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ARTICLE INFO ABSTRACT

Edited by: Peifang Wei Background: Alterations in the respiratory microbiome are common following lung transplantation; however,
the complex relationship between microbial composition and posttransplant clinical outcomes remains insuffi-

I]fz:i:z;splantati on ciently characterized. This study aimed to delineate microbial signatures within the lower respiratory tract and
Metagenomics to elucidate their associations with posttransplant outcomes in lung transplant recipients (LTRs).

Lower respiratory tract Methods: Metagenomic sequencing was performed on 138 bronchoalveolar lavage fluid (BALF) samples collected
microbiome in 2023 from patients who had undergone lung transplantation between 2017 and 2023 at the China-Japan
Stability Friendship Hospital. Lung function indices, hematologic parameters, and serum cytokine levels were assessed,
Infection and patients were prospectively followed to record adverse clinical events.

Clinical outcomes Results: The lung microbiome of stable LTRs formed four distinct clusters, exhibiting marked heterogeneity in

both a- and p-diversity. The most prevalent cluster, enriched with oral-origin commensals, such as Neisseria
subflava (N. subflava), Prevotella melaninogenica, and Streptococcus mitis (S. mitis), demonstrated the highest mi-
crobial diversity, and was associated with the lowest C-reactive protein levels, fewest adverse events, and the
longest complication-free postoperative duration. In contrast, a virus-enriched cluster characterized by reduced
diversity and high abundance of Torque teno virus and Cytomegalovirus human betaherpesvirus 5 was associated
with poorer outcomes. BALF samples from infected LTRs exhibited more severe dysbiosis than those from im-
munocompetent individuals, with reduced diversity and pathogen dominance. Concurrent infections aggravated
antibody-mediated rejection-related lung function decline, indicating complex microbiome-immune interactions.
Integrative modeling of microbiome, hematologic, and pulmonary function data yielded superior diagnostic per-
formance for infection detection (area under the receiver operating characteristic curve =0.93).

Conclusion: The composition of the lung microbiome may serve as a prognostic biomarker for clinical outcomes
after lung transplantation. The presence of diverse, commensal-dominated communities was associated with im-
proved outcomes, whereas viral enrichment correlated with adverse events. These findings underscore the clinical
importance of microbiome monitoring in posttransplant management and suggest that targeted modulation of
microbial communities could improve long-term graft stability and patient prognosis.
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Introduction

Lung transplantation represents the definitive therapeutic option for
patients with end-stage respiratory diseases, most commonly interstitial
lung disease, chronic obstructive pulmonary disease (COPD), and cystic
fibrosis.! Despite continuous advances in surgical techniques and post-
transplant management, the 5-year mortality rate among lung transplant
recipients (LTRs) remains higher than that of recipients of other solid
organ transplants.”° This persistent survival gap highlights the need
for a deeper understanding of the biological and clinical determinants
influencing posttransplant outcomes.

The lung hosts a highly dynamic and diverse microbial ecosystem
that plays a pivotal role in maintaining respiratory homeostasis and
modulating immune responses, both in health and disease.®® In com-
parison with healthy individuals, LTRs exhibit profound alterations in
the lung microbiome, characterized by reduced a-diversity, depletion
of beneficial commensals, such as Bacteroidetes and Firmicutes, and en-
richment of potential pathogens, including Proteobacteria.’~'?> Emerg-
ing evidence suggests that these microbial disturbances may influence
posttransplant immune regulation by altering the gene expression of lo-
cal innate immune cells, thereby affecting airway remodeling, inflam-
mation, and overall graft function.'® Previous studies have associated
lung microbiome perturbations and bacterial burden with allograft dys-
function and increased mortality risk.?-11-1421 However, the features
of microbiome reestablishment during clinically stable posttransplant
periods and their relationship with long-term clinical outcomes remain
poorly defined. In addition to bacterial dysbiosis, the lung mycobiome
and virome also undergo substantial changes in LTRs,'%22:23 but their
prognostic significance in the context of lung transplantation has yet to
be elucidated.

Chronic immunosuppressive therapy further predisposes LTRs
to opportunistic respiratory infections caused by bacteria,?42°
viruses—particularly cytomegalovirus (CMV),?” and fungi such as As-
pergillus species.?®2° These infections accelerate the decline in graft
function and contribute substantially to morbidity and mortality fol-
lowing transplantation.!”-24-30-32 Although the critical role of the lung
microbiome in transplant outcomes is increasingly recognized, limited
research has focused on microbial alterations accompanying posttrans-
plant infections. The dynamic shifts in microbial community structure
and their interplay with infection-associated allograft injury remain
largely unexplored.

