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Rationale: Pseudomonas aeruginosa is the most commonly isolated
gram-negative bacterium after lung transplantation and has been
shown to up-regulate glutamic acid–leucine–arginine–positive (ELR1)
CXC chemokines associated with bronchiolitis obliterans syndrome
(BOS), but the effect of pseudomonas on BOS and death has not
been well defined.
Objectives: To determine if the influence of pseudomonas isolation
and ELR1 CXC chemokines on the subsequent development of BOS
and the occurrence of death is time dependent.
Methods: A three-statemodel was developed to assess the likelihood
of transitioning from lung transplant (state 1) to BOS (state 2), from
transplant (state 1) to death (state 3), and from BOS (state 2) to
death (state 3). This Cox semi-Markovian approach determines
state survival rates and cause-specific hazards for movement from
one state to another.
Measurements and Main Results: The likelihood of transition from
transplant to BOS was increased by acute rejection, CXCL5, and
the interactionbetweenpseudomonasandCXCL1.Thepseudomonas
effect in this transition was due to infection rather than colonization.
Movement fromtransplant todeathwas facilitatedbypseudomonas
infection and single lung transplant. Transition from BOS to death
was affected by the length of time in state 1 and by the interactions
between any pseudomonas isolation and CXCL5 and aspergillus,
either independently or in combination.
Conclusions: Ourmodeldemonstrates thatcommonpost-transplantation
events drive movement from one post-transplantation state to an-
other and influence outcomes differently depending upon when
after transplantation they occur. Pseudomonas and the ELR1 CXC
chemokines may interact to negatively influence lung transplant
outcomes.
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Lung transplantation is a life-saving procedure for end-stage
lung disease. Long-term success is limited by the high incidence
of chronic lung allograft dysfunction, predominantly due to bron-
chiolitis obliterans syndrome (BOS). Acute rejection is perhaps
the most widely recognized event to increase the risk of chronic
lung allograft dysfunction. There is expanding evidence that a va-
riety of infections increase the chances of developing BOS. Fun-
gal pneumonia or colonization (1, 2) and viral pneumonitis (1, 3,
4) are among infectious conditions shown to increase the risk of
BOS. However, the most commonly isolated pathogens after lung
transplantation are bacteria, broadly separated into gram-negative
and gram-positive organisms (5–8). The gram-negative Pseudomonas
aeruginosa is the most frequently isolated bacterium after lung
transplantation (5–7, 9–12).Moreover, bacterial pulmonary infections
have been associated with increased bronchoalveolar lavage
fluid (BALF) levels of inflammatory markers, including the gluta-
mic acid–leucine–arginine–positive (ELR1) CXC chemokine IL-8
(CXCL8) (13–16). Prior studies have suggested that pseudomonas
may influence the development of BOS by de novo colonization
after lung transplantation (17) or by persistent colonization (18).

Based on the above studies, we hypothesized that pseudomonas
colonization and infection interact with the allograft inflammatory
milieu and effect the recipient’s post-transplant state. As patients
move between the states of post-transplantation, BOS, and death,
different post-transplant events, such as pseudomonas infection or
acute rejection, have varying impacts. Such impacts from post-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Pseudomonas is the most commonly isolated bacterium after
lung transplantation and has been shown to up-regulate
glutamic acid–leucine–arginine–positive (ELR1) CXC che-
mokines associated with bronchiolitis obliterans syndrome,
but the effect of pseudomonas on long-term outcomes is
controversial.

What This Study Adds to the Field

In this study, we have shown that the effect of pseudomonas
isolation after lung transplantation is dependent upon when
after transplantation it is isolated and that pseudomonas
infection, but not colonization, increases the risk of chronic
lung allograft rejection and death. Higher levels of bron-
choalveolar fluid ELR1 CXC chemokines further augment
the risk of developing chronic rejection or death. Our data
suggest that pseudomonas infection and the ELR1 CXC
chemokines may interact to negatively influence lung trans-
plant outcomes in a time-sensitive manner.

mailto:a.gregson@ucla.edu


transplant events are state-specific or state dependent; that is,
their influence on the outcome is dependent upon when after
transplantation they occur. These impacts can be investigated
via a Markovian analysis that measures the likelihood of mov-
ing from one state to another. The objectives of this study were
to use a multistate Cox semi-Markov approach to assess cause-
specific hazards for state transitions after lung transplantation to
determine the impact of acute events, including pseudomonas
isolation and BALF ELR1 CXC chemokine levels on BOS,
death, and death after BOS.

