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ABSTRACT

Background Pseudomonas aeruginosa frequently
colonises intubated patients and causes life-threatening
ventilator-associated pneumonia (VAP). The role of
quorum sensing (QS), regulating virulence in this
pathogen, during colonisation and development of VAP is
unknown.

Methods P aeruginosa isolates and tracheal aspirates
were prospectively collected from intubated patients.
Genotypes and QS-independent virulence traits (exoU,
exoS, PAPI-1 and PAPI-2) harboured by colonising
isolates were identified in vitro with the CLONDIAG array.
The production of elastase and rhamnolipids was
measured to assess QS-dependent virulence. To monitor
QS activity ‘in patient’, total RNA was extracted directly
from tracheal aspirates and expression of QS genes was
measured.

Results 320 P aeruginosa isolates and tracheal aspirates
were obtained from 29 patients of whom 6 developed VAP
(20%). Seven patients (24%) were initially colonised by
QS-proficient isolates; 57% of them developed VAP as
compared with 9% of patients colonised by QS-deficient
isolates (p=0.018). Of all tested virulence traits from the
initial colonising isolates, only rhamnolipids were
associated with development of VAP (p=0.003). VAP
occurred more frequently in patients colonised during the
entire observation period by isolates producing high levels
of rhamnolipids (p=0.001). ‘In patient” monitoring of QS
genes showed non-induced expression profiles in patients
without VAP. In contrast, exponential induction of QS
circuit and target gene expression was observed for two
patients with VAP, and an ‘in patient” QS gene expression
profile and hierarchy similar to those in vitro was measured
for one patient with VAP.

Conclusions Production of the QS-dependent virulence
factor rhamnolipids by colonising P aeruginosa isolates is
associated with development of VAP.

INTRODUCTION

Pseudomonas aeruginosa frequently colonises intu-
bated patients. In 10—20% of these patients colo-
nisation  progresses to  ventilator-associated
pneumonia (VAP) associated with mortality rates
of 30—40%." To date, it has been impossible to
accurately identify those colonised patients who
will develop this complication. In particular it
remains unclear whether patients prone to infec-
tion are colonised by especially virulent strains. A
quorum-sensing (QS) circuit regulates most viru-
lence determinants in P aeruginosa according to cell
density.> ® These include many secreted factors
(elastase, phospholipase C, lecitinase, rhamnoli-
pids) as well as secondary metabolites (pyocyanin,
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cyanide).” ® The importance of QS-regulated viru-
lence traits for the pathogenicity of P aeruginosa
has been established in both animal and plant
infection models.” However, evidence for QS
activity in the human host remains scarce and is
derived from the detection of QS signalling mole-
cules and the detection of QS gene expression in
sputum samples collected occasionally from
patients with cystic fibrosis.'?"'° Its relevance in
acute human infections has even been questioned
recently.'® 77 If QS-dependent virulence traits were
important for the development of infection, then
preventive measures aiming at the inhibition of
the QS circuit would be an attractive alternative
to conventional antibiotics, which frequently lead
to the selection of resistance without being able to
eradicate colonisation of intubated patients.’ 4 1°

Our primary aim was to determine the presence of
particular virulence traits in P aeruginosa isolates
colonising intubated patients and their potential
association with the development of Paeruginosa VAP.
We also sought to determine whetherinduction of the
QS circuit could be demonstrated ‘in patient’ during
colonisation and/or infection of intubated patients
by monitoring bacterial gene expression directly in
tracheal aspirates.