To address these knowledge gaps, this study comprehensively char-
acterized the lower respiratory tract microbiome in stable and infected
LTRs using metagenomic next-generation sequencing (mNGS) of bron-
choalveolar lavage fluid (BALF). We hypothesized that (1) the lung mi-
crobiome of clinically stable LTRs reestablishes a balanced state whose
degree of restoration correlates with clinical prognosis and (2) LTRs with
active infections exhibit a more pronounced dysbiosis that contributes
to infection identification and may elucidate mechanisms of allograft
dysfunction. To test these hypotheses, we analyzed 138 BALF samples
collected in 2023 from patients who had undergone lung transplanta-
tion between 2017 and 2023 at the China-Japan Friendship Hospital,
defining the microbial characteristics of LTRs and their associations with
clinical outcomes.

Methods
Ethical approval

The study received approval from the Clinical Research Ethics Com-
mittee of the China-Japan Friendship Hospital (approval number 2023-
KY-043). All procedures involving human participants were conducted
in accordance with institutional and national ethical standards and the
principles of the Declaration of Helsinki. Informed consent was obtained
from all participants before inclusion in the study. Voluntary consent,
free from coercion, was obtained from all donors or their next of kin.
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No donor lungs were procured from executed prisoners or prisoners of
conscience.

Study design and sample collection

This exploratory study enrolled patients who underwent lung trans-
plantation and were treated at the China-Japan Friendship Hospital be-
tween March and December 2023. Clinical diagnoses were established
according to the 2016 International Society for Heart and Lung Trans-
plantation (ISHLT) Diagnostic Guidelines for Antibody-Mediated Rejec-
tion (AMR) and the 2010 International Society for Heart and Lung Trans-
plantation (ISHLT) Diagnostic Guidelines for Infection.>3:3* Clinical sta-
bility was defined by the absence of clinical or radiographic evidence
of infection and rejection. Based on diagnostic and clinical status, sam-
ples were categorized into four groups: (1) clinically stable (non-event)
patients, (2) infection cases, (3) AMR, and (4) AMR with concurrent
infection.

A total of 159 postoperative BALF samples were collected from 128
patients, together with 14 preserved saline samples used as negative
controls. All samples were subjected to metagenomic sequencing (Sup-
plementary Fig. 1). Exclusion criteria were: (1) patient age < 18 years,
(2) BALF collected within 3 weeks postsurgery, and (3) samples yielding
fewer than 600 microbial sequencing reads. In parallel, 148 blood sam-
ples were obtained for complete blood count, C-reactive protein (CRP),
and procalcitonin (PCT) measurement. Blood samples were collected as
close as possible to BALF sampling according to clinical indications, with
89.9% (133/148) collected within 3 days and the remainder within 1
week. Eleven paired samples were unavailable. Of the blood samples, 77
with sufficient volume were centrifuged to obtain plasma for cytokine
assays.

Detailed demographic and clinical characteristics of the cohort are
presented in Table 1. All recipients received standard triple immunosup-
pressive therapy consisting of tacrolimus, mycophenolate mofetil, and
prednisone. Antimicrobial treatment administered within 1 month be-
fore sampling was recorded (Supplementary Table 1). All participants
were prospectively followed up for 13.1 months (interquartile range
[IQR]: 12.2-14.9 months) to document posttransplant complications
and outcomes.

For comparison, an additional 28 BALF samples were collected from
immunocompetent patients; their demographic and clinical data are
summarized in Supplementary Table 2.

DNA extraction and metagenomic sequencing

DNA was extracted from BALF samples using the DNeasy PowerSoil
Pro Kit (QIAGEN, Cat. No. 47016, Hilden, North Rhine-Westphalia, Ger-
many). Metagenomic libraries were prepared with the QIAseq FX DNA
Library Kit (QIAGEN, Cat. No. 180479). Shotgun sequencing was per-
formed on the Illumina NovaSeq 6000 platform (Illumina, San Diego,
CA, USA) using paired-end 150 bp reads, generating approximately 10
GB of raw data per sample.

