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Abstract

Staphylococcus aureus is the most commonly isolated gram-positive bacterium after lung 

transplantation and has been associated with poor post-transplant outcomes, but its effect on BOS 

and death in the context of the allograft inflammatory environment has not been studied. A three-

state Cox semi-Markovian model was used to determine the influence of allograft S. aureus and 

the ELR+ CXC chemokines on the survival rates and cause-specific hazards for movement 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). Acute rejection, pseudomonas pneumonia, BALF CXCL5 and its 

interaction with S. aureus all increased the likelihood of transition from transplant to BOS. 
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Transition to death from transplant was facilitated by pseudomonas infection and single lung 

transplant. Movement from BOS to death was affected by the interaction between aspergillus, 

pseudomonas and CXCL5, but not S. aureus. S. aureus isolation had state specific effects after 

lung transplantation and only in concert with elevated BALF CXCL5 concentrations did it 

augment the risk of BOS. Pseudomonas and elevated BALF concentrations of CXCL5 continued 

as significant risk factors for BOS and death after BOS in lung transplantation.

Introduction

The high incidence of chronic lung allograft dysfunction, predominantly due to bronchiolitis 

obliterans syndrome (BOS), limits long-term lung transplantation (LT) success. Acute 

cellular rejection (ACR) is the most well accepted risk factor for the development of chronic 

lung allograft dysfunction, but there is an growing list of infectious agents known to 

augment the hazard for development of BOS (1–4). Despite this infectious diversity, both 

gram-negative and gram-positive bacteria remain the most commonly isolated pathogens 

after LT (5–7). Staphylococcus aureus is the most frequently isolated gram-positive 

organism at many transplant centers (8–11). Some studies have found that gram-positive 

pulmonary infections, largely composed of S. aureus, are associated with the development 

of BOS (1,12,13). Moreover, gram-positive infections have been associated with increased 

bronchoalveolar lavage fluid (BALF) neutrophilia (14), which may indicate the presence of 

glutamic-acid-leucine-arginine-positive (ELR+) CXC chemokine production and presage 

BOS.

We recently demonstrated that infection after transplantation by the gram-negative 

bacterium Pseudomonas aeruginosa is a risk factor for subsequent BOS, as are high BALF 

concentrations of the ELR+ CXC chemokine epithelial-derived neutrophil attractant-78 

(ENA-78 or CXCL5) (15). Based on these prior findings, we hypothesized that S. aureus 

pulmonary isolation interacts with the allograft inflammatory milieu and affects the 

recipient’s post-transplant “state”. As patients move between the states of Post-

Transplantation, BOS and Death, different post-transplant events, such as S. aureus 

isolation, may have varying impacts. Such impacts can be investigated via a Markovian 

analysis that measures the intensity of moving from one state to another. The advantage of 

the Markovian analysis is that it allows us to compare the covariate effects on each transition 

state, or outcome, without imposing censoring on competing outcomes. The semi-

Markovian model allows for the time in the current state, as well as the entry time into the 

state, to be factored into the risk of transitioning to the next state. This provides a flexible 

framework for studying and comparing the effects of prognostic factors on transitions 

between multiple health states. Our objectives of this study were to employ a multi-state 

Cox Semi-Markov model to determine the impact of S. aureus isolation and BALF CXCL5 

levels on BOS, death and death after BOS.
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Materials and Methods

Patient Population

Three-hundred fifty-five recipients of lung transplants at the University of California, Los 

Angeles (UCLA) who had BALF specimens collected between January 1, 2000 and 

December 31, 2008 were evaluated. This cohort has been investigated previously (15). All 

samples had adequate microbiologic results, 281 had adequate PFT results and 209 had 

complete chemokine data and are included for analysis. The evaluable population are those 

209 for whom all data was available. Follow-up data through December 31, 2009 are 

included. Each participant provided written, informed consent under a UCLA Institutional 

Review Board-approved protocol (#13-000462).