METHODS

Subjects

This study is a subanalysis of a multicentre placebo-
controlled trial investigating azithromycin as a QS
inhibitor for the prevention of P aeruginosa VAP in
colonised mechanically ventilated patients (http://
ClinicalTrials.gov ID# NCT00610623). Detailed
information on the results of this clinical trial are
published elsewhere (van Delden et al/, submitted,
2010). Patients of the present study were restrictively
selected from the placebo-control group on the basis
of availability of both daily clinical P aeruginosa
isolates and tracheal aspirates. We screened intu-
bated patients for respiratory tract colonisation by P
aeruginosa every 48 h. Patients with ongoing P aeru-
ginosa infection, or having received antimicrobial
treatments active against the colonising isolates
during the last 14 days, or during the observation
period, were not included. The diagnosis of Paerugi-
nosa VAP was based on the clinical picture, including
a pulmonary infection score (CPIS) =6, as well as
a quantitative culture of a bronchoalveolar lavage
fluid yielding >10* CEU/ml of Paeruginosa."

Collection of respiratory samples
Starting the first day of proven colonisation (D0),

we prospectively collected daily tracheal aspirates
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and one P aeruginosa isolate (collection period: 3—20 days).
Samples were frozen at —80°C on site within 15 min, and sent
on dry ice to the research laboratory at the University Hospital
Geneva, where all RNA and DNA extractions were performed.
Tracheal aspirates were used to determine P aeruginosa bacterial
loads and ‘in patient’expression of QS genes, whereas P aerugi-
nosa isolates were used for genotypic and phenotypic charac-
terisations (figure 1A). Reasons to stop sample collection were
either extubation or proven P aeruginosa VAP.

Genomic analysis of clinical isolates

Intrapatient comparison of genotypes was performed on the
entire collection of 320 isolates by random amplification of
polymorphic DNA (RAPD) using primer 207.%° Interpatient
comparison of the genotype of the initial isolate from each of
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Figure 1 (A) Flowchart for procedures on tracheal aspirates. From

each daily aspirate one Pseudomonas aeruginosa isolate was selected,
and DNA as well as RNA were extracted in parallel. Bacterial load was
deduced from genomic DNA by quantitative reverse transcription—PCR
(qQRT—PCR) and gene expression was determined after reverse
transcription of total RNA. (B) Bacterial load over time. Shown are the
mean=SEM of bacterial loads for patients with ventilator-associated
pneumonia (VAP) (filled squares) (n=5, genomic samples of patient
13128 with VAP were not available due to technical problems) and
patients without VAP (open squares) (n=23). Arrows indicate days of
VAP (dotted arrow indicates patient 13128, for whom no genomic DNA
samples were available).
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the 29 patients was performed with the P aeruginosa CLON-
DIAG array.®! The array further detects the presence of 38
genetic markers of the accessory genome, including two genes
from the pathogenicity island PAPI-1 and three from PAPI-2.%2

The lasR and rhIR genes were amplified by PCR using primers
lasR-F1 (5 -ATCTTGTGGGCTGACTGGAC-3") and /lasR8 (5'-
CTGCGGCAGTCGTTTCGAGAAT-3'), and rhiR-F1 (5 -ACGGT
GCTGGCATAACAGATAGG-3"); and rhlR-R1 (5-CCTCTCAG
TCGGAGGACATACCA-3"), respectively, from bacterial lysates.
PCR conditions were as follows: 95°C for 2 min, 27 cycles at
95°C for 15, 57°C for 30s and 72°C for 1 min, and a final
extension at 72°C for 4 min. /asR and rh/R PCR products
were purified (Qiagen, Hilden, Germany) and sequenced using
primers /asR-F1 and rhIR-F1, respectively.