Sequencing data analysis

Raw Illumina reads were processed using Fastp (v0.23.4,
http://opengene.org/fastp/fastp.html)  for quality control, in-
cluding adapter trimming and removal of low-quality sequences
with the parameters: (-1 50 -x -w 10 -detect adapter for pe -
overlap_len_require 20 —overlap_diff limit 5 —overlap_diff percent_limit
20 —cut_tail —cut_tail_mean_quality 15).3° Contaminating human reads
were eliminated using Kneaddata (v0.12.0, https://huttenhower.
sph.harvard.edu/kneaddata/) with the parameters: (-bypass-trim —
bypass-trf —reordear -v —-remove-intermediate-output -max-memory 100
g —bowtie2-options —very-sensitive —dovetail), using the human refer-
ence genome (GRCh37).3¢ Bacterial taxonomic profiling was performed
using Kraken2 (v2.1.3, https://doi.org/10.5281/zenodo.3520272)
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Table 1
Demographics and clinical characteristics of the study cohort.
Items Total Stable Infection AMR AMR _Infection Statistics P-value
LTRs, n 121 42 66 7 6
BALF, n 138 45 78 7 8
Age (years), median (IQR) 61 (54-67) 61 (56—-66) 61 (54-68) 58 (50-66) 59 (54-65) 0.71* 0.87
Male, n (%) 91 (75.2) 30 (71.4) 54 (81.8) 4(57.1) 3(50.0) - 0.117
Type of lung transplantation, n (%)
Single 33 (27.3) 9(21.4) 21 (31.8) 2(28.6) 1(16.7) 0.66"
Bilateral 88 (72.7) 33 (78.6) 45 (68.2) 5(71.4) 5(83.3)
Postoperative duration (days), median 525 (163-1147) 859 (405-1455) 318 (103-932) 750 (352-1135) 386 (260-629) 12.35* 0.01
(IQR)
Primary disease, n (%) 0.58"
ILD 90 (74.4) 28 (66.7) 52 (78.8) 6 (85.7) 4 (66.7)
COPD 13 (10.7) 7 (16.7) 5(7.6) 1(14.3) 0(0)
Bronchiectasis 3(2.5) 1(2.4) 2(3.0) 0 (0) 0(0)
Others* 15 (12.4) 6 (14.3) 7 (10.6) 0(0) 2(33.3)
Antimicrobial admission
Anti_bacterial admission, n/N (%) 11/138 (8.0) 1/45 (2.2) 8/78 (10.3) 1/7 (14.3) 1/8 (12.5) 0.16"
Anti_fungal admission, n/N (%) 18/138 (13.0) 4/45 (8.9) 14/78 (17.9) 0/7 (0) 0/8 (0) 0.237
Anti_viral admission, n/N (%) 12/138 (8.7) 1/45 (2.2) 9/78 (11.5) 1/7 (14.3) 1/8 (12.5) 0.147
Immunosuppression, n 100.0 100.0 100.0 100.0 100.0 1.00"

AMR: Antibody-mediated rejection; BALF: Bronchoalveolar lavage fluid; COPD: Chronic obstructive pulmonary disease; ILD: Interstitial lung disease; IQR: In-
terquartile range; LTRs: Lung transplant recipients. *H value. T Fisher’s exact test. ¥ Other primary diseases include bronchiolitis obliterans and chronic lung

allograft dysfunction.

with parameters (—-minimum-hit-groups 4 —confidence 0.1, v. 2.1.3),
and Bracken (v2.9, http://ccb.jhu.edu/software/bracken/) against
the National Center for Biotechnology Information (NCBI) nucleotide
database (version 2024.02).°7-3% For viral identification, quality-
filtered reads were merged and assembled with MEGAHIT (v1.2.9,
https://github.com/voutcn/megahit) using the parameters (-min-
contig-len 1000 —presets meta-large).>° The assembled contigs were
taxonomically annotated via BLASTN against the NCBI database (ver-
sion 2024.02.08), retaining only viral hits. A custom viral database
was subsequently constructed, and reads were aligned using Burrows-
Wheeler Aligner (BWA) (v0.7.17-r1188, http://maq.sourceforge.net)
with default settings.*’ Reads not assigned to bacterial or fungal taxa
by Kraken2 were aligned to the viral database using BWA and further
processed with Samtools (v1.18, http://samtools.sourceforge.net).*!
The bacterial, fungal, and viral taxonomic profiles were integrated
for downstream compositional analysis. To minimize background
interference, species whose relative abundances were less than five-fold
higher than those in negative controls were designated as potential
contaminants.*?

Clustering analysis

Unsupervised clustering of stable LTRs’ microbiota composition was
conducted using k-means*® and hierarchical clustering** algorithms
based on the Jensen—-Shannon distance (JSD) metric. Optimal cluster de-
termination was guided by the silhouette method, which indicated four
distinct clusters as the best fit, consistent with within-cluster variability
analyses supporting both two- and four-cluster solutions.

