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Abstract
Background

Infection and rejection are the two most common complications after lung transplantation (LT) and are
associated with increased morbidity and mortality. The differential diagnosis of infection and rejection is
sometimes di�cult due to similar clinical manifestations. However, few studies have investigated the
airway microbiota between lung transplant recipients (LTRs) with infection and rejection.

Results

A total of 181 sputum samples (event-free, n=47; infection, n=103; rejection, n=31) were collected from 59
LTRs. A distinct airway microbiota was observed among clinically stable (or event-free) recipients and
those with infection or acute rejection after LT. Alpha and beta diversity were signi�cantly different
between event-free and rejection recipients and between infection and rejection recipients. Ten differential
genera were identi�ed by linear discriminant analysis effect size (LEfSe), with Corynebacterium,
unclassi�ed Enterococcaceae and unclassi�ed Lactobacillales enriched in recipients with infection, and
Rothia, Granulicatella, Neisseria, Actinomyces, Leptotrichia, Lactobacillus and unclassi�ed
Aerococcaceae more abundant in LTRs with acute rejection. Random forest analyses indicated that the
combination of the 10 microbiota constituents and procalcitonin (PCT) and T-lymphocyte levels showed
AUCs of 0.894, 0.955 and 0.913 to differentiate between event-free and infection, event-free and rejection,
and infection and rejection recipients, respectively.

Conclusions

Our study is the �rst to compare the airway microbiota between LTRs with infection and acute rejection.
The airway microbiota, especially combined with PCT and T-lymphocyte levels, showed satisfactory
predictive e�ciency in discriminating among clinically stable recipients and those with infection and
acute rejection, suggesting that the airway microbiota was an indicator to differentiate between infection
and acute rejection after LT.

Background
Lung transplantation (LT) is the only therapeutic option for patients with end-stage lung disease and
short-term graft survival has improved over decades. However, the survival of lung transplant recipients
(LTRs) is limited compared with that of other solid organ transplant recipients [1]. The low survival rate is
predominantly due to infection- and rejection-related complications, which are the two major threats for
LTRs in both early and long-term follow-up [1,2]. Severe acute rejection often occurs after LT, and various
infections due to an immunosuppressed state and the unique anatomy and physiology of the
transplanted lung also occur frequently [2]. As a result, rejection and infection affect and interact with
each other, and balancing rejection and infection is the major challenge of LT [3]. Many studies have
revealed the importance of the airway microbiota in local and systemic immunity, and airway microbiota



Page 4/23

dynamics play a very important role in the development and pathophysiology of respiratory diseases [4-
6]. This suggests that the airway microbiota may affect the immune response and therefore the balance
between infection and rejection in LTRs.

Over the past decades, several studies have observed an altered airway microbiota in LTRs compared
with that in healthy controls and pretransplant patients [7-9]. For example, Charlson et al. found that LTRs
have lower microbial richness and diversity but a higher bacterial burden in bronchoalveolar lavage �uid
(BALF) than control subjects [7]. Syed and colleagues demonstrated a similar alpha diversity and a
distinct beta diversity of the airway microbiota between pre- and post-LT [8]. In addition,
Pseudomonadaceae, Enterobacteriaceae and Staphylococcaceae were enriched in LTRs, while
Prevotellaceae, Veillonellaceae and Streptococcaceae were frequently detected in nontransplant
individuals [9]. Importantly, increasing evidence has indicated a close relationship between the airway
microbiota and the disease progression and outcome of LTRs [10-12]. In summary, investigation of the
airway microbiota may improve our understanding of the mechanisms involved in allograft dysfunction
and may suggest potential therapies to improve survival for LTRs.