METHODS

Patient Population

A total of 355 recipients of lung transplants at theUniversity ofCalifornia,
LosAngeleswho hadBALF specimens collected between January 1, 2000
and December 31, 2008 were evaluated. Of these, 323 had available
BALF chemokine data and 281 had adequate pulmonary function test
results thereby providing the final 260 lung transplant recipients that are
included for analysis. Follow-up data through December 31, 2009 are
included. Each participant provided written, informed consent under
a UCLA Institutional Review Board-approved protocol.

Diagnostic Definitions and Specimen Processing

Post-transplant immunosuppression, prophylaxis, pulmonary function
testing, and bronchoscopy were performed according to protocols as
previously reported (19). Acute rejection > 1 and BOS > Stage 1 were
determined according to standard criteria (20–22). All chemokine data
were obtained from BALF specimens.

“Pseudomonas infection” required isolation of P. aeruginosa and
documentation of new shortness of breath, hypoxia, altered sputum
production, or radiographic infiltrate. Isolations of P. aeruginosa lacking
any of these findings are considered “colonization.” BALF preparation,
determination of chemokine concentration, and immunohistochemistry
staining was performed as previously reported (2, 19, 23).

Statistical Methods

Themovement of lung transplant recipients between states of transplan-
tation, BOS, and death can be characterized by a multistate process
(Figure 1). In this process, individuals start as recipients of a lung
transplant (denoted by state 1). After transplantation, patients may
develop BOS (from state 1 to state 2), die (from state 1 to state 3),
or die after developing BOS (from state 2 to state 3). Cox-type models
are used to investigate the effects of transplant type, acute rejection,
aspergillus, pseudomonas, and BALF ELR1 CXC chemokines (growth-
related protein-a [CXCL1], epithelial-derived neutrophil attractant-78
[CXCL5], neutrophil activating peptide-2 [CXCL7], and IL-8 [CXCL8])

on each transition (24, 25). Episodes of acute rejection, aspergillus, and
pseudomonas are treated as time-dependent covariates to assess the
effects of zero to multiple episodes. For transition hazards l12 and
l13, we have l12ðt; ZkÞ ¼ l12;0ðtÞexp½bT

12Z12;kðtÞ� and l13ðt; ZkÞ ¼
l13;0ðtÞexp½bT

13Z13;kðtÞ�. For the transition from BOS to death, transition
hazard l23 is modeled as a function of the time spent in state 1 through
a Cox semi-Markov model: l23ðt2T2; ZkÞ ¼ l23;0ðt2T2Þexp½bT

23Z23;kðtÞ�.
In the above formulae, lij,0(t) are the baseline hazards from state i to j,
Zij,k(t) are vectors of covariates of interest at time t for the kth patient, bij

are the corresponding vectors of regression coefficients, and T2 is the
time of BOS i; j2f1; 2; 3g.

We further investigated the effects of pseudomonas infection and col-
onization separately with the above models and covariates to determine
whether the pseudomonas effect is attributable to infections only or to col-
onizations only or whether any type of pseudomonas isolation is important.

Tests for significance are two-tailed with a statistically significant
P value threshold of 0.05. The median is used, and the interquartile
range (IQR) is given. The lower and upper limits of the hazard ratio
(HR) are given in parentheses after the HR. Analyses are performed in
SAS version 9.2 (SAS Institute Inc., Cary, NC) (26) and R version 2.12
(27–29).