Plasma cytokine measurements

Plasma cytokine concentrations were quantified using a 12-cytokine
detection kit (RAISECARE, Qingdao, Shandong, China) on the RaiseCyte
flow cytometry platform. This assay enabled simultaneous measurement
of interleukins interleukin (IL)-1p, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-
12p70, IL-17, tumor necrosis factor-a (TNF-a), interferon-a (IFN-a), and
interferon-y (IFN-y).

Hematologic parameter analysis

Hematologic indices were assessed using the Fluorocell WDF stain-
ing kit (Jilin Ruite Biotechnology Co., Ltd, Changchun, Jilin, China) and
the SYSMEX XN-10x hematology platform (Sysmex Corporation, Shang-
hai, China). Measured parameters included white blood cell, neutrophil
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(NEU), and lymphocyte (LYM) counts, as well as prothrombin time and
CRP concentrations.

Statistical analysis and visualization of data

Jensen—Shannon distance (JSD) metrics were computed
using the philentropy R package (v0.5.0, https://cran.r-
project.org/web/packages/philentropy/index.html),* yielding values
from O (identical) to 1 (maximally distinct). Nonparametric tests,
including the Kruskal-Wallis and Wilcoxon signed-rank tests, were
applied for between-group comparisons of continuous variables with
skewed distribution, with multiple testing corrections performed
using the Benjamini-Hochberg false discovery rate procedure.*®
Fisher’s exact test was employed to evaluate the differences in cat-
egorical variables. All statistical analyses were performed using R
(https://www.R-project.org/). Results with P <0.05 were considered
statistically significant. Antibiotic exposure within 1 month before
sampling was included as a covariate to control for potential confound-
ing effects. The relationship between clinical metrics and factors (age,
sex, antimicrobial therapy, serum CRP concentrations, postoperative
duration and so on) and overall microbial composition and diversity
was evaluated using permutational multivariate analysis of variance
(PERMANOVA) based on JSD. PERMANOVA was performed with
9999 permutations using the adonis2 function from the vegan R
package (v2.5.7, https://github.com/vegandevs/vegan).*” Differential
abundance analysis was conducted using ZicoSeq (https://CRAN.R-
project.org/package=GUniFrac), adjusting for age, sex, antimicrobial
therapy, and postoperative duration.*® The Ll-regularized logis-
tic regression model was employed to identify the microbiome,
lung function, and blood cells that could discriminate between
stable and infected long-term recipients (LTRs). Additionally, the
area under the receiver operating characteristic curve (AUC) was
utilized to evaluate the performance of the classifier. Microbial net-
work architecture was compared between stable and infected LTRs
using the NetCoMi R package (https://github.com/stefpeschel/
NetCoMi),*® assessing network topology and community-level
interactions.

Results
Patient cohort and samples

A total of 121 LTRs were included in the study, comprising 91 men
(75.2%) and 30 women (24.8 %), with a median age of 61 years (IQR,
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54-67 years). Among these patients, 33 underwent single-lung trans-
plantation and 88 underwent bilateral procedures. The primary under-
lying diseases necessitating transplantation were interstitial lung dis-
ease (ILD, n=90, 74.4 %), COPD (n=13, 10.7 %), bronchiectasis (n=3,
2.5%), and other etiologies (n=15, 12.4 %), as detailed in Table 1.

In total, 138 BALF samples were analyzed and stratified into four
groups according to clinical classification: stable (non-event) cases,
infection-only (infection), AMR, and AMR with concurrent infection
(AMR _Infection). As summarized in Table 1, postoperative duration dif-
fered significantly among groups, demonstrating a clear trend toward
earlier occurrence of infection following surgery.

Distinct clustering of the lower respiratory microbiota in stable lung
transplant recipients

To characterize the lower respiratory tract microbiome among sta-
ble LTRs, unsupervised clustering analysis was performed using the k-
means algorithm. Evaluation of within-cluster variability and silhou-
ette width revealed that four clusters provided the optimal model fit
for all 45 stable BALF samples at the species level (Supplementary Fig.
2A and B). These four clusters (Clusters 1-4) exhibited markedly dif-
ferent microbial compositions, as visualized by non-metric multidimen-
sional scaling (NMDS; Fig. 1A, PERMANOVA R?=0.24, P=0.001 for
p-diversity) and hierarchical clustering-based stacked bar plots (Supple-
mentary Fig. 3). Alpha diversity analysis demonstrated that Clusters 1
and 2 exhibited significantly higher Shannon and Chaol indices than
Clusters 3 and 4 (Fig. 1B and C), indicating that the former two clusters
harbored more diverse and compositionally balanced microbial commu-
nities. Core taxa, defined as species present in >50 % of samples with
relative abundance >1 %, revealed distinct microbial signatures across
clusters.