In addition to the immunosuppressed state, LTRs are more susceptible to infection because of direct
exposure to the external environment, a defective cough re�ex and damaged mucociliary clearance
compared with those in other organ transplant patients [2,13]. Respiratory infection is the main cause of
death within the �rst year after LT, with bacteria being the most frequent cause [13,14]. A recent study
suggested a distinct airway microbiota in LTRs between respiratory infection and colonization without
respiratory infection [15], and loss of airway microbial diversity can increase the risk of infection [9]. BALF
neutrophilia was found to be associated with lower microbial diversity, indicating a correlation between
the airway microbiota and infection after LT [16]. Allograft rejection is another common complication
after LT and is associated with increased morbidity and mortality [3]. Previous studies have revealed a
signi�cant relationship between the airway microbiota and acute rejection. For example, low microbial
diversity was associated with acute rejection [17], while microbiome phenotypes dominated by
Actinobacteria reduced the risk of developing acute rejection [12]. Overall, these studies indicated a close
relationship between the airway microbiota and infection and rejection of LTRs.

Although clinicians try to monitor these two complications carefully, the diagnostic options are limited.
The diagnosis of infection requires clinicians to identify the source and carry out pathogen speci�c tests.
The pathological assessment of transbronchial biopsies, which is the gold standard for the diagnosis of
acute rejection after LT, is an invasive procedure with limited predictive value [18]. However, both of post-
transplant infection and acute rejection may be accompanied by signs of similar clinical features,
including cough, shortness of breath and radiological in�ltrate, thus resulting in di�cult differential
diagnosis [19]. Considering the high morbidity and mortality of infection and rejection in LTRs and the
bidirectional relationship between them, clinical decision-making depends on accurate diagnosis of both
infection and rejection. Recent studies have revealed an association between the airway microbiota and
infection or rejection after LT. However, few studies have investigated the speci�c microbial differences
between infection and acute rejection recipients. Whether there are potential indicators to distinguish
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between infection and acute rejection in LTRs remains unknown. In this cross-sectional study, we
analyzed the airway microbial pro�les associated with infection and acute rejection in LTRs.

Methods
Study population

A total of 181 sputum samples collected from 59 adult LTRs were enrolled in our study at the First
A�liated Hospital of Guangzhou Medical University (Guangzhou, China) between June 2017 and
December 2019. Clinical information collected from the recipients included standardized medical record
abstraction, including the demographic data, transplant data, laboratory examination and clinical
diagnosis of the recipients (Table 1).

Adult LTRs (age >18 years) hospitalized in the First A�liated Hospital of Guangzhou Medical University
from June 2017 to December 2019 were included. The exclusion criteria included intubation or
mechanical ventilation or other complications (e.g., bleeding, anastomotic complications, pneumothorax,
etc.) at the time of sampling. The diagnostic criteria for respiratory infection were based on clinical (such
as fever, cough, sputum production and radiographic in�ltrate) and microbiological grounds [14,20].
Acute rejection was diagnosed by transbronchial lung biopsy according to the International Society for
Heart and Lung Transplantation (ISHLT) criteria [21]. Clinically stable recipients (or event-free) were
de�ned as having neither infection nor rejection. Each sample was assigned a diagnosis of infection,
acute rejection or event-free independently by two experienced clinicians. In the case of disagreement, a
third clinician was consulted (for more details, please see the Supplementary Material).

Data collection

For each enrolled subject, we collected demographic data, operation-related data, laboratory tests and
pharmacological treatment. Except for operation-related data collected during or after LT, other data were
collected at the time of sampling. Laboratory data, including cell counts/percentages in the blood and
BALF, the biomarkers of in�ammation (PCT) and microbiological data, were provided by the clinical
laboratory of the First A�liated Hospital of Guangzhou Medical University. The absolute count of total T
lymphocytes (CD3+) in peripheral blood was determined by �ow cytometry using the Cytomics FC500
cytometer. Serum PCT was measured using an electrochemical luminescence immunoassay. PGD was
diagnosed and graded based on pulmonary edema on chest X-ray and the PaO2/FiO2 ratio according to
the 2016 ISHLT consensus statement [22].

Sample collection, DNA extraction and 16S rRNA gene sequencing

Sputum samples were obtained by induced sputum of hypertonic or isotonic saline with salbutamol
according to the Task Force on Induced Sputum of the European Respiratory Society [23]. All samples
were immediately stored at -80°C for subsequent DNA extraction. The V3-V4 hypervariable region of the
16S rRNA gene was ampli�ed by PCR, and the amplicons were sequenced using the Illumina NovaSeq



Page 6/23

6000 platform (Guangzhou, China). Full details about the DNA ampli�cation, puri�cation and preparation
for sequencing are provided in our previous study and in the Supplementary Material [24,25].

Subsequent sequence processing and analysis were performed using the Quantitative Insights into
Microbial Ecology 2 (QIIME2) platform [26]. The barcode primers were removed if they contained
ambiguous reads or mismatches in the primer sequences following the barcoded Illumina paired-end
sequencing (BIPES) protocol [27]. We screened and removed chimeras using UCHIME in de novo mode to
obtain high-quality sequence reads [28]. Representative sequences were aligned using Python Nearest
Alignment Space Termination (PyNAST) against the Greengenes database [29]. The bioinformatics
procedure is documented in https://github.com/lichunxi0/Lung-transplant/tree/main. Sequences were
clustered into operational taxonomic units (OTUs) with 97% sequence similarity using USEARCH [30]. The
16S rRNA gene sequences were classi�ed into speci�c taxa using the Ribosomal Database Project (RDP)
classi�er [31]. Additional details are provided in the Supplementary Material.

Statistical analysis

The Shannon index was used to evaluate the alpha diversity (within-sample diversity). Principal
coordinate analysis (PCoA) based on the unweighted UniFrac distance matrix was performed to calculate
beta diversity (dissimilarity between samples). Differential taxa between groups were identi�ed using the
linear discriminant analysis (LDA) effect size (LEfSe) method with a threshold set at 2.0 for the LDA
score [32]. Redundancy analysis (RDA) was performed to evaluate the relationship between clinical
characteristics and different groups. Random forest models were used to classify the LTRs with different
diagnoses and evaluate the importance of indicator using the R “randomForest” package [33]. The
performance of the model was evaluated using a 10-fold cross-validation approach and measured using
a receiver operating characteristic (ROC) curve (“pROC” package). The area under the ROC curve (AUC)
was determined to assess the ROC effect. Clinical characteristics were evaluated using SPSS (v20.0)
software, and Figures were generated using GraphPad Prism (v7.0), Canoco (v5.0), TBtools (v1.051) and
R (v2.1.1) software.

Results
After sequencing, a total of 181 sputum samples from 59 LTRs were included for subsequent analysis
(Fig. 1). We divided the recipients into three groups according to the presence or absence of pulmonary
infection and acute rejection at sampling: clinically stable (or event-free, n=47) recipients, recipients with
infection (n=103) and recipients with rejection (n=31). The clinical characteristics of the LTRs are
presented in Table 1.

Clinical characteristics, such as laboratory parameters, hospital stay, intensive care unit (ICU) stay,
primary graft dysfunction (PGD) grade and pulmonary function, are regarded as factors that in�uence
both clinical diagnosis and the airway microbiota. To assess the contribution of clinical variables to
microbial community composition and clinical diagnosis, RDA was performed at the OTU level. The
results showed that the event-free, infection and rejection groups could be distinguished from each other,

https://github.com/lichunxi0/Lung-transplant/tree/main
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and several clinical characteristics, such as hospital stay, ICU stay and serum PCT, were highly positively
associated with the airway microbiota of infection recipients, while T lymphocytes were positively related
to rejection recipients (Fig. S1).

The airway microbial community in LTRs with different transplant outcomes

First, we compared the airway microbial diversity among LTRs with different clinical diagnoses. Alpha
diversity was signi�cantly different between the event-free and rejection and between the infection and
rejection groups (P<0.011, P=0.001, respectively), with the highest Shannon index in the rejection group
(Fig. 2A). PCoA based on the unweighted UniFrac distance matrix showed a distinct beta diversity among
the 3 transplant groups (P=0.001, R2=0.13, Fig. 2B), as well as between the event-free and rejection
groups and between the infection and rejection groups (P=0.004, R2=0.03; P=0.001, R2=0.02; respectively,
Fig. 2D, E). However, the event-free and rejection groups were not clearly separated in alpha (Shannon,
P=0.136) and beta diversity (unweighted UniFrac, P=0.35, R2=0.01, Fig. 2C).

Additionally, a heat map of the 28 dominant genera (relative abundance >1% in at least one group)
showed a different microbial pro�le among the 3 groups (Fig. 3A). A Venn plot was drawn at the family,
genus and OTU levels with relative abundance >1% among the different groups (Fig. 3B, C, D). The results
showed that 13 families, 13 genera and 8 OTUs were shared by the event-free, infection and rejection
recipients. Several microbial taxa were unique to the 3 groups, including 1 family, 2 genera and 6 OTUs in
the event-free group; 2 families, 3 genera and 8 OTUs in the infection group; and 1 family, 1 genus and 5
OTUs in the rejection group. This �nding indicated that the 3 groups not only shared a common
microbiota but also had their own unique taxa which may associated with the pathogenesis of both
diseases.

Changes in the airway microbiota during infection and rejection of LTRs

The top 6 most abundant phyla of the airway microbiota detected in our study were Firmicutes,
Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria and Fusobacteria. The 28 dominant genera
with an average relative abundance greater than 1% in at least one group (mainly Streptococcus, Rothia,
Enterococcus, Haemophillus and Granulicatella) accounted for up to 90% of the total genera. The
microbial composition of the airway microbiota at the phylum level and the genus level was distinct
among the event-free, infection and rejection recipients (Fig. 4A, B).

Moreover, LEfSe on all bacterial taxa was used to identify the different microbiota constituents among
the 3 transplant groups (LDA score >2.0, Fig. S2). To more clearly explore microbial differences among
the 3 groups, we selected the above 28 dominant genera to build the LEfSe plot, and a total of 10
distinguished genera were identi�ed (Fig. 4C). Three genera, namely, Corynebacterium, unclassi�ed
Enterococcaceae and unclassi�ed Lactobacillales were greatly enriched in the infection group, and 7
genera, namely, Rothia, Granulicatella, Neisseria, Actinomyces, Leptotrichia, Lactobacillus and
unclassi�ed Aerococcaceae, were signi�cantly enriched in the rejection group, while no differentially
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abundant genera were found in clinically stable recipients. Table S1 compares the relative abundance
and prevalence of the 10 genera in the 3 groups.

The prediction e�ciency of the airway microbiota and clinical features for different clinical diagnoses of
LTRs

Finally, we attempted to evaluate whether there were useful adjunctive indicators for the discrimination of
different transplant groups. Generally, increases in serum PCT and peripheral blood T-lymphocyte levels
are associated with infection and acute rejection after LT, respectively [34,35]. In our study, PCT and T-
lymphocyte levels were relatively high in the recipients with infection and rejection, respectively, but the
differences were not statistically signi�cant (Fig. 5A, B). Therefore, random forest analysis was
performed using individual airway microbiota constituents alone or in combination with clinical variables
(PCT and T-lymphocyte levels) to investigate their prediction e�ciencies in LTRs with different clinical
diagnoses. First, the ROC curve was determined using the above 10 potential indicators identi�ed by
LEfSe, with AUC values of 0.697 (95%CI: 68.45-71.03%), 0.854 (95%CI: 84.13-86.63%) and 0.822 (95%CI:
81.08-83.28%) to distinguish between the event-free and infection, event-free and rejection, and infection
and rejection groups, respectively (Fig. 5C). In comparison, the model was built based on the combination
of the 10 genera and PCT and T lymphocyte levels. The results revealed an improved performance, and
the corresponding AUCs reached 0.894 (95% CI: 88.54-90.34%), 0.955 (95% CI: 94.78-96.24%) and 0.913
(95% CI: 90.28-92.31%, Fig. 5D). These results indicated that the airway microbiota, especially combined
with PCT and T lymphocyte levels, was a reliable indicator of infection and acute rejection in LTRs.

Discussion
In this study, we explored the relationship between airway microbiota and infection and acute rejection of
LTRs. A signi�cantly different airway microbiota was observed among event-free, infection and rejection
recipients. The ten most differential genera identi�ed by LEfSe were considered to be potential indicators
for infection and acute rejection diagnosis in LTRs, including Corynebacterium, unclassi�ed
Enterococcaceae, unclassi�ed Lactobacillales, Rothia, Granulicatella, Neisseria, Actinomyces,
Leptotrichia, Lactobacillus and unclassi�ed Aerococcaceae. Furthermore, a combination of the 10 genera
and PCT and T lymphocyte levels indicated great discrimination for different clinical diagnosis,
suggesting that the airway microbiota may be a useful indicator for infection and acute rejection
diagnosis in LTRs.

Previous studies have found lower microbial richness and diversity but a higher bacterial burden in the
lungs of LTRs than in those of control subjects [7], as well as a similar alpha diversity and a distinct beta
diversity in the airways before and after LT [8]. However, few studies have reported microbial differences
among clinically stable, infection and rejection LTRs. In this study, we found different alpha and beta
diversities between event-free and rejection groups and between infection and rejection groups, but no
marked difference in either alpha or beta diversity was found between event-free and infection recipients.
Venn plots indicated both similarities and differences among the 3 transplant groups. Microbiota
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composition analysis revealed microbial changes following different diagnoses of LTRs. Moreover, LEfSe
identi�ed 3 and 7 genera that were speci�cally enriched in infection and rejection recipients respectively.
Corynebacterium, unclassi�ed Enterococcaceae and unclassi�ed Lactobacillales were enriched in
infection recipients, while Rothia, Granulicatella, Neisseria, Actinomyces, Leptotrichia, Lactobacillus and
unclassi�ed Aerococcaceae were more abundant in rejection LTRs. Taken together, these results suggest
a close association between the airway microbiota and infection and acute rejection in LTRs.

Among the 10 most differential genera, Corynebacterium is considered a proin�ammatory bacterium
associated with catabolic remodeling in the transplanted lung [36]. Enterococcus, the major genus of the
family Enterococcaceae, is one of the most frequent pathogens during the �rst year after LT [37]. Our
results showed signi�cantly elevated abundances of Corynebacterium and unclassi�ed Enterococcaceae
in recipients with infection, which may therefore support their more important roles in transplant
infection. In addition, Rothia, Granulicatella, Neisseria, Actinomyces¸Leptotrichia, Lactobacillus and
unclassi�ed Aerococcaceae have been found to be associated with asthma [38-44], suggesting an
interaction between these microbiota constituents and the immune system in the lung. In the current
study, these 7 bacterial genera were enriched in recipients with acute rejection, indicating that these
genera may be involved in the immune response in acute rejection. However, few studies have reported
the role of these 7 bacterial genera in allograft lung rejection, and the mechanism remains unknown.

Infection and rejection are very common complications associated with increased morbidity and
mortality following LT [13]. Unfortunately, the differential diagnosis of infection and rejection is
sometimes di�cult due to similar clinical manifestations [19,45]. Several studies have suggested that
upregulated PCT levels re�ect the presence of infective complications after solid organ transplantation
and LT [34,45]. T-lymphocyte is regarded as the major immune lymphocytes responsible for lung allograft
rejection [35,46,47]. An increase in peripheral blood T-lymphocyte counts was observed during acute lung
rejection [48]. However, in our results, infection and rejection recipients showed only a slight increase in
PCT and T lymphocyte levels compared with those in the other 2 groups (P>0.05). Therefore, we
attempted to seek another indicator to differentiate infection from rejection. We performed random forest
analyses and achieved a satisfactory prediction effect of the airway microbiota, especially with the above
10 differential genera identi�ed by LEfSe (Corynebacterium, unclassi�ed Enterococcaceae and
unclassi�ed Lactobacillales, Rothia, Granulicatella, Neisseria, Actinomyces, Leptotrichia, Lactobacillus
and unclassi�ed Aerococcaceae), for distinguishing between different clinical diagnoses (event-free vs.
infection, AUC=0.697; event-free vs. rejection, AUC=0.854; infection and rejection, AUC=0.822).
Furthermore, a better classi�cation e�cacy of the combination of the 10 microbiota constituents and
PCT and T lymphocyte levels was assessed: event-free vs. infection, AUC=0.894; event-free vs. rejection
AUC=0.955; and infection and rejection, AUC=0.913. Overall, these �ndings further con�rmed the
importance of the 10 airway microbiota constituents in transplant infection and rejection, and provided
important evidence that the airway microbiota was potentially helpful in predicting infection and acute
rejection in LTRs. Nevertheless, biomarker‐based models still need to be con�rmed with larger samples.
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Notably, our study is the �rst to compare the airway microbial pro�les between recipients with infection
and rejection after LT, as well as to evaluate the use of airway microbiota in differentiating between LTRs
with infection and rejection. Another strength of this study is a relatively large number of LTRs and the
�rst exploration of the airway microbiota in Chinese LTRs using high-throughput technology [12,49]. A
major limitation is the cross-sectional design that provides only the possible relationships between the
airway microbiota and infection and rejection in LTRs. Larger studies are needed to repeat and con�rm
these �ndings, and future in vivo and in vitro experiments are needed to determine the microbial-mediated
mechanism. Moreover, the dynamic changes in the airway microbiota may be more reliable and
meaningful.

Conclusion
In summary, we conducted one of the �rst studies to explore the relationship between the airway
microbiota and infection and acute rejection of LTRs. Corynebacterium, unclassi�ed Enterococcaceae,
and unclassi�ed Lactobacillales were enriched in patients with infection, while Rothia, Granulicatella,
Neisseria, Actinomyces, Leptotrichia, Lactobacillus and unclassi�ed Aerococcaceae were enriched in
recipients with acute rejection. The combination of airway microbiota with PCT and T-lymphocyte levels
may complement the de�ciencies of the diagnosis of acute rejection and infection in LTRs and thus
improve the treatment and clinical outcomes of patients after LT. In the future, it seems important to
understand the detailed role of the airway microbiota in the mechanism and development of infection
and acute rejection after LT.
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Table 1 Patient Characteristics.
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  Total Event-free Infection Rejection

Patients/samples 59/181 14/47 39/103 11/31

Sex (male) 49 (83.1%) 13 (92.9%) 31 (79.5%) 9 (81.8%)

Age, years (mean±SD) 57.2±12.8 60.5±13.1 57.0±12.1 53.9±15.7

Type of transplant

Double 17 (28.8%) 3 (21.4%) 15 (38.5%) 1 (9.1%)

Single 41 (69.5%) 11 (78.6%) 24 (61.5%) 9 (81.8%)

Heart-lung transplant 1 (1.7%) 1 (7.1%) 0 (0.0%) 1 (9.1%)

Time post-transplant (days) 284.2±484.6 51.6±206.0 161.1±366.7 87.3±164.5

BMI (kg/m2) 20.4±3.7 20.6±3.2 19.8±3.5 22.1±4.0

History of smoking, yes 36 (61.0%) 11 (73.3%) 24 (54.5%) 7 (63.6%)

PGD grade 2.0±1.1 1.6±1.1 2.2±1.0 4.7±2.9

Pretransplant diagnosis

COPD 18 (30.5%) 4 (28.6%) 14 (35.9%) 2 (18.2%)

ILD 32 (54.2%) 10 (71.4%) 17 (43.6%) 8 (72.7%)

Other 9 (15.3%) 0 (0.0%) 8 (20.5%) 1 (9.1%)

Laboratory parameters#

PCT (μg/L) 0.2±0.5 0.1±0.1 0.3±1.0 0.1±0.1

Blood T lymphocyte (/UL) 298.0±261.0 315.2±236.1 450.3±407.2 280.6±142.6

Positive culture#§

Acinetobacter baumannii 24 (13.3%) 9 (19.1%) 15 (14.6%) 0 (0.0%)

Enterobacter sp. 2 (1.1%) 0 (0.0%) 2 (1.9%) 0 (0.0%)

Enterococcus sp. 14 (7.7%) 2 (4.3%) 12 (11.7%) 0 (0.0%)

Klebsiella pneumoniae 31 (17.1%) 14 (29.8%) 8 (7.8%) 9 (29.0%)

Pseudomonas aeruginosa 29 (16.0%) 0 (0.0%) 20 (19.4%) 9 (29.0%)

Staphylococcus sp. 27 (14.9%) 6 (12.8%) 20 (19.4%)  1 (3.2%)

Stenotrophomonas maltophilia 43 (23.8%) 12 (25.5%) 24 (23.3%) 7 (22.6%)

Haemophilus in�uenzae 5 (2.8%) 0 (0.0%) 5 (4.9%) 0 (0.0%)

Aspergillus sp. 15 (8.3%) 0 (0.0%) 15 (14.6%) 0 (0.0%)
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Candida sp. 5 (2.8%) 0 (0.0%) 5 (4.9%) 0 (0.0%)

Blood CMV DNA 11 (6.1%) 0 (0.0%) 11 (10.7%) 0 (0.0%)

Antibiotics#

Meropenem/Vancomycin 90 (49.7%) 20 (42.6%) 66 (64.1%) 4 (12.9%)

Piperacillin/Cefoperazone 72 (39.8%) 19 (40.4%) 34 (33.0%) 19 (61.3%)

TMP/SMX 29 (16.0%) 1 (2.1%) 24 (23.3%) 4 (12.9%)

Azithromycin 4 (2.2%) 1 (2.1%) 3 (3.0%) 0 (0.0%)

Immunosuppression#

Glucocorticoid 181 (100%) 47 (100.0%) 103 (100.0%) 31 (100.0%)

Tacrolimus 163 (90.1%) 39 (83.0%) 93 (90.3%) 31 (100.0%)

Mycophenolate mofetil 158 (87.3%) 46 (97.9%) 89 (86.4%) 23 (74.2%)

Data are the mean±SD or n (%) as appropriate. BMI, body mass index; COPD, chronic obstructive
pulmonary disease; ILD, interstitial lung disease; PGD, primary graft dysfunction; CMV, cytomegalovirus;
TMP/SMX, trimethoprim/sulfamethoxazole.

#At sampling.

§Positive bacterial culture could be to the presence of respiratory pathogens or colonized bacteria. If there
was no clear clinical evidence for respiratory infection or no previous culture for reference, the
microorganisms in sputum were de�ned as colonized bacteria.

Figures
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Figure 1

(A) Study �ow chart. (B) Dots represent sputum samples collected from each of the 59 patients after LT.
Patients 1-18 had COPD, patients 19-50 had ILD, and patients 51-59 were diagnosed with other lung
diseases. *Patients who were sampled during two hospitalizations and diagnosed with two clinical
statuses (same or different).
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Figure 2

The airway microbial diversity of the event-free, infection and rejection recipients. (A). Alpha diversity
(Shannon index) among the 3 transplant groups. The horizontal lines in the box plots represent median
values; upper and lower ranges of the box represent the 75% and 25% quartiles. (B). Beta diversity (PCoA-
based unweighted UniFrac distance matrix) among the 3 transplant groups. (C, D, E). Beta diversity
(PCoA-based unweighted UniFrac distance matrix) between each pair of groups. The blue, red and green
colors represent the event-free, infection and rejection groups, respectively. P values are represented using
the Wilcoxon rank-sum test.
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Figure 3

The airway microbial composition of the event-free, infection and rejection recipients. (A). Heat map of
the 28 dominant genera (with average relative abundances >1% in at least 1 group) in the event-free,
infection and rejection groups. (B). The Venn diagram demonstrates the unique and shared airway
microbial numbers at the family level, genus level and OTU level among the different transplant groups.
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Figure 4

The airway microbial differences among the event-free, infection and rejection recipients. (A).
Comparison of bacterial communities of the airway microbiota based on the most abundant phyla and
genera (average relative abundances >1% in at least one group) in LTRs with different clinical diagnoses.
(B). LEfSe identi�ed the most differentially abundant genera (with average relative abundances >1% in at
least one group) among the 3 groups (LDA score >2.0).
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Figure 5

Comparison of (A) PCT and (B) T lymphocyte levels among transplant groups. P values are represented
using the t test. The ROC curve using (C) the airway microbiota alone and (D) the combination of the
airway microbiota and PCT and T lymphocyte levels to differentiate among different transplant groups.
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