RESULTS

Lung Transplant Patient Population and Clinical Outcomes

We analyzed data from 260 lung transplant recipients for whom
microbiologic, acute rejection, BALF for chemokine analysis,
and BOS outcomes were available (Table 1). Of these individ-
uals, 101 (38.8%) developed BOS of grade >1 at a median post-
transplantation time of 651 days (IQR, 397–943) (Figure 2).
There were 290 episodes of acute rejection at a median of 147
days (IQR, 40–409) after transplant in 152 individuals (58%).
The median number of bronchoscopies was not greater in those
with BOS or any episode of acute rejection compared with those
without either, and there was no significant difference in number
of bronchoscopies between those with and without pseudomonas
or aspergillus isolation (nine bronchoscopies [IQR, 7–11] vs. eight
bronchoscopies [IQR, 6–8]; P ¼ 1, Wilcoxon rank-sum test).
Bronchoscopy specimens were obtained for a mixture of surveil-
lance (61%), clinical (29%), follow-up for abnormal findings
(8%), and undocumented (2%) indications. Respiratory speci-
mens for microbiologic evaluation included BALF (69%), spu-
tum (16%), donor bronchus (11%), and tracheal aspirate (4%).
Eighty lung transplant recipients died during the follow-up time,
with 48 of those having developed BOS before death (980 d;
IQR, 532–1,491) (Figure 2). For recipients with BOS, the most
frequent causes of death were graft failure (48%), infection
(19%), and malignancy (13%). For recipients without BOS, the
most frequent causes of death were infection (22%), malignancy
(19%), and multiorgan failure (13%).

Episodes of Pseudomonas and Aspergillus

Among the 260 patients included for analysis, there were 238 epi-
sodes of bacterial infection (279 d after transplant; IQR, 42–620)
and 629 respiratory samples that were considered colonization
without infection (65 d; IQR, 2–243). From 93 of the 260 patients
(36%), there were 212 respiratory cultures positive for pseudo-
monas, of which 51 were classified as infection and 161 as colo-
nization (Figure 2). The median time of all pseudomonas-positive
cultures was 203 days (IQR, 42–581) after transplantation, with
no significant difference between infection and colonization sam-
ples (P ¼ 0.20, Wilcoxon rank-sum test). There were 213 cultures
positive for aspergillus (259 d; IQR, 95–734) from 118 lung trans-
plant recipients (42%) with Aspergillus fumigatus (n ¼ 134 [63%])
and Aspergillus niger (n ¼ 35 [16%]) being the most frequently
isolated species.

Figure 1. Markovian model diagram. The three states of the models are

shown as individual balls. Transition is denoted by l (e.g., transition
from state 1 to state 2 is represented by l12).
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TABLE 1. DEMOGRAPHIC/DESCRIPTIVES BY BRONCHIOLITIS OBLITERANS SYNDROME OUTCOME

No BOS (n ¼ 159) BOS (n ¼ 101) Combined (n ¼ 260) Test Statistic

Single transplant 40% 40% 40% x1
2 ¼ 0; P ¼ 1*

Diagnosis: CF/bronchiectasis 7% 4% 6% x3
2 ¼ 4.2; P ¼ 0.24*

Obstructive 33% 44% 37%

Restrictive 57% 48% 53%

Vascular 3% 5% 4%

Aspergillus episodes

0 64% 40% 55% x6
2 ¼ 20; P ¼ 0.003*

1 22% 36% 27%

2 10% 13% 11%

3 1% 4% 2%

4 2% 2% 2%

6 1% 4% 2%

8 0% 2% 1%

Pseudomonas episodes

0 73% 50% 64% x8
2 ¼ 19; P ¼ 0.017*

1 14% 22% 17%

2 6% 12% 8%

3 2% 2% 2%

4 1% 7% 3%

5 3% 4% 3%

6 0% 1% 0%

7 1% 1% 1%

8 0% 1% 0%

Pseudomonas colonization

0 76% 56% 68% x6
2 ¼ 14; P ¼ 0.031*

1 13% 21% 16%

2 7% 11% 8%

3 1% 5% 2%

4 2% 4% 3%

5 1% 2% 1%

7 1% 1% 1%

Pseudomonas infection

0 93% 80% 88% x5
2 ¼ 14; P ¼ 0.017*

1 4% 14% 8%

2 1% 2% 1%

3 1% 4% 2%

4 1% 0% 0%

5 1% 0% 0%

Acute rejection episodes

0 44% 33% 40% x7
2 ¼ 17; P ¼ 0.016*

1 33% 31% 32%

2 15% 17% 16%

3 7% 7% 7%

4 1% 8% 4%

5 0% 3% 1%

7 0% 1% 0%

9 0% 1% 0%

Time to BOS or censure F1,258 ¼ 2.5; P ¼ 0.12†

Lower quartile‡ 403 397 399

Median 743 651 704

Upper quartile 1,386 943 1,202

Median (SD) 934 (690) 749 (474) 862 (621)

Time from state 1 to state 3

Lower quartile 480

Median 884

Upper quartile 1,410

Median (SD) 1,029 (717)

Time from state 2 to state 3

Lower quartile 811

Median 1,087

Upper quartile 1,773

Definition of abbreviations: BOS ¼ bronchiolitis obliterans syndrome; CF ¼ cystic fibrosis.

* Pearson test (x2).
yWilcoxon test.
z Lower quartile, median, and upper quartile are for continuous variables.
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Movement from Post-Transplantation to BOS (State 1 to

State 2)

The likelihood of transition from transplant to BOS is signifi-
cantly increased by acute cellular rejection, aspergillus, CXCL5,
and the interaction between pseudomonas infection and CXCL1
(Table 2). For acute cellular rejection, there is a moderate dose-
dependent effect, with those having two or more episodes (HR,
2.79 [1.67–15.28]; P , 0.0001) at greater risk of BOS than those
with only one (HR, 1.86 [1.10–5.28]; P¼ 0.02) (Table 2). Likewise,
as BALF concentrations of CXCL5 increase, the likelihood of BOS
does too (HR, 1.10 per ng/ml increases [1.02–1.18]; P ¼ 0.01). Fur-
ther analysis demonstrates that pseudomonas infection, but not col-
onization, increases the risk of BOS via an interaction with BALF
CXCL1 (Table 2). In this transition, the pseudomonas effect is due
to infection (P ¼ 0.04) rather than colonization (P . 0.10).

Movement to Death before BOS (State 1 to State 3)

Movement from transplant to death is facilitated by pseudomonas
infection (HR, 3.84 [1.41–10.47]; P¼ 0.008), not colonization, and

by transplant type, with single-lung having a deleterious effect
(HR, 2.97 [1.40–6.31]; P ¼ 0.005) (Table 3). None of the BALF
ELR1 CXC chemokines is influential in this transition because
there were many recipients who died from nonlung allograft–
related causes. For example, one would not expect lung transplant
allograft chemokine concentrations to predict death from leukemia.
When considering just pseudomonas colonizations, only transplant
type remains significant.

Movement to Death after BOS (State 2 to State 3)

Significant covariates in the transition fromBOS to death include
interactions between pseudomonas, CXCL5, and aspergillus as
well as the time spent in state 1 (Table 4). Longer duration of
time spent in the post-transplantation state (state 1) leads to
decreased risk of entering the death state (state 3). The inter-
action of all pseudomonas isolations with CXCL5 is driven by
pseudomonas colonization, not infection (Table 5). The inter-
action between pseudomonas colonization and CXCL5 in this
state suggests that as BALF levels of CXCL5 increase, the im-
portance of the pseudomonas colonization decreases (Table 5).
For example, when there is at least one pseudomonas coloniza-
tion and the CXCL5 concentration is 10 ng/ml, the effect of the
pseudomonas isolation is greater (HR, 7.61 [3.38–17.17]; P ,
0.0001) than when CXCL5 concentration is 100 ng/ml (HR, 6.28
[2.90–13.61]; P , 0.0001) (Table 5). Higher concentrations of
CXCL5 in the BALF increase the risk of death after BOS even
in the absence of pseudomonas colonization (HR, 1.23 per
0.1 ng/ml [1.04–6.03]; P ¼ 0.01) (Table 5).

Pseudomonas infection and aspergillus affect the transition
fromBOS to death via their interaction, which can be characterized
as an inclusive disjunction (Table 4). This inclusive disjunction
means there is increased risk after the first isolation of either
organism, but further isolations of either organism are not of
additive importance. More specifically, any pseudomonas infec-
tion before the isolation of aspergillus is an important risk for
death (HR, 6.93 [2.07–23.18]; P ¼ 0.002), and any aspergillus
isolation before that of pseudomonas is also significant (HR,
2.39 [1.21–4.75]; P ¼ 0.01). However, after the isolation of either
pseudomonas or aspergillus, further pseudomonas or aspergillus
isolations are not important, such as pseudomonas infection
after aspergillus (HR, 0.24 [0.03–1.99]; P ¼ 0.19). This remains
true when considering only pseudomonas colonizations (P ¼
0.01) or only pseudomonas infections (P ¼ 0.007).

Expression of the ELR1 CXC Chemokines and Their Receptors

in the Lung Allograft

Based on the above findings, we investigated the cellular sources
of these chemokines and their receptors. The protein expression

Figure 2. The overall outcomes for study subjects. The number of indi-

viduals reaching each state is shown within each state ball. Ninety-

three of the subjects had an isolation of pseudomonas; 167 had no

isolation of pseudomonas.

TABLE 2. STATE 1 TO STATE 2, ONLY PSEUDOMONAS INFECTIONS CONSIDERED*

Event Lower Limit Hazard Ratio† Upper Limit P Value

Pseudomonas infection 3 CXCL1 — — — 0.04

Infection 1 vs. 0 j CXCL1 ¼ 2 ng 1.46 3.33 7.61 0.004

CXCL5 per ng increase 1.02 1.10 1.18 0.01

Acute rejection overall — — — 0.0005

Acute rejection > 1 vs. 0 1.10 1.86 5.28 0.02

Acute rejection > 1 vs. 0 1.67 2.79 15.28 ,0.0001

Aspergillus overall — — — 0.04

Aspergillus 1 vs. 0 1.13 1.80 2.87 0.01

* The interaction between pseudomonas infections and bronchoalveolar lavage fluid (BALF) CXCL1 increases the risk of

bronchiolitis obliterans syndrome (BOS). Greater BALF concentrations of CXCL5 also increase the risk of BOS, as do episodes

of acute rejection independently of pseudomonas.
yHazard ratios for transition from transplantation to bronchiolitis obliterans syndrome for pseudomonas infections only.
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of CXCL1 and CXCL5 is on hyperplastic type II pneumocytes as
well as infiltrating mononuclear cells (Figures 3a–3d). The receptors
for these chemokines are CXCR1 and CXCR2. CXCR1 is localized
to alveolar macrophages, whereas CXCR2 is found on alveolar
macrophages, infiltrating mononuclear cells, and endothelial cells
(Figures 4a–4f).

DISCUSSION

In this study we have shown via multistate Cox semi-Markov
models that the effect of pseudomonas isolation after lung trans-
plantation is state specific and that pseudomonas infection, but
not colonization, increases the risk of BOS (state 1 to state 2) and
death before BOS (state 1 to state 3) (Figure 5). Elevated levels
of BALF ELR1 CXC chemokines further increase the risk of
developing BOS (state 1 to state 2) and death after BOS (state 2
to state 3). This is seen with BALF CXCL1 via an interaction
with pseudomonas infection (state 1 to state 2) and with CXCL5
alone (state 1 to state 2 and state 2 to state 3) (Figure 5). Our
data suggest that pseudomonas and the ELR1 CXC chemo-
kines interact to negatively influence lung transplant outcomes
in a time-sensitive manner.

The Effect of Pseudomonas on Clinical Outcomes

Is State Dependent

Clinical care of post-transplant patients proceeds through vari-
ous states, and the impact of clinical events in each of these states
is important to understand. Our intent was to model events in
such a way as to replicate these clinical states. The multistate
modeling approach provides transition hazards for movement
from one state to another, thereby allowing the possibility of dif-
ferentiating between the effects of covariates on the transition
hazard to BOS, and to death in those with BOS and those with-
out. As examples, we have shown that colonization with pseudo-
monas shortly after transplantation is not nearly as concerning as
pseudomonas infections in increasing the patient’s risk of developing
BOS. Conversely, after development of BOS, both pseudomonas
colonization and infection increase the risk of death. We also

investigated whether repeated exposure to risk factors was an
important consideration. For some recurrent exposures, a dose-
dependent effect does exist, such as for acute rejection in tran-
sition from transplant to BOS (state 1 to state 2). Therefore,
prevention of recurrence is of clinical significance.

Only Pseudomonas Infection and Type of Transplant Effect

Transition to Death before BOS

These two covariates have plausible biologic explanations for
their effect. First, pseudomonas infection may be fatal, whereas
colonization should not directly cause death. Second, double-
lung transplantation in a small, single-center study like ours im-
proved survival over single-lung transplantation for those with
restrictive lung disease (30). Approximately 50% of our cohort
had restrictive lung disease as an indication for lung transplant.
In contrast, a large registry study found no survival benefit of
double-lung transplantation for idiopathic pulmonary fibrosis
(31). Many recipients moving from transplant to death died
from nonallograft insults, such as malignancy and nonpulmonary
infections, that are not expected to elevate graft levels of ELR1

CXC chemokines. Indeed, BALF chemokines in this transition
are not expected to predict a nonlung allograft–related outcome.
These findings suggest internal and external validation for our
model.

Transition from Transplantation to BOS Is Affected by

Pseudomonas Infection, Acute Rejection, and ELR1

CXC Chemokines

In our analysis, acute cellular rejection is a significant risk factor
for BOS, and, in accordance with previous studies, recurrent
acute rejection has a dose-response effect (32). There is contro-
versy regarding the effect of pseudomonas on long-term outcomes
after lung transplantation (17, 18, 33). Botha and associates eval-
uated 155 lung transplant recipients, of which 64 were culture
positive for pseudomonas at some time after lung transplantation
(17). Forty-four patients had “persistent” culture positivity, meaning
that they had pseudomonas isolations before and after transplanta-
tion, and 20 lung transplant recipients had cultures positive for pseu-
domonas only after transplantation, or “de novo” pseudomonas.
Botha found that only de novo development of pseudomonas
was associated with the development of BOS. Conversely, Vos
and associates found no effect from de novo pseudomonas but
showed that persistent, post–lung transplant pseudomonas colo-
nization was associated with BOS (18). Many of the prior stud-
ies did not discriminate between pseudomonas colonization and
infection, which our data reveal is an important distinction be-
cause only infections increase the risk of BOS. Botha’s and Vos’
studies raise concerns of concentrating on the microbe itself as
compared with the interaction between the microbe, allograft,
and host. In our model, it is the interaction between pseudomo-
nas infections and BALF CXCL1 that increases the likelihood

TABLE 3. STATE 1 TO STATE 3, PSEUDOMONAS INFECTIONS*

Event Lower Limit Hazard Ratio† Upper Limit P Value

Pseudomonas

infection > 1

episode vs. 0

1.41 3.84 10.47 0.008

Single vs. double

transplant

1.40 2.97 6.31 0.005

*Only pseudomonas infections and type of transplant are significant. None of

the bronchoalveolar lavage fluid glutamic acid–leucine–arginine–positive CXC

chemokines were significant in this transition.
yHazard ratios for transition from transplantation to death; only pseudomonas

infections were considered.

TABLE 4. STATE 2 TO STATE 3, PSEUDOMONAS INFECTIONS*

Event Lower Limit Hazard Ratio† Upper Limit P Value

Pseudomonas infection 3 aspergillus overall — — — 0.007

Infection > 1 j vs. 0 j Aspergillus ¼ 0 2.07 6.93 23.18 0.002

Infection > 1 j vs. 0 j Aspergillus ¼ 1 0.03 0.24 1.99 0.19

Aspergillus > 1 j vs. 0 j Infection ¼ 0 1.21 2.39 4.75 0.01

Aspergillus > 1 j vs. 0 j Infection ¼ 1 0.16 0.52 1.73 0.29

*Model includes pseudomonas infection and aspergillus 3 acute rejection interaction. Here there is no interaction between

pseudomonas and CXCL5, but there is a reaction between aspergillus and pseudomonas.
yHazard ratios for transition from bronchiolitis obliterans syndrome to death.
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that a patient will develop BOS. This finding indicates that there is
an important interaction between the host response, the allograft,
and pseudomonas that ultimately generates ELR1 CXC chemokines
that are associated with clinical outcomes. The use of our state
model to assess these interactions is a deciding factor in deter-
mining the effects of post-transplant events.

Colonization or Infection with Pseudomonas after BOS

Is an Important Risk for Death

The cystic fibrosis literature documents an association of persis-
tent pseudomonas colonization with decreased lung function and
time to death or first lung transplantation (34, 35). Other studies
in lung transplantation found a trend for pseudomonas coloni-
zation as a risk factor for death (P ¼ 0.07), but it is not clear if
this was death before or after BOS (18). Similar to the association
between pseudomonas infection and BOS, we find that pseudo-
monas infection after BOS leads to a marked increase risk of
death. However, contrary to our finding that only pseudomonas
infection was associated with moving from transplant to BOS
(state 1 to state 2), we found an association between pseudomo-
nas colonization after BOS and death (state 2 to state 3). Persons
with BOS may have a lower threshold for continued immune-
mediated graft damage due to the chemokine-rich inflammatory
milieu; thus, mild insults may result in progression of disease.
Hence, pseudomonas colonization in combination with elevated

graft CXCL5 is a risk for death after BOS. We also found that
there is no additive effect if a patient with BOS develops pseu-
domonas after aspergillus or aspergillus after pseudomonas.
Furthermore, our analysis demonstrates that the longer the lung
transplant recipient stays in state 1, the lower the risk of tran-
sition from state 2 to death, a finding previously noted by Finlen
Copeland and colleagues (36). Retarding the onset of BOS may
offer survival advantages beyond what is seen by delaying the
onset of a fatal syndrome alone.

BALF ELR1 CXC Chemokines Interact with Pseudomonas and

Increase the Risk of BOS and Death after BOS

Most studies have concentrated on the ELR1 CXC chemokine
CXCL8 and the numbers of neutrophils within the BALF. Multiple
authors have found that CXCL8 levels and BALF neutrophilia is
increased in lung transplant recipients with pseudomonas colo-
nization of the airways (13–16, 18). In this present study, ele-
vated BALF CXCL8 levels were associated with pseudomonas
infection but not with colonization (data not shown). Pseudo-
monas stimulates lung epithelial cells to excrete multiple ELR1

CXC chemokines (37–40), which act via their receptors CXCR1
(IL-8 receptor a) and CXCR2 (IL-8 receptor b). Affinities for
the receptors vary by CXC chemokine, but CXCL1 and CXCL5
have about 10 times greater affinity for CXCR2 than for
CXCR1 (41). We found an interaction between pseudomonas

TABLE 5. STATE 2 TO STATE 3, PSEUDOMONAS COLONIZATIONS*

Event Lower Limit Hazard Ratio† Upper Limit P Value

Pseudomonas colonization 3 aspergillus overall — — — 0.013

Colonization > 1 j aspergillus ¼ 0; CXCL5 ¼ 10 3.38 7.61 17.17 ,0.0001

Colonization > 1 j aspergillus ¼ 0; CXCL5 ¼ 25 3.30 7.37 16.49 ,0.0001

Colonization > 1 j aspergillus ¼ 0; CXCL5 ¼ 50 3.17 7.00 15.44 ,0.0001

Colonization > 1 j aspergillus ¼ 0; CXCL5 ¼ 100 2.90 6.28 13.61 ,0.0001

CXCL5 per 0.1 ng pseudomonas ¼ 0 1.04 1.23 6.03 0.01

*Model includes pseudomonas colonization and pseudomonas 3 aspergillus interaction.
yHazard ratios for transition from bronchiolitis obliterans syndrome to death.

Figure 3. Immunohistochemistry sections from patients

with recent pseudomonas infections stained for CXCL1
and CXCL5. (a) CXCL1 expression on type 2 pneumo-

cytes. (b) Alveolar macrophages positive for CXCL1. (c)

Type II pneumocytes positive for CXCL5. (d) Alveolar
macrophages positive for CXCL5.
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and BALF concentrations of CXCL1 and CXCL5. This finding
suggests that the inflammatory response and pseudomonas together
influence clinical outcomes. Similarly, the higher the CXCL5 BALF

levels, the more likely that the lung transplant recipient will
develop BOS independent of pseudomonas isolation. We deter-
mined the cellular sources of these chemokines during pseudomonas
infection and found that they are expressed by hyperplastic type 2
pneumocytes, infiltrating mononuclear cells, and alveolar mac-
rophages. This cellular pattern is distinctly different from the
cellular sources previously found for CXCL8, which were air-
way smooth muscles cells from patients with BOS (42). CXCR1
is found on infiltrating mononuclear cells and alveolar macro-
phages, whereas CXCR2 localizes to infiltrating mononuclear
cells, alveolar macrophages, and endothelial cells. We have pre-
viously shown that multiple ELR1 CXC chemokines interacting
with their receptors is important during lung allograft dysfunc-
tion in rodent model systems (23). For instance, some ELR1

CXC chemokines recruit leukocytes that lead to allograft injury,
whereas others are linked with vascular remodeling that supports
fibroobliterative lesions found in obliterative bronchiolitis (23,
43–46). These data suggest that strategies to inhibit multiple
ELR1 CXC chemokines or their receptors could prolong the
survival of the lung allograft.

Studies have found protection against BOS or death after
BOS with azithromycin therapy (47, 48), and azithromycin has
been shown to reduce the production of ELR1 CXC chemokines
by lung epithelial cells (49). It is possible that persistent or recurrent

Figure 4. Immunohistochemistry sections from patients
with recent pseudomonas infections stained for CXC

receptors. (a) Negative control for CXC receptors. (b)

Mononuclear and endothelial cells positive for CXCR2.

(c) Negative control for CXC receptors with macrophages.
(d) Macrophages positive for CXCR2. (e) Predominantly

alveolar macrophages are positive for CXCR1. (f) Detail of

macrophages positive for CXCR1.

Figure 5. Markovian model results as a diagram. The three states of the

models are shown. Covariates that in our models increase the hazard of
moving from one state to the other are shown. ∨ refers to an inclusive

disjunction.
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elevation of the same ELR1 CXC chemokines, initially from
primary graft dysfunction (43) and then via colonization or infec-
tion with pseudomonas, results in continuation of a profibrotic/
angiogenic milieu within the lung, promoting development or
progression of BOS. Moreover, targeted therapy to reduce the
burden of pseudomonas and aspergillus within the allograft may
reduce the inflammatory milieu that leads to allograft dysfunction
and death due to BOS. There may be additional benefit in ap-
propriate reduction of immunosuppression in selected individuals
to decrease the risk of infection and the associated increases in
BALF ELR1 CXC chemokines, thereby increasing longevity of
the allograft and decreasing the risk of death after the develop-
ment of BOS.

Limitations of the present study include the sample size and
the single-center design, which may limit the generalizability of
our findings. Furthermore, wewere not able to determine if pseu-
domonas isolations were de novo due to a lack of universal
pretransplant screening.

In conclusion, we have shown that pseudomonas isolation after
lung transplantation has state-specific effects and that infection,
not colonization, increases the risk of BOS and death before
BOS. Furthermore, pseudomonas infection interacts with allograft-
derived ELR1 CXC chemokines, resulting in an profibrotic/
angiogenic allograft milieu that increases the risk of BOS and
death.

Author disclosures are available with the text of this article at www.atsjournals.org.
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