Cluster 1 (n=20), the most prevalent and compositionally balanced
group, was dominated by typical respiratory commensals, including
Neisseria subflava (N. subflava), Prevotella melaninogenica, Streptococcus
mitis, Haemophilus parainfluenzae, Rothia mucilaginosa, and Streptococcus
oralis (Fig. 1D). Cluster 2 (n=13) shared seven core taxa with Cluster
1 but displayed a pronounced enrichment of Torque teno virus (TTV),
suggesting a distinctive viral influence within this subgroup. Cluster 3
(n=6) was characterized by a virus-enriched microbial community, ex-
hibiting high relative abundances of nonpathogenic TTV, Myoviridae
species, and the pathogenic Cytomegalovirus human betaherpesvirus 5.
Cluster 4 (n=6) displayed the greatest microbial heterogeneity, fea-
turing particularly high levels of Corynebacterium striatum (C. stria-
tum) (mean relative abundance = 33.56 %). Collectively, these findings
demonstrate substantial heterogeneity in the lower respiratory micro-
biome among clinically stable LTRs.

Commensal-dominated microbiota cluster in stable lung transplant
recipients is associated with favorable clinical outcomes

We next examined the association between microbial features and
clinical outcomes in LTRs. A significant association was identified be-
tween CRP levels (n=40, PERMANOVA, P < 0.001) and microbial com-
position and diversity after adjustment for age, sex, and recent antimi-
crobial therapy. Notably, patients with Cluster 3—characterized by low
a-diversity and viral enrichment—exhibited significantly higher CRP
levels than those with Cluster 1 (Fig. 2A, Supplementary Fig. 4A). Post-
operative duration also differed among the clusters, showing a progres-
sive trend consistent with microbiome stabilization over time (Fig. 2B).
Cluster 1 demonstrated the longest median postoperative duration of
1091 days (IQR: 841-1619 days), followed by Cluster 2 at 700 days
(IQR: 361-777 days), and Cluster 3 at 392 days (IQR: 246-668 days).
This gradient, coupled with distinct compositional profiles, suggested a
temporal recovery of microbiome resilience following transplantation.
Furthermore, higher microbial diversity, as indicated by the Shannon
index, correlated with better preservation of lung diffusing capacity
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for carbon monoxide (single-breath lung diffusing capacity for carbon
monoxide [DLCOg1, R? =0.17, P=0.021, Supplementary Fig. 4B), sup-
porting a potential link between microbiome diversity and pulmonary
function.

To assess long-term outcomes, the incidence of adverse clinical
events—including infections, rejection, and malignancy—was tracked
for 12-16 months after sample collection (n=37). Cluster 1, character-
ized by high a-diversity and a balanced, commensal-dominant compo-
sition, exhibited the most favorable outcomes, with the lowest event
frequency (Fig. 2C). Remarkably, 62.5% (10 of 16) of LTRs in Clus-
ter 1 remained free of complications for more than 1 year. In contrast,
patients belonging to Cluster 3, defined by viral enrichment and re-
duced a-diversity, experienced a greater mean number of adverse events
(mean =2) compared with other clusters, indicating a higher risk of
unfavorable clinical trajectories. These findings establish clear associ-
ations between lung microbiome composition, systemic inflammation,
and posttransplant outcomes in LTRs.

Altered lower respiratory tract microbiota and reduced diversity in infected
lung transplant recipients

Infection represents the most frequent postoperative complication
among LTRs. To elucidate the impact of infection on the lower respi-
ratory tract microbiome, we compared the microbial profiles of LTRs
with and without infection. Patients with infection exhibited markedly
lower a-diversity at the species level than their stable counterparts
(P <0.05; Fig. 3A-B). This reduction in diversity was primarily driven
by increased species dominance. Specifically, 38.5% (30/78) of in-
fected LTRs displayed microbial communities dominated by taxa with
relative abundances exceeding 50 %, compared with only 6.7 % of sta-
ble LTRs (Fig. 3C). The dominant species contributing to this imbal-
ance included Pseudomonas aeruginosa (P. aeruginosa) and C. striatum
(Supplementary Fig. 5). Microbiota composition in infected BALF sam-
ples exhibited a more discrete and divergent distribution compared
with stable samples (PERMANOVA R%2=0.02, P=0.003; Fig. 3D). Zi-
coSeq differential abundance analysis revealed enrichment of potential
pathogens—including P. aeruginosa, C. striatum, and the nonpathogenic
TTV—in infected cases, whereas stable LTRs harbored higher relative
abