C. Bushnell, 
J. L. Oliveras, J. Neurophysiol. 62, 450 (1989); D. A. 
Simone et al., J. Neurophysiol. 66, 228 (1991). 

3. Cell counts were performed with the neuronal nuclei 

c50 0 sb 160 lib 260 

marker NeuN and SPR antibodies [R. J. Mullen, C. R. 
Buck, A. M. Smith, Development 116, 201 (1992); 
1. 0. Suhonen, D. A. Peterson, J. Ray, F. H. Cage, 
Nature 383, 624 (1996)l (i) by quantifying the total 
number of NeuN- and SPR-immunoreactive cells 
with a standard fluorescence microscope, (ii) by using 
the optical dissector method [R. E. Coggeshall, 
Trends. Neurosci. 15. 9 (1992)], and (iii) by counting 
the total number of NeuN- and SPR-immunoreactive 
cells with the Bio-Rad MRC 1024 confocal micro- 
scope in a z series of 20 k m  in 2-km steps (beginning 
10 k m  into the tissue section). The z series was 
collapsed, and the number of cells was counted with 
Image Pro Plus (Media Cybernetics, Silver Spring. 
MD). With the use of these methods, the proportion 
of NeuN-positive cells that were also SPR-positive 
ranged from 2.8 to 6.3%. For similar results, see J. L. 
Brown et a/. U. Comp. Neurol. 356, 327 (1995)l and 
N. K. Littlewood, A. J. Todd, R. C. Spike, C. Watt, and 
S. A. Shehab [Neuroscience 66, 597 (1995)l. n sizes = 
5, 6, and 10 for saline, SAP, and SP-SAP, respectively, 
with averages of 3 to 7 sections per animal. 

4. Y. Q. Ding, M. Takada, R. Shigemoto, N. Mizumo, Brain 
Res. 674, 336 (1995); C. E. Marshall, S. k Shehab, R. C. 
Spike, k J. Todd, Neuroscience 72, 255 (19%). 

5. P. W. Mantyh et a/., Science 278, 275 (1997). 
6. Rats received an s.c. injection of formalin (2.5%. 50 

kl)  into the dorsal surface of the hind paw or the 
forepaw. The number of paw flinches was quantified 
every 5 min for 50 min after injection [D. Dubuisson 
and S. C. Dennis, Pain 4, 161 (1977)l. Rats receiving 
formalin in the forepaw were also observed for time 
spent licking or guarding the forepaw [B. Calvino, 
Physiol. Behav. 47, 907 (1990); C. A. Porro, C. Tassi- 
nari, F. Facchinetti, A. E. Panerai, C. Carli, Exp. Brain 
Res. 83, 549 (1991)l. 

7. Rats received A-carrageenan (0.2 mg. 0.1 ml) or CFA 
(50%. 0.1 ml) s.c. into the plantar hind paw 30 days 
after infusion of SP-SAP (10 kI, M) and were 
tested at 3 hours and each day for 3 days (A- 

carrageenan) or 9 days (CFA) in the thermal and 
mechanical assays [L. Kocher, F. Anton, P. W. Reeh, 
H. 0. Handwerker, Pain 29,363 (1987); M. J. Millan et 
a/., Pain 35, 299 (1988)l. 

8. Rats were prepared according to the method of S. H. 
Kim and J. M. Chung [Pain 50, 355 (1992)l. Rats were 
anesthetized with halothane, and the L5 and L6 spinal 
nerves were tightly ligated. Animals were allowed to 
recover for 1 week. 

9. The loss of lamina Ill neurons at 30 days observed in 
the present study is a result of binning the number of 
SPR-positive neurons in each individual lamina. Pre- 
viously, neurons from laminae Ill to V were analyzed 
as one group (5). If SPR-expressing neurons in lami- 
nae Ill to V are combined and counted as one group, 
there is no significant loss of laminae Ill to V neurons 
at 30 days after infusion of SP-SAP. The delayed loss 
of SPR-expressing neurons in laminae IV and V com- 
pared with neurons in laminae I to Ill may be due to 
the rapid diffusion and internalization of SP-SAP in 
laminae I and Ill neurons compared with the deeper 
laminae IV and V neurons. In contrast, the loss of 
SPR-expressing neurons in laminae I, Ill, IV, and V all 
appear to have reached maximal levels at 100 days. 

10. C. R. Bozic, 8. Lu, U. E. Hijpken, C. Gerard, N. P. 
Gerard, Science 273, 1722 (1996); Y. Q. Cao et a/., 
Nature 392, 390 (1998); M. S. Kramer et al., Science 
281, 1640 (1998); C. Defelipe et al., Nature 392, 394 
(1998); C. A. Doyle and S. P. Hunt, Neuroscience 89, 
17 (1 999). 

11. We thank M. Schwei for technical assistance. Sup- 
ported by National lnstitute on Drug Abuse grant 
11986, National lnstitute of Neurological Disorders 
and Stroke grants 23970 and 31223, NIH Training 
grant DEO 7288, National lnstitute of Mental Health 
SBIR MH56368, a VA Merit Review, and the Spinal 
Cord Society. 

12 March 1999; accepted 4 October 1999 

Specific Lipopolysaccharide 
Found in Cystic Fibrosis Airway 

Pseudomonas aeruginosa 
Robert K. Ernst,' Eugene C. Yi,' Lin CUO,'* Kheng B. ~im,'? 

Jane L.  burn^,^ Murray ~ackett? Samuel I. ~ i l l e r ' $  

Cystic fibrosis (CF) patients develop chronic airway infections with Pseudo- 
monas aeruginosa (PA). Pseudomonas aeruginosa synthesized lipopolysaccha- 
ride (LPS) wi th  a variety of penta- and hexa-acylated lipid A structures under 
different environmental conditions. CF patient PA synthesized LPS wi th  specific 
lipid A structures indicating unique recognition of the CF airway environment. 
CF-specific lipid A forms containing palmitate and aminoarabinose were as- 
sociated wi th  resistance t o  cationic antimicrobial peptides and increased in- 
flammatory responses, indicating that they are likely t o  be involved in  airway 
disease. 

Cystic fibrosis (CF) is the most common 
inherited disorder of Caucasians ( I ) .  The res- 
piratory tracts of most patients with CF be- 
come infected with the opportunistic gram- 
negative bacteria Pseudomonas aeruginosa 
(PA) shortly after birth (2). Chronic infection 
results in airwayinflammation, which is the 
major cause of morbidity and mortality in 
CF. Despite improved survival when treated 
with antibiotic therapy, CF patients eventual- 
ly die of progressive PA pulmonary infection 
characterized by massive neutrophilic infil- 

tration without bacterial destruction. 
Recently, it has been demonstrated that 

enteric bacteria synthesize different forms of 
lipid A in response to environmental condi- 
tions that include magnesium-limited growth 
and conditions encountered during mamma- 
lian infection (3). Salmonellae with these 
modifications have increased resistance to 
cationic antimicrobial peptides (CAMPS) and 
decreased lipopolysaccharide (LPStmediat- 
ed recognition by human cells. Because the 
PA-CF lung interaction is a remarkable ex- 
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ample of chronic bacterially induced inflam- the laboratoi-y, was determined by gas chro- 
mation, experiments were performed to ex- matography (GC) and negative-ion mass 
amine whether PA could synthesize different spectrometly (I\/IS) (5) .  Matrix-assisted laser 
lipid A structures within CF aii~vays. desorptioi1"ionization time-of-flight (MALDI- 

The dominant lipid A structure produced TOF) MS analysis of lipid A from culture 
by the wild-type PA strains PAK and PAO-1 grown in high-magnesium medium gave a 
(4), which have been extensively passaged in dominant [ M - H I  ion at a mass-to-charge 

ratio (miz) of 1447 (Fig. lA), which repre- 
sents a penta-acylated form of lipid A. This 

'Departments of Medicine and Microbiology, 'Depart- 
ment of Medicinal Chemistry, 3Department of Pedi- is suppolTed the 
atrics, University of Washington, Seattle, WA 98195, fatty acid profile obtailled by capillary GC 
USA. analysis and tandem MS product ion spectra 
*Present address: lmmunex Corporation, 51 Universi- from the n11z 1447 precursor (6) and is con- 

' t v  Street, Seattle, WA 98101, USA. sistent with the established nenta-acvlated 
.(present address: Bristol-Myers Squibb, Pharmaceuti- structure of PA (7; 8). colitrast, A 
cal Research Institute, Post Office Box 4000, Prince- 
ton, Nj 08543, USA. 

froill cells grown in low-magnesium medium 
:To whom correspondence should be addressed. E- had a substantially different structure (Fig. 
mail: millersi@u.washington.edu 1B). Collision-activated dissociation data 

Fig. 1. Characterization 
of structural modifica- 
tions of PA lipid A by 
negative-ion MS. All val- 
ues given are the aver- 
age mass rounded to 
the nearest whole num- 
ber for singly charged 
deprotonated molecules. 
(A) MALDI-TOF mass 
spectrum of lipid A from 
strain PAK grown under 
high-magnesium condi- 
tions, with the dominant 
penta-acylated form 
yielding the. [ M - H ]  at 
m/z 1447 (note also the 
ring carbon numbering 
scheme). (B) MALDI-TOF 
mass spectrum of strain 
PAK grown under low- 
magnesium conditions, 
showing additions of 
C16:O (m/z 1685), C16:O 
with one aminoarabinose 
group (m/z 1816), and 
C16:O with two amino- 
arabinose groups (m/z 
1948). (C) MALDI-TOF 
mass spectrum from the 
PhoP null mutant grown 
under low-magnesium 
conditions, showing the 
hexa-acylated form con- 
taining the 3-OH-C10:O 
at the 3 position. The lo- 
cation was assigned on 
the basis of prior work (8) 
and of MS2 or MS3 mass 
spectral fragmentation 
patterns (25). (D) Electro- 
spray triple quadrupole 
MS2 mass spectrum of 
fragments from the pre- 
cursor ion at m/z 1948 
[see (B)], the [ M - H ]  for 
the hexa-acylated form 
containing two amino- 
arabinose groups and 
C16:O (70). (E) Fragments 
of the C16:O-modified 
hexa-acylated precursor 
ion at m h  1685; for details 

A 
P. aeruginosa PAK [Mg2+] = 1 rnM 

OH 

I ) !  
I , I  

with 

m/z 
respect to the location of the C16:O acyl group, see (10) 

(Fig. 1; D and E) confirmed that this envi- 
ronmental condition promoted lipid A mod- 
ifications like those of Enterobacteriaceae, 
including the addition of aminoarabinose 
(4-amino-4- deoxy-L-arabinose) to the 1 or 
4 '  phosphates (or both) (9) and of palmitate 
(C16:O fatty acid) at the 3 '  3-0x0-C10:O 
(10). Palmitaie has not been shown to be a 
PA lipid A constituent in previous studies. 

Addition of aminoarabiilose and palmitate 
to lipid A has been associated with bacterial 
resistance to CAMP. Therefore, PA grown in 
medium of varying magnesium concentration 
was compared for resistance to ClSG, an 
alpha-helical CAI\/IP derived from the 
COOH-terminus of human platelet factor IV 
(11); and to polymyxin (12), an acylated cy- 
clic CAMP (13). As obsewed with Saln~onel- 
In @phimttriunz, resistance to these CAMPS 
was promoted by growth in magnesium-lim- 
ited medium (Fig. 2). 

Snl~nolzelln typhinz~rl.izinz lipid A modi- 
fications are regulated by the phoP!phoQ 
two-component regulatory system (3); 
which is composed of the sensor ltinase 
PhoQ and the phosphorylated transcription- 
al activator PhoP (14). PA genes similar to 
p1zoP;phoQ were identified b y  .analyzing 
the Pseudomonas Genoine Project sequence 
database (Pathogenesis Corporation, Uni- 
versity of Washington). Sequence data from 
contig 632 (released 15 I\/Iarch 1998) was 
used to construct primers to complete the 
seqiienciilg of this chromosomal region. 
These genes are similar to S. @phinztir?~rm, 
Escheiichin coli, and Yel.siizin pestis phoPl 
phoQ sequences (>50% identity and 65% 
similarity) and are located 3' to the gene encod- 
ing the PA outer me~nbrane protein OprH1, 
which is expressed during magnesium-limited 
growth (1.7). This DNA sequence information 
was used to constmct a PAphoP null mutant by 
inseitional inactivation based on a gentamicin 
resistance cassette (16). 

The phenotype of S. yphinltrr.itrin PhoP; 
PhoQ mutants includes decreased resistance 
to CAMPS and inability to grow on magne- 
sium-limited growth medium. In contrast to 
obsewations of the enteric bacterium S. y -  
phinz~rriun? (17); the growth rate in magne- 
sium-limited medium was the same for PAK 
and the phoP null mutant (18). PA-inducible 
resistance to polymyxin is mediated through 
PhoP'PhoQ activation, because the concen- 
tration of polymyxin at which:50% of bacte- 
ria were killed was 100 times greater for PAK 
(>SO p.g!inl) than for the phoR, null mutant 
(0.62 pg!ml) (Fig. 2C). The C18G-inducible 
resistance appeared to be independent of 
PhoPlPhoQ activation, because no difference 
was observed when PAK and the phoP null 
mutant were compared (18). 

Negative-ion MALDI-TOF MS analysis 
of lipid A from phoP null PA did not show 
the addition of aminoarabinose and palmitate 
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(Fig. 1C). which is consistent with a role for 
PA PhoP/PhoQ in magnesium-regulated l ip~d 
A modifications. The absence of aminoarabi- 
nose and the susceptibility of the PA p/zoP 
null mutant to polynlyxin were consistent 
n-it11 previous results from S, [ ~ p h i r ~ t ~ ~ ~ i t ~ i ~ i  
(19). For enteric bacteria, increased acylation 
of lipid A by palmitoylation promotes resis- 
tance to C18G. However, palinitoylation does 
not appear to be required for PA resistance to 
C1 8G, because the phoP null mutant and the 
wild type demonstrated similar resistance. 
The foi~nation of a PhoP-independent hexa- 
acylated lipid A sti-ucture could promote re- 
sistance to C18G in a fashion similar to 
PhoP-dependent palmitoylation. The pres- 
ence of the ion at ni/'z 1616 was consisteilt 
with the existence of such a hexa-acylated 
structure substituted with a 3-OH-C10:O 
group at the 3 position (8) of the diglu- 
cosanline backbone (Fig. 1C). Fatty acid pro- 
files and tandem MS analyses of 111h 16 16 (6) 
were consisteilt with this hypothesis. Because 
a specific 3-deacylase activity has recently 
been delnonstrated in PA (20), it is possible 
that the hexa-acylated lipid A (m/z 1616) is a 
precursor of the penta-acylated lipid A (tdz 
1447). These results indicated that a labora- 
to17 PA strain, originally isolated from a CF 
patient, could synthesize a variety of lipid A 
stiuctures in response to different environ- 
mental conditions. 

PA strains isolated from CF patients 
have been shown to have a variety of vir- 
ulence-associated properties when com- 
pared to laboratory-passaged strains; prop- 
erties that are often lost after growth in 
vitro The expression of virulence proper- 
ties immediately after a strain's isolation 
from CF patients probably reflects the 
properties' selection in vivo. Therefore, 
mi~lirnally passaged PA isolates from bron- 
choalveolar lavage and oropharyngeal 
swabs from clinically stable CF infants 
were tested to determine their lipid A struc- 
ture. Lipid A was isolated and analyzed by 
ion-trap MS, after growth under conditions 
in which it is not modified by laboratory 
strains (4). As described earlier. the well- 
studied laborato~y strains PAO-1 and PAK 
had li~/z 1447 as the dominant ion (Fig. 3A). 
Lipid A from seven minimally passaged 
clinical PA isolates was analyzed and ga\ e 
mass peaks at rit/z 1447. 1685, 1816. and 
1948. These ions were consistent with the 
synthesis of lipid A containing palmitate 
(nz/z 1 685) and anlinoarabinose (111/z 1 8 1 6 
and 1948); tandem MS studies (6), anlino 
sugar analysis; and fatty acid profiles sup- 
ported these assignments. All seven of the 
CF clinical isolates had penta-acylated lipid 
A, ~ I I / Z  1447, and more than 50% of the CF 
cli~lical isolates showed increased palmi- 
toylation when compared to PAK. as mea- 
sured with electrospray PIS (21) One CF 

isolate, CF1188. an oropharyngeal isolate ria broth (LB) inedium and analyzed by 
from a CF patient who later developed MS, these modifications were lost (6).  
chronic sinusitis, demonstrated the highest Lipid A was analyzed from miniinally 
level of nlodified lipid A, with an estimate passaged PA isolated from two patients with 
that more than 33% of the lipid A mole- sepsis and three patients with bro~lchiectasis, 
cules contained palmitate (Fig. 3B). When a chronic non-CF lung infection, to test the 
CF1188 was contiiluously passaged in Lu- specificity of our observations for CF. Nei- 

Fig. 2. Bacterial growth 
in different magnesium 
conditions and resis- 
tance to CAMPS. (A and 
B) Increased resistance 
of PAK bacteria to kill- 
ing by C18C (0 to 20 
pglml) and polymyxin 
(0.1 to 80 yg/rnl), re- 
spectively, when grown 
under magnesium-lim- 
ited conditions. Each 
assay was performed in 
triplicate, and the Polymyxin (#glml) 

mean -t SD is present- 
ed. (C) PAK PhoP-null strain has increased susceptibility to polymyxin (0.1 to 20 ~ g l m l ;  wild-type 
survival did not diminish further at 80 yg  of polymyxin per milliliter). Both PAK and PhoP-null strains 
were grown in limited magnesium conditions for survival assays. Each assay was performed in triplicate, 
and the mean i SD is presented. 

Fig. 3. Characterization 
of structural modifica- 
tions of CF and non-CF 
PA lipid A by negative- 
ion quadrupole ion tcap 
MS. (A) Mass spectrum 
(MS1) of lipid A from 
strain PAO-1 grown in 
LB medium (a growth 
condition under which 
laboratory strains do not 
modify lipid A), showing 
the dominant penta- 
acylated form yielding 
the [ M - H ]  at m/z 1447. 
(B) CF clinical isolate 
CF1188 grown in LB me- 
dium, showing additions 
of C16:O (mh 1685) and 
C16:O with two amino- 
arabinose groups (m/z 
1948). (C) Representa- 
tive bronchiectasis iso- 
late grown in LB medi- 
um, showing the domi- 
nant penta-acylated 
form at m/z 1419, con- 
taining 3-OH-C10:O and 
lacking 2-OH C12:O 
(22). (D) Representative 
non-CF blood isolate 
grown in LB medium, 
showing the dominant 

100 penta-&lated form at 
m/z 1419. ., 

50 

0 
1200 1400 1600 1800 2000 

m/z 
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ther mucoid PA from bronchiectasis (Fig. 
3C) nor nonmucoid PA from blood (Fig. 3D) 
showed the dominant penta-acylated form, 
m/z 1447, that was obsenred for PAK (Fig. 
lA), PAO-1 (Fig. 3A), or the CF clinical 
isolate CF1188 (Fig. 3B). The dominant ion 
observed for these clinical isolates was m h  
1419, which represents a penta-acylated form 
of lipid A containing 3-OH-C10:O and lack- 
ing 2-OH C12:O (22). Addition of palmitate 
or aminoarabinose to this penta-acylated lipid 
A (m/z 1419) was not obsenred for any of 
these non-CF cllnical isolates, even when 
grown in magnesium-limited medium. How- 
ever, lipld A prepared from both the bronchi- 
ectasis and blood isolates after growth in 
magnesium-limited medium contained m/z 

z MO.., , pAK.iaw Mg2* 

X I - PAK-LB 

o o.001 0.01 O:I i 10  

LPS (wgImL) 

1447, 1685, and 18 16 ions ( 6 ) ,  indicating that 
the pathways necessary for the synthesis of 
CF-specific lipid A were intact and inducible. 

Because the lipid A acylation state can 
affect biological activity, LPS from different 
PA clinical isolates was tested for the ability 
to stimulate interleukin-8 (IL-8) production 
by human umbilical cord endothelial cells 
(HUVECs) (23). LPS from five of seven CF 
strains showed significantly increased stimu- 
lation of IL-8 expression when compared 
with the clinical bronchiectasis isolate (Fig. 
4D) (24). Again, the most dramatic results 
were obtained with CFll88,  the strain with 
the highest level of palmitate? which suggests 
that structures with this fatty acid may stim- 
ulate increased responses. 

u 1 I I I I I 

0 0 0 0 1  0 0 1  0 1  1 10 
LPS (uglmL) 
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Fig. 4. Stimulation of IL-8 expression with ditferent LPS 
preparations. (A) LPS purified from strain PAK after 2 
growth in different magnesium conditions was added 
to HUVEC monolayers. After 22 hours of stimulation, cell culture medium was harvested and was 
assayed for the presence of IL-8 by ELISA. Each stimulation assay was performed in triplicate and 
the mean I SD is presented. GC analysis of the various LPS fatty acid derivatives indicated that the 
quantity of 3-OH-C12:O (the amide-linked and least variable fatty acid in Lipid A per milligram of 
LPS dry weight was 92.6, 71.5, and 88.7 nM for PA LPS from growth in LB, in 8 p,M Mg2-, and in 
1 mM Mg2+, respectively. (6) LPS purified from PAK after growth in different magnesium conditions 
and from PA clinical isolates (CF1188, bronchiectasis, and blood) after growth in LB medium. 
stimulation assays were performed as above. GC analysis of the various LPS fatty acid derivatives 
indicated that the quantity of 3-OH-C12:O was 44.4 and 37.7 nM for PAK after growth in 8 p,M 
Mg2+ and in 1 mM Mg2+, respectively; and was 40.6, 27.0, and 27.3 nM for clinical isolates CF1188, 
bronchiectasis, and blood, respectively, after growth in LB medium. (C) LPS and lipid A purified from 
CF1188 after growth in LB medium. Stimulation assays were performed as above. GC analysis of 
LPS fatty acid derivatives indicated that the quantity of 3-OH-C12:O was 13.8 nM for LPS and 17.4 
nM for lipid A. (D) LPS purified from all clinical isolates after growth in LB medium. stimulation 
assays were performed as above. LPS Stimulation relative to bronchiectasis LPS (100 nglml 
corrected for background) is presented. Statistical analysis (t test, * P  > 0.05, * * P  > 0.005) is also 
shown. 

The results from the clinical isolates 
indicated that LPS stimulatory activity 
could be increased as a result of synthesis 
of different lipid A structures. Because lab- 
oratory strains grown in low-magnesium 
medium show LPS modifications similar to 
those observed in the clinical isolates (Fig. 
lA), LPS from PAK was tested for the 
ability to stimulate IL-8 production by 
HUVECs. LPS from cells grown in low- 
magnesium medium also stimulated an in- 
crease in IL-8 (with a range of 10- to 
100-fold from different LPS preparations) 
when compared with LPS derived from 
cells grown in magnesium-replete condi- 
tions (Fig. 4A). Similar differences were 
observed for LPS-induced E-selectin ex- 
pression, an outer membrane adhesion mol- 
ecule (18). HUVEC IL-8 and E-selectin- 
induced expression by LPS was CD14-me- 
diated, because HUVEC preincubation with 
a monoclonal antibody to CD14 abolished 
the LPS effect (18). Additionally, the stim- 
ulatory activity of LPS prepared from bron- 
chiectasis and blood isolates after growth in 
LB medium was similar to that seen for 
PAK LPS derived from cells grown in mag- 
nesium-replete conditions (Fig.-4B). These 
results pro\ ide further e\ idence to indicate 
that CF-specific lipid X structures induce 
increased inflammatory responses. 

Finally, to confirm that the increased 
stimulation observed with LPS from clinical 
isolates and laboratory strains grown in low- 
magnesium medium was caused by the lipid 
X component, HUVECs were stimulated 
with either LPS or lipid A isolated from the 
PA clinical isolate CF1188 (Fig. 4C). Similar 
levels of IL-8 expression were observed for 
both LPS and lipid A; indicating that only the 
lipid A portion of LPS was required for the 
IL-8 expression observed. Furthermore, the 
higher stimulatory activity of CF1188 LPS 
was lost after serial passage concurrent with 
the loss of modified lipid A (6, 18). Taken 
together, these data indicate that the mixture 
of CF-specific lipid A structures promoted 
increased CD14-dependent LPS recognition 
by HUVECs when compared to LPS from PA 
isolated from humans with bronchiectasis. 

These data suggest that PA lipid A struc- 
ture can influence two aspects of the patho- 
genesis of CF chronic lung disease. First. the 
unique PA lipid A structures may promote 
bacterial sur-vi.iral or colonization. Because 
certain lipid A structures promote resistance 
to CAMPS and other membrane active com- 
ponents of the innate immune system, strains 
with increased ability to synthesize modified 
lipid A are selected within the CF lung. Sec- 
ond. CF-specific PA lipid A structures may 
then generate increased or unique inflamma- 
tory responses. Therefore, compounds that 
block the synthesis of the modified PA lipid 
A forms may have utility in the treatment of 
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CF lung disease bv increasing suscevtibilitv 1183 respectively, but were not  observed in the 250°C; 20 scans were acquired per analysis; and 10 - u 

to innate immune killing and by decreasing 
the inflammatory response. 
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