Clinical Definitions and Sample Processing

Post-transplant immunosuppression, prophylaxis, pulmonary function testing and 

bronchoscopy was carried out according to protocols as previously reported (16). Acute 

rejection ≥1 and BOS ≥ Stage 1 were determined according to standard criteria (17–19). All 

chemokine data was obtained from BALF specimens. Donor cuff cultures were not 

considered in this analysis.

“Staphylococcus infection” required isolation of Staphylococcus aureus and documentation 

of new shortness of breath, hypoxia, altered sputum production or radiographic infiltrate. 

Isolations of Staphylococcus aureus lacking any of these findings are considered 

“colonization.” BALF preparation and determination of chemokine concentration was 

carried out as previously reported (16, 20). Patients were given induction and placed on 

immunosuppression and prophylactic antibiotics as previously described (16). Rapamycin 

and maintanence azithromycin was not initiated prior to the diagnosis of BOS in any study 

patient. Rejection episodes were treated as previously described (16).

Statistical Methods

The movement of lung transplant recipients between states of transplantation, BOS and 

death can be characterized by a multi-state process (Figure 1). In this process, individuals 

start as recipients of a lung transplant (denoted by State 1). After transplantation, patients 

may (a) develop BOS (from State 1 to State 2), (b) die (from State 1 to State 3) or (c) die 

after developing BOS (from State 2 to State 3). Cox-type models were used to investigate 

the effects of transplant type, ACR, aspergillus, S. aureus, pseudomonas, and BALF ELR+ 

CXC chemokines (growth related protein-α (CXCL1), epithelial-derived neutrophil 

attractant-78 (CXCL5), neutrophil activating peptide-2 (CXCL7) and IL-8 (CXCL8)) on 

each transition (21,22). Episodes of ACR, aspergillus, S. aureus and pseudomonas are 

treated as time-dependent covariates to assess the effects of zero to multiple episodes. Due 

to the low number of S. aureus positive cultures in our cohort that were associated with 

clinical infection (pneumonia), we were unable to separate the effects of S. aureus 

pneumonia/infection from colonization within the above the models and covariates and thus 

use any isolation as the S. aureus variable. The multistate process can be fully characterized 

through transition intensities between states. The transition intensities can be modeled using 

Cox-like models and they represent the instantaneous hazard of progression to the next state 
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conditionally on the current occupying state. However, the main focus of this paper is not to 

derive transition probabilities; rather it is to estimate transition-specific covariate effects. For 

transition hazards λ12 and λ13, we have  and 

. For the transition from BOS to death, transition hazard 

λ23 is modeled as a function of the time spent in State 1 through a Cox semi-Markov model: 

. In the above formulae, λij,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 k th 

patient, βij are the corresponding vectors of regression coefficients, T2 is the time of BOS, 

i,j∈{1,2,3}. Tests for significance were two-tailed with a statistically significant p-value 

threshold of 0.05. The median was used and the interquartile range is given in parenthesis 

immediately after, while the lower and upper limits of the hazard ratio (HR) are given in 

parenthesis following the HR. Analyses are performed in SAS version 9.2 (SAS Institute 

Inc., Cary, NC) (23) and R version 3.0.1 (24).

Results

Lung Transplant Patient Population and Clinical Outcomes

We analyzed data from 209 LT recipients for whom microbiologic, pathologic, BALF for 

chemokine analysis and BOS outcomes were available (Table 1). Ninety-two (44%) of these 

individuals developed BOS of grade ≥1 at a median time post transplantation of 693 (640) 

days (Figure 2). There were 253 episodes of ACR at 372 (756) days post-transplant in 131 

individuals (63%). Sixty-eight LT recipients died during the follow-up (1049 (945) days) 

and 45 of those had developed BOS prior to death.

Episodes of Staphylococcus

In the 355 LT recipients for whom microbiologic data was available, there were 248 

isolations of S. aureus from respiratory secretions in 109 persons at a median of 1 (55) day 

post-transplantation over the study period, supporting the fact that S. aureus is a common 

isolate in this population (11,13). In the evaluable population, those with adequate PFT and 

chemokine results, there were 92 isolations considered not to be infection at a median of 43 

(162) days post-transplantation in 61 persons. There were 11 isolations classified as 

pneumonia in 9 persons. The median days to S. aureus pneumonia was 518 (620) (Figure 2).

Movement from Post-Transplantation to BOS (State 1 to State 2)

Acute cellular rejection, overall pseudomonas, BALF CXCL5 and S. aureus, via an 

interaction with CXCL5, were significantly associated with an increased risk of BOS 

development after LT (Table 2). BALF CXCL5 concentrations did augment the risk of BOS 

whether S. aureus was present or not, but its impact was greater when S. aureus was present 

(HR, 1.09 per 100 pg/mL increase [1.01–1.17]; P=0.03) than when it was absent (HR, 1.01 

per 100 pg/mL [1.00–1.02]; P=0.02). That is, there was an 8.8% increase in the hazard for 

BOS when S. aureus was present. The interaction between CXCL5 and staphylococcus was 

such that the effect of S. aureus on BOS was only present as BALF concentrations of 

CXCL5 increased (S. aureus present and CXCL5 50 pg/mL, HR 1.03 [0.64–1.65]; P=0.92, 

versus S. aureus present and CXCL5 1200 pg/mL HR, 2.45 [1.00–5.96]; P=0.05). 
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Pseudomonas overall (HR, 1.89 [1.18–3.01]; P=0.01) and acute rejection (HR, 1.92 [1.22–

3.00]; P=0.005) episodes also increased the hazard for progression to BOS after lung 

transplantation (Table 2). In this cohort, there was no statistically significant effect from 

aspergillus.

Movement from Post-Transplantation to Death (State 1 to State 3)

Death without BOS was associated with pseudomonas infection (HR, 4.17 [1.56–11.17]; 

P=0.004), not colonization, and type of transplant (HR, 2.94 for single lung transplant [1.39–

6.22]; P=0.005) (Table 3), with single LT being detrimental. The ELR+ CXC chemokines, 

including CXCL5, were not associated with death before BOS. Aspergillus, ACR and S. 

aureus isolation were also not significant co-variates in this transition.

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

The likelihood of transitioning to death after BOS was increased by the interactions between 

aspergillus, pseudomonas and CXCL5 (Table 4), but not S. aureus. The interaction between 

aspergillus and any pseudomonas (infection or colonization) was an inclusive disjunction, 

such that once isolation of either organism had occurred any further isolations of either 

organism did not further increase the risk of death (Table 4). Pseudomonas and CXCL5 also 

interacted, thus consideration of the impact of pseudomonas must account for the presence 

or absence of aspergillus as well as the concentration of CXCL5, as shown in Table 4. As 

the concentration of CXCL5 increased, the contributory effect on death from pseudomonas 

decreased, such that once the levels of CXCL5 were extremely high the impact of 

pseudomonas was of borderline significance (P=0.06 when CXCL5 concentration is 600 pg/

mL), likely because individuals with such elevated levels of CXCL5 were at high risk of 

death regardless of pseudomonas status. Transitioning to death after BOS was not influenced 

by S. aureus nor other ELR+ CXC chemokines.

Discussion

Based on our clinical approach to patients in different states post lung transplantation (e.g., 

before or after BOS), we leveraged the advantages of a Cox Semi-Markov multistate model 

to allow the assessment of specific hazard ratios for each covariate at different stages post-

transplantation, which we have previously shown to be an important consideration in 

interpretation of covariate effect. S. aureus, via an interaction with the ELR+ CXC 

chemokine CXCL5, did increase the risk of BOS development after lung transplantation. 

Additionally, pseudomonas infection and ACR episodes increased the risk of developing 

BOS, while pseudomonas infection and single LT increased the risk of death before BOS. 

We were unable to show an effect for S. aureus in the transition to death after 

transplantation (State 1 to State 3), but this may have been due either to small numbers of 

persons with S. aureus pneumonia, or to surprisingly good outcomes for the general 

transplant population despite the presence of S. aureus, as discussed below. S. aureus was 

also not a statistically significant covariate in the transition to death after BOS (State 2 to 

State 3) possibly because of few episodes of S. aureus after BOS, but as we have shown 

previously, pseudomonas is via an interaction with aspergillus and CXCL5 (15). These data 
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suggest that pseudomonas and S. aureus interact with the ELR+ CXC chemokine CXCL5 to 

negatively impact LT outcomes in a state dependent manner.

Transition to BOS is Affected by S. aureus, CXCL5, Overall Pseudomonas and Acute 
Rejection

S. aureus isolation was not a risk factor for the development of BOS without an interaction 

with CXCL5. In this model, pseudomonas pneumonia was alone sufficient to increase the 

risk of BOS, as was ACR, both of which are known risk factors (15,25–28). It is possible 

that had we been able to compare S. aureus pneumonia with colonizations we may have 

found a significant effect of S. aureus pneumonia on its own as others have (1,12). A recent 

evaluation of S. aureus infection in a large cohort of LT recipients found an association of S. 

aureus with the development of BOS, but the BALF milieu was not considered and neither 

were known competing risks for BOS such as aspergillus, ACR or pseudomonas (13). In 

fact, that study found an association of S. aureus with subsequent development of acute 

cellular rejection, which suggests that S. aureus itself may not be responsible for the 

increased risk of BOS per se, but rather the increased frequency of ACR. In our model, the 

presence of S. aureus demonstrated an increased effect on BOS development given 

concurrent BALF CXCL5 concentration increases. Indeed, BALF CXCL5 concentrations 

were strongly supportive of the S. aureus effect, raising the possibility that the BALF 

inflammatory environment including CXCL5 is an important driver in the progression to 

BOS, as evidenced by the fact that CXCL5 was alone a risk for BOS as it was in our 

previous investigation (15). Nevertheless, “multiple hits” via CXCL5 interaction with S. 

aureus appear to augment the risk.

Pseudomonas Infection and Type of Transplant Affect Death Before BOS

Consistent with our prior findings, only pseudomonas infection and single lung 

transplantation were risks in our model for death before BOS. We would not necessarily 

anticipate that BALF chemokine levels should predict overall death. Although death from S. 

aureus pneumonia is certainly possible, as it is from pseudomonas pneumonia, it did not 

increase the hazard for death. It is possible that this is due to smaller numbers of S. aureus 

pneumonia episodes as compared to pseudomonas pneumonia which precluded us from 

analyzing S. aureus pneumonia separately from non-pneumonia. However, others have 

shown a lower than expected incidence of death from S. aureus in transplant populations. 

One study looked at S. aureus bacteremia univariate outcomes in 70 solid organ transplants, 

26 of whom were lung transplants who had the highest rates of S. aureus bacteremia, and 

found that although the risk of death was greater for those with pneumonia as the primary 

source, organ transplant recipients had lower 30-day mortality rates than non-transplanted 

controls (29). Shields, et al also found a much lower than expected 30-day mortality in a 

large cohort of lung transplant patients with S. aureus (13).

Transition to Death after BOS

As in our prior investigations, any pseudomonas or aspergillus isolation was a risk for death 

via their interaction, and via an interaction with CXCL5 for pseudomonas. This interaction 

involves pseudomonas and CXCL5, and pseudomonas and aspergillus. Because we cannot 
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consider pseudomonas in this transition without considering CXCL5, this becomes a three-

way interaction. Both pseudomonas and aspergillus are risk factors for death. However, 

there is an interaction between them. This interaction is such that once either pseudomonas 

or aspergillus have been isolated, subsequent isolation of either organism does not further 

increase the risk of death. The established risk of death is however not negated nor reduced. 

Thus, the risk increases once either pseudomonas or aspergillus are isolated, but isolating 

either again does not further increase the risk of death. We hypothesize that this is due to a 

persistently elevated inflammatory environment within the graft including elevated CXCL5 

levels, such that a further increase in the hazard for death cannot, in our model, be detected. 

This does suggest that once a patient is in State 2 (BOS) an added insult such as aspergillus 

or pseudomonas easily places the patient at risk for death.

Perhaps surprisingly S. aureus isolation was not a risk factor for death after BOS. High 

concentrations of CXCL5 increased the risk of transitioning to death after BOS, hence when 

the allograft milieu is highly inflamed, as evidenced by markedly elevated CXCL5 

concentrations, there is less influence from the presence of pseudomonas or aspergillus. We 

had previously hypothesized that the allograft milieu is at a “heightened” state of 

inflammation once BOS develops, which would allow more minor insults, such as 

pseudomonas or aspergillus colonization, to hasten death. It seems however, that S. aureus 

isolation was not a sufficient insult in our cohort, or levels of CXCL5 were alone enough to 

allow for progression of death via its inflammatory effect independent of S. aureus. Both 

pseudomonas and aspergillus are often chronic colonizers of lung transplant recipients and 

could therefore be realistically expected to produce a more meaningful, subacute to chronic 

alteration of the allograft milieu affecting progression of underlying allograft dysfunction. 

Chronic colonization of the lower airways with S. aureus was rare in our cohort and in the 

lung transplant population in general, especially as compared with the cystic fibrosis 

population in whom, at least one study has found an association with decline in lung 

function (30). Nevertheless, the clinical implication is that efforts should be put toward 

eradication of aspergillus and pseudomonas in BOS, rather than S. aureus, if our findings are 

validated in future, larger multi-center studies.

Limitations of the present study include the number of staphylococcal pneumonia episodes 

precluding us from separating S. aureus pneumonia from non-pneumonia, which may hinder 

our ability to detect a significant effect from pneumonia due to this organism. Furthermore, 

the single-center design limits generalization of these findings to other centers. We were 

also unable to include many more BOS risk factors in the model due to sample size and lack 

of uniform data collection for such variables as primary graft dysfunction, lymphocytic 

bronchitis, GERD and BALF neutrophilia. The exclusion of such variables is unlikely to 

alter our main finding that S. aureus is by itself not a significant risk factor for the 

subsequent development of BOS.

In conclusion, we have shown that S. aureus isolation has state specific effects after lung 

transplantation and that only in concert with elevated BALF CXCL5 concentrations does it 

augment the risk of BOS. We have also found that pseudomonas and elevated BALF 

concentrations of the ELR+ CXC chemokine CXCL5 continue as significant risk factors for 

BOS and death after BOS in lung transplantation.
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Figure 1. 
Transition model schema demonstrating the transition states.
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Figure 2. 
The overall outcomes for study subjects. The number of individuals reaching each state is 

shown within each state box. Sixty-two of the subjects had an isolation of S. aureus, while 

147 had no isolation of S. aureus.
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Table 2

Transition from State 1 to State 2 (Post-transplantation to BOS). This model includes CXCL5 and the 

interaction between staphylococcus and CXCL5.

Significance of Covariates P-value

Transplant Type 0.167

Aspergillus Status 0.181

Acute Rejection Status 0.005

Pseudomonas Status 0.008

Staph Status 0.962

CXCL5 level 0.021

Staph Status * CXCL5 level 0.047

Covariate Effects Testing HR Lower Limit Upper Limit P-value

Transplant:Single vs Double 1.35 0.88 2.08 0.167

Aspergillus: Yes vs None 1.37 0.86 2.16 0.181

Acute Rejection: Yes vs None 1.92 1.22 3.00 0.005

Pseudumonas Overall: Yes vs None 1.89 1.18 3.01 0.008

Staph: Yes vs None, at CXCL5 50 pg/mL 1.03 0.64 1.65 0.915

Staph: Yes vs None, at CXCL5 100 pg/mL 1.07 0.67 1.71 0.790

Staph: Yes vs None, at CXCL5 200 pg/mL 1.15 0.72 1.83 0.558

Staph: Yes vs None, at CXCL5 600 pg/mL 1.56 0.89 2.72 0.122

Staph: Yes vs None, at CXCL5 1200 pg/mL 2.45 1.00 5.96 0.049

Staph: Yes vs None, at CXCL5 1600 pg/mL 3.31 1.04 10.51 0.042

Staph: Yes vs None, at CXCL5 2000 pg/mL 4.48 1.07 18.79 0.040

Difference in the effect of having Staph present, at CXCL5=200 vs at CXCL5=25 1.16 1.02 1.32 0.026

Difference in the effect of having Staph present, at CXCL5=400 vs at CXCL5=25 1.37 1.04 1.81 0.026

Effect of CXCL5 per 100 pg/mL increase, when Staph not present (Staph = No) 1.01 1.00 1.02 0.021

Effect of CXCL5 per 100 pg/mL increase, when Staph is present (Staph = Yes) 1.09 1.01 1.17 0.026

Difference in the effect of CXCL5 per 100 pg/mL increase, when Staph=Yes vs when 
Staph=No

1.08 1.00 1.16 0.047
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Table 3

Transition from State 1 to State 3 (Post-transplantation to Death). Only Ps. aeruginosa infections and single 

lung transplant were associated with death.

Significance of Covariates P-value

Transplant Type 0.005

Acute Rejection Status 0.629

Aspergillus Status 0.277

Pseudomonas Colonization Status 0.539

Pseudomonas Infection Status 0.004

Staph Status 0.611

Covariate Effects Testing HR Lower Limit Upper Limit P-value

Transplant:Single vs Double 2.94 1.39 6.22 0.005

Acute Rejection: Yes vs None 0.83 0.40 1.74 0.629

Aspergillus: Yes vs None 1.53 0.71 3.30 0.277

Pseudomonas Colonization: Yes vs None 1.29 0.57 2.88 0.539

Pseudomonas Infection: Yes vs None 4.17 1.56 11.17 0.004

Staph: Yes vs None 0.80 0.34 1.88 0.611
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Table 4

Transition from State 2 to State 3 (BOS to Death). Model demonstrates the effect of aspergillus, CXCL5 and 

their interactions with Pseudomonas.

Significance of Covariates P-value

Transplant Type 0.357

Acute Rejection Status 0.572

Aspergillus Status 0.002

Pseudumonas Overall Status <.0001

Aspergillus Status * Pseudumonas Overall Status 0.004

Staph Status 0.275

CXCL5 level 0.003

Pseudumonas Overall Status * CXCL5 level 0.002

Covariate Effects Testing HR Lower Limit Upper Limit P-value

Transplant:Single vs Double 1.34 0.72 2.52 0.357

Acute Rejection: Yes vs None 0.74 0.26 2.09 0.572

Staph: Yes vs None 1.86 0.61 5.65 0.275

Effect of Pseudomonas Present versus None, when aspergilllus=None and CXCL5=50 
pg/mL

7.23 3.27 15.99 <.0001

Effect of Pseudomonas Present versus None, when aspergilllus=None and 
CXCL5=100 pg/mL

6.38 2.95 13.82 <.0001

Effect of Pseudomonas Present versus None, when aspergilllus=None and 
CXCL5=200 pg/mL

4.97 2.34 10.59 <.0001

Effect of Pseudomonas Present versus None, when aspergilllus=Present and 
CXCL5=200 pg/mL

0.64 0.18 2.24 0.482

Effect of Aspergillus Present vs None, when Pseudomonas=None 3.87 1.63 9.16 0.002

Effect of Aspergillus Present vs None, when Pseudomonas=Present 0.49 0.15 1.65 0.252

Effect of per CXCL5 100 pg/mL increase, when Pseudomonas=None 1.27 1.08 1.48 0.003

Effect of per CXCL5 100 pg/mL increase, when Pseudomonas=Present 0.99 0.95 1.03 0.543
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