Exoproduct analysis

Elastase activity was determined using the Elastin Congo Red
assay in supernatants of cultures grown for 7 h at 37°C in PB
medium.?® ** Rhamnolipid production was assessed on modified
SW-Blue plates.”” The diameter of the rhamnolipid-containing
halo formed around the bacterial colony after 24 h incubation at
87°C and after 24 h at room temperature was measured and
compared with that produced by the reference strain PAO1. All
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Figure 2 Phenotypic and genotypic characterization of initial colonising
Pseudomonas aeruginosa isolates. Production of elastase (Ela) and
rhamnolipids (Rha) was scored according to the classification scheme.
Alterations to the PAO1 (wild-type) sequences of the /lasR and rhiR
genes, as well as undefined deletions (A) or insertions (IS) are indicated.
The presence of the cytotoxicity genes exoS and exoU from PAPI-1
(maximum of two genes) and PAPI-2 (maximum of three genes), as well
as the single nucleotide polymorphism (SNP) type, were established
using the CLONDIAG array. Patients with ventilator-associated pneu-
monia (VAP) are highlighted by black boxes.
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Table 1
associated pneumonia (VAP)

Virulence determinants in patients with and without ventilator-

Expression or presence of virulence

determinant (total number of patients VAP Non-VAP

with a positive initial isolate) (n=6) (n=23) p Value
Elastase (13)* 4 9 0.364
Rhamnolipid (8)* 5 3 0.003
exoS (18)1 5 13 0.362
exoU (11)1 1 10 0.362
PAPI-1 (2)t 0 2 1.000
PAPI-2 (25)t 4 21 0.180

*>90% activity of reference strain PAO1.

tPresence of the gene was determined using the CLONDIAG array; pathogenicity islands
were considered to be present in the isolate when at least one of two (PAPI-1) and one of
three (PAPI-2) genes were detected by the CLONDIAG array.

determinations were done in duplicate and expressed as
a percentage of PAO1 production levels.

DNA and RNA preparation

Genomic DNA, and RNA were extracted from 0.05 ml and
0.5 ml of homogenised tracheal aspirates, respectively (figure
1A). Additional details on the extraction procedures and gene
expression analyses are provided in the online data supplement.

Statistical analysis

This study is a subanalysis of a multicentre placebo-controlled
trial. None of the analysis presented here was included in the
primary or secondary outcomes of this trial, which was focused
on the occurrence of P aeruginosa VAP (primary outcome) and

A

Patient Days of colonization

high (n=6) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
5101 151 137 141 163 134

13106 133 127 120 111 137 123 104 163 126 NI NI 111 94 NI 103 102 104 115 115 128
13111 109 114 112 118 111

13112 123 111 105 118 115 116 120 120

13128 137 136 140 131 108

13104 190 157 185 204 186 197

AVG 141 130 134 141 132 145 112 141 126 NI NI 111 94 NI 103 102 104 115 115 128
variable (n=8) 0 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20
19105 153 166 169 162 135 118 5 4 22 78 90 4 60 59 138 166 76 11 64 83
15101 89 90 22 NI 1 NI 1 1 1 2 1 56 57 2 0 15 2 16 1
15102 215 164 3 188 145 182 171 4 175 12 5 4 193 118 2

24101 292 301 56 23 304 NI 297 141 48

26102 152 0 0

16101 189 165 60 21 20 25 27 1 20 23 21

30101 345 138 220 173 140 23

13122 122 NI 132 136 144 142 69 121 145 29 4 6 101 1 56 63 8 144 105 7
AVG 195 146 83 117 127 98 95 45 68 29 24 18 103 45 49 81 28 57 85 48
6104 0 0 0 0 0 0 1 NI 1 NI 1 1 1 1 1

13116 1 1 1 2 1 2 2 2 1

22101 1 1 0 1 0 NI 1

27101 1 1 NI 1 ND 0 1 NI 0 ND  ND 1 ND 1 ND 1 NI 0 1
10103 35 42 43 36 37 NI 4 5 47

13108 61 57 44 70 37 22 30 81 44 77 68 49 39 5

13114 28 22 25 23 22 29 24 NI 23 31 24 28

13117 19 20 0 0 9 14 1 0 1 2 5 0 19

13118 12 67 13 37 21 28 52 25 15

13121 16 50 3 2 3 49 2

19101 34 6 26 36 41 62 25 9 49 8 35 20 18 6 30 15 16 30 NI 3
19102 47 60 57 43 58 12 39 16 16 36 51 39

21107 24 22 23 30 23 38 23 16 43 68

26104 25 25 23 24 26 185 26 10 11 141

27104 24 24 22 24 10 18 4 22

AVG 22 26 20 22 21 35 16 19 21 52 31 20 19 3 15 8 16 15 1 3

NI, no isolate; ND, not done; AVG, average

Average Elastase activity (n=29)

B
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Figure 3 Elastase production of colonising isolates from 29 patients. (A) Elastase production is expressed as a percentage of the reference strain
PAQ1. Patients were allocated to three different classes according to the temporal evolution of elastase production of their isolates (high, variable and
low). The average (AVG) for each group is shown. Patients who developed ventilator-associated pneumonia (VAP) are shown in bold. (B) Temporal
evolution of average elastase production of isolates from the three different classes shown in A. Evolution is shown only up to day 11 due to low

sample sizes thereafter.
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mortality (secondary outcome) in both placebo and azithro-
mycin study arms. Two-sided Fisher exact tests were used to
analyse differences between group proportions. The
Mann—Whitney test was used as a non-parametric test.

RESULTS

Genotypes and virulence phenotypes of initial colonising P
aeruginosa isolates

The collection included a total of 320 P aeruginosa isolates from
29 patients. Six patients developed P aeruginosa VAP. Detailed
clinical information on the study population is presented in the
online data supplement. Four patients (13122, 15101, 21107 and

A

26102) were colonised by two different genotypes. We first
focused on the 29 initial colonising isolates. Using the P aerugi-
nosa CLONDIAG genome array, we distinguished 18 clones
(figure 2).2! The CLONDIAG array also allows determination of
the presence of virulence genes including the Pseudomonas
pathogenicity islands PAPI-1 and PAPI-2, as well as the two
mutually exclusive cytotoxicity genes exoS and exoU. The genes
of PAPI-1 were detected in only two isolates. In contrast, genes
of PAPI-2 were found in 25 out of the 29 isolates (figure 2). The
gene encoding the cytotoxic phospholipase ExoU, carried on
PAPI-2, was present in isolates of 11 patients (38%), while exoS,
not located on a pathogenicity island, was identified in isolates

Patient Days of colonization
[high (n=5) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
13111 101 112 101 104 0
13128 103 102 98 95 100
16101 11 109 73 63 61 70 70 99 68 94 64
21107 91 86 91 67 88 91 91 82 90 90 76
24101 10298 107 110 105 NI 97 1M1 111 102
AVG 101.6 1014 940 87.8 708 805 860 973 897 953 70.0
interm (n=13) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
5101 116 0 13 0 109
13104 86 87 NI 86 82 85 96
13106 79 72 79 77 78 78 75 74 85 78 70 76 71 72 74 72 71 74 72 78 72
13108 88 84 86 82 72 68 81 81 72 68 70 77 81 83 81
13112 77 75 81 74 68 74 73 72
13118-S1 41 41 0 43 43 34 37 0 36
15102 ND 79 60 73 73 77 73 68 68 65 65 64 61 78 73 59
19101 80 63 78 76 76 72 79 77 75 73 75 77 78 76 75 80 71 77 78 NI 80
19102 80 72 94 72 88 79 93 0 82 105 84 0 88
27104 78 82 79 79 57 55 52 60
19105 110 113 94 102 NI 103 80 0 69 89 93 97 0 85 92 75 0 82 0 78 90
15101 0 78 70 NI 75 NI 0 0 68 0 63 0 72 70 65 0 0 0 0 0 0
13122 90 NI 90 90 89 90 89 90 88 0 0 96 0 97 0 92 91 0 95 97 68
AVG 771 705 770 712 758 741 690 475 714 598 650 60.9
low (n=11) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
6104 0 0 0 0 0 0 0 NI 0 0 NI 0 0 0 0 0
10103 0 0 0 0 0 NI 74 84 0
13114 0 0 0 0 0 0 0 NI 0 0 0 0 0
13116 0 0 0 0 0 0 0 0 0 0
13117 0 0 0 0 0 0 0 0 0 0 0 0 0 0
13121 0 62 0 0 0 70 0
22101 0 0 0 0 0 NI 0
26102 75 0 0
26104 0 0 0 0 0 77 0 0 78 0 76
27101 0 0 0 0 0 0 NI NI 0 0 0 0 0 0 0 0 0 NI 0 0
30101 91 0 0 0 0 0
AVG 151 56 0 0 0 184 93  21.0 _11.1 0 19.0 0 0 0 0 0 0 0 0
NI, no isolate; AVG, average
B Average Rhamnolipid production (n=29) C 160
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Figure 4 Rhamnolipid production of colonising isolates from 29 patients. (A) Rhamnolipid production is expressed as a percentage of the reference
strain PAQ1. Patients were allocated to three different classes according to the temporal evolution of rhamnolipid production of their isolates (high,
intermediate and low). The average (AVG) for each group is shown. Patients who developed ventilator-associated pneumonia (VAP) are shown in bold.
(B) Temporal evolution of average rhamnolipid production of isolates from the three different classes shown in A. Evolution is shown only up to day 11
due to low sample sizes thereafter. (C) Comparison of average rhamnolipid production per patient during their entire observation period between the

VAP (n=6) and non-VAP group (n=23).
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from the other 18 patients (62%). Twenty-two of the initial 29
isolates (76%) produced reduced amounts of the QS-dependent
virulence factors elastase and/or rhamnolipids compared with
the laboratory strain PAO1 (figure 2). Sequencing revealed that
lack of production of these QS-dependent virulence factors
correlated for most isolates with mutations in the /asR and/or
the rhIR QS-regulator genes (figure 2).%

We further compared genotypes and virulence phenotypes of
the initial colonising isolates from the six patients with VAP
with those from the 23 patients without VAP, We found no
statistically significant association between VAP and a particular
genotype, or the presence of either of the Pseudomonas patho-
genicity islands PAPI-1 and PAPI-2, or of the cytotoxicity genes
exoU or exoS (table 1). In contrast four out of seven patients
(67%) initially colonised by QS-proficient isolates (producing
both elastase and rhamnolipids at levels comparable with PAO1)
developed VAP as compared with two out of 22 patients (9%)
colonised by isolates with reduced QS activities (p=0.018). High
level production of rhamnolipids (p=0.003) but not of elastase
was statistically associated with VAP (figure 2 and table 1).

P aeruginosa virulence determinants during colonisation and
VAP

Virulence phenotypes fluctuate during colonisation.?S We there-
fore measured both elastase and rhamnolipid production in the
320 daily isolates from the 29 patients. According to the daily
elastase production, we identified three distinct patterns. Fifteen
patients were consistently colonised by low elastase-producing
isolates (figure 3A, B). The average daily elastase production value
in this group fluctuated between 1% and 52% of the reference
strain PAO1. Eight patients were colonised by isolates producing
fluctuating intermediate amounts of elastase. This category
displayed a clear tendency to decreasing daily average elastase
production from 195% (DO0) to 24% (D11) (figure 3A, B). Six
patients were colonised during their entire observation period by
isolates producing high levels of elastase, with average values
between 102% and 146% (figure 3A, B). The six patients with VAP
(13111, 138128, 16101, 21107, 24101 and 13116) were equally
distributed in all three categories, suggesting no association
between elastase production of the colonising isolates and VAP.
The average per patient elastase production was not different
between the VAP and non-VAP groups.

The analysis of the daily rhamnolipid production levels also
allowed separation of the 29 patients into three distinct groups
(figure 4A, B). Over the study period, 11 patients remained
colonised by non-rhamnolipid-producing isolates, with daily
average values between 0 and 20% of the reference strain PAO1
(figure 4A, B). Thirteen patients were colonised by isolates
producing intermediate amounts of rhamnolipids, with daily
average values between 59% and 76% (figure 4A, B). Five
patients (13111, 13128, 16101, 21107, 24101) were colonised
during the entire study period by isolates producing high
rhamnolipid levels, with average daily values between 76% and
100% of the PAO1 reference strain (figure 4A, B). All these five
patients developed VAP. The sixth patient with VAP (13116),
colonised by a lasR/rhIR double mutant, developed pneumonia in
the absence of detectable rhamnolipid production. Thus VAP
occurred more frequently in the group of patients colonised
during the entire study period by isolates producing high
rhamnolipid levels than in the other two groups (p=0.001). Even
when patient 13116 was included in the analysis, patients with
VAP were colonised over time with isolates producing higher
average levels of rhamnolipids than patients without VAP
(Mann—Whitney test, p=0.014) (figure 4C).

Thorax 2010;65:703—710. doi:10.1136/thx.2009.133082

‘In patient’ QS induction

To obtain a global picture of QS activity in vivo, we analysed P
aeruginosa QS gene expression at the population level by
extracting total genomic DNA and total RNA from daily
tracheal aspirates (figure 1A). As QS is cell density dependent,
we determined the global bacterial lung loads using the genomic
DNA. In all patients, the daily bacterial load fluctuated within
a range of 10°—10° genomic copies/g of aspirate without a clear
trend (figure 1B). Except for a transient two- to threefold
increase in patients with VAP between the second and fourth
day of colonisation, no difference in bacterial load was observed
between those with and without VAP (figure 1B). Since all VAP
cases (indicated by arrows) occurred on or before day 11,
a comparison beyond this point was not possible.

We assessed the expression of two transcriptional regulator
genes (lasR and rhiIR), and of two autoinducer synthases genes
(lasI and rhll), which together form the QS circuit genes of P
aeruginosa, as well as of two major QS target genes lasB (elas-
tase) and rh/A (rhamnosyltransferase).* We detected expression
of lasI and rhlA in 70% and 42%, respectively, of all aspirates (see

A 400
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o
2 A\\ L

lasl/rpsL
\
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‘5 T T T T T T T T T T
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Figure 5 ’In patient’ quorum sensing (QS) induction. (A) Temporal
evolution of /as/ expression. Three patients with ventilator-associated
pneumonia (VAP): 13111 (filled circles), 13128 (filled diamonds) and
21107 (filled triangles), and 19 patients without VAP (open diamonds).
(B) Temporal evolution of rh/A expression. Three patients with VAP:
13111 (filled circles), 13128 (filled diamonds) and 21107 (filled
triangles), and 16 patients without VAP (squares). Gene expression is
standardised towards expression of the housekeeping gene rpsL.
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online data supplement). The expression of /asB and rhll was
measured at lower levels and in fewer samples, excluding these
genes from longitudinal analysis. We therefore analysed the
mean las! (figure 5A) and rh/A (figure 5B) expression levels over
time within 19 and 16 patients without VAE, respectively, from
whom adequate samples for QS gene expression were available
using the QS-independent housekeeping gene rps/ to normalise
gene expression between samples. Both curves showed a similar
stable non-induced profile compatible with basal gene expres-
sion. Adequate samples for QS gene expression profiles were
available for four patients with VAP (13111, 13116, 13128 and
21107). Patients 13111 and 21107 with VAP showed clear QS
induction profiles for both /asI (figure 5A) and rhlA (figure 5B)
with an exponential increase of QS gene expression starting 48 h
before VAP Expression levels of patient 13128 with VAP
remained comparable with means of patients without VAP
Consistent with the low rhamnolipid production of its colo-
nising isolates (figure 4A), patient 13116 with VAP colonised by
a double JasR/rhiR mutant did not show any QS induction.

To highlight the previously described cell density dependency
and hierarchy of QS gene induction, we measured the expression
of the QS circuit (lasR, lasl, rhIR and rhll) and QS target (lasB and
rhlA) genes during in vitro growth of the reference strain PAO1
(figure 6A).%” As expected QS induction occurred only once the
bacterial cell density had reached a threshold level (1x10° CFU/
ml under our conditions), and the fold induction of the QS
target genes /asB and rh/A was higher than that of the QS

regulator genes /asR and rh/R. In patient 13111 with VAP we
were able to measure the expression of the same QS target and
circuit genes over time (figure 6B). In agreement with in vitro
data, the rii/ QS system genes were more induced than those of
the las system in this patient.’® We observed the highest
induction in gene expression (100-fold) for the QS target gene
rhlA. In contrast to the in vitro situation, the bacterial load in
the tracheal aspirates did not increase during the observation
period (see inset in figure 6B).

DISCUSSION
This is the first study to report on QS-dependent virulence in P
aeruginosa isolates in vitro at the clonal, as well as ‘in patient’ at
the bacterial population level, during both colonisation and
development of VAP. We found that (1) the majority of patients
were initially colonised by QS-deficient P aeruginosa isolates; (2)
VAP occurred more frequently in patients colonised by QS-
proficient isolates; (3) the production of rhamnolipids, both by
the initial colonising isolate and the subsequent colonisers, was
associated with development of VAP; and (4) ‘in patient’” QS
gene induction was observed only in patients developing VAP
Our study included 29 colonised patients of which six devel-
oped VAP. Only 24% of our patients were initially colonised by
fully QS-proficient P aeruginosa isolates. The incidence of VAP
was much higher in this group (57%) as compared with the rest
of the study population (9%). Moreover all patients initially and
persistently colonised during the entire observation period by

Figure 6 In vitro and ‘in patient’ A 4000 500
quorum sensing (QS) induction. (A) In & rhlA I O rhll
vitro @S circuit induction. Growth curve lasB 3500 _'450 O rhiR
of the P aeruginosa wild-type strain @ las 400 | @ fas/
PAO1 in LB medium (figure inset). 3000 ~ '
Expression (fold change of cDNA [350| @ /asR
copies/ml culture) of QS circuit genes o) 2500 + L 300| A rpsL
(lasR, rhiR, lasl and rhil), QS target c -
genes (rhlA and /asB) and the % 2000 - [ 250
housekeeping gene (rpsL) determined by T 1500 L200
quantitative reverse tanscription—PCR Ke) - o
(QRT—PCR). (B) ‘In patient’ QS circuit -150 =
. . . X 1000 - F Q
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isolates producing high levels of rhamnolipids developed VAE,
supporting the assertion that this particular QS-dependent
virulence trait plays a role in the development of this infection.
Several mechanisms by which rhamnolipids can promote
infection have been proposed. Rhamnolipids are necessary and
sufficient for invasion of a reconstituted human airway epithe-
lium; they modulate biofilm architecture and lyse poly-
morphonuclear neutrophils?* 3! Taken together these data
designate rhamnolipids as an essential factor promoting the
early stages of mucosal invasion. However, because of the low
patient number, our data do not exclude that other QS-depen-
dent factors also play a role during colonisation and infection in
intubated patients. Strikingly we did not find a direct associa-
tion between elevated elastase production and the occurrence of
VAP. However, we have shown previously that VAP occurs
earlier in patients colonised by elastase-producing isolates, as
compared with patients colonised by isolates with reduced or no
elastase production.?® Markedly, while rhamnolipid production
remained fairly stable over time, average elastase production
decreased. This is in agreement with a constant proportion of
rhIR mutants (rh/ mainly regulating rhamnolipid production) but
an increasing proportion of /asR mutants (lask mainly regulating
elastase production) colonising the patients over time.”

While the importance of QS-dependent virulence for patho-
genesis has been established in different host models and is
further supported by our in vitro data, its relevance needed to be
further investigated directly in the human host.” Our study
provides the first ‘in patient’ view of QS dynamics. In patients
without VAP, las] and rhlA were only expressed at a basal, non-
induced level during colonisation. In contrast, we observed
global QS induction in two colonised patients progressing
towards VAP. Although the number of VAP cases is not suffi-
cient to achieve a statistically significant association with ‘in
patient’” QS induction, this observation illustrates QS activity in
vivo during development of VAP. As ‘in patient’ gene expression
data reflect the mean of a global bacterial population, QS
induction in spatially restricted areas such as microcolonies,
where VAP might start initially, could potentially be missed.
This could explain why we were unable to detect QS induction
in the other patients with VAP

In one patient, colonised by QS-proficient isolates, we
observed a similar ‘in patient’” QS gene expression profile and
hierarchy to that in vitro, illustrating that QS can also orches-
trate P aeruginosa gene expression in the lungs of the human
host. This ‘in patient” QS induction occurred without an
increase in bacterial cell density and coincided with the devel-
opment of pneumonia. In contrast, one patient with VAP was
colonised by a double /asR/rh/R mutant. Interestingly, isolates of
this patient carried the exoU gene, encoding a phospholipase
whose expression has been associated with increased mortality
from VAP3? Since QS negatively regulates TTSS expression,
these isolates might have achieved higher or earlier expression of
TTSS, and development of VAP might have been mediated by
cytotoxicity in this particular case.*® Whether colonisation with
exoU isolates per se is a risk factor for progression from coloni-
sation to VAP has not been investigated, but our results are not
in favour of this hypothesis.

In conclusion, this study shows that the production of
rhamnolipids by colonising isolates is associated with the
development of VAP in intubated patients. Further studies of
the potential benefit of inhibiting this QS-dependent virulence
factor in colonised intubated patients are warranted. Macrolide
antibiotics, furanone derivatives and N-acylhomoserine (HSL)
analogues have been shown in vitro to reduce QS gene expression

Thorax 2010;65:703—710. doi:10.1136/thx.2009.133082

and the production of QS-dependent virulence factors, and might
be good candidates as QS inhibitors.?® ** % Such studies would
provide the scientific basis for bacterial virulence inhibition to
prevent P aeruginosa VAP in intubated patients.
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Clinical biomarkers in resectable NSCLC

In the last decade there have been small but real advances in the understanding and
management of non-small cell lung cancer (NSCLC), with targeted treatments being a key

innovation.

Hypoxia-induced upregulated tissue expression of carbonic anhydrase IX (CAIX) and
elevated plasma CAIX levels are associated with more aggressive phenotypes in urological
cancers. In this study, resected specimens of 555 patients with NSCLC were analysed by
immunohistochemistry for CAIX and 209 preoperative plasma samples by ELISA for CAIX,
with median follow-up of 35 months. 24.3% of the tissue specimens expressed high levels of
CAIX and were associated with shorter overall survival in stage I and II, as was a plasma
CAIX level >11 pg/ml. Tissue CAIX was underexpressed in adenocarcinoma subtypes.

This study shows that in resected early stage NSCLC, high tissue CAIX can serve as an
independent predictor for shorter survival, as can plasma CAIX ELISA with 84% sensitivity
and 95% specificity. Though targeted treatments directed specifically at CAIX are under
development, this study also demonstrates a potential non-invasive clinical biomarker of early
stage NSCLC, representing another of the technologies being developed involving proteome
analysis of pretreatment peripheral blood in real time to help define the optimal thrapeutic

approach.

» llie M, Mazure NM, Hofman V, et al. High levels of carbonic anhydrase IX in tumour tissue and plasma are biomarkers of poor
prognostic in patients with non-small cell lung cancer (NSCLC). Br J Cancer 2010;102:1627—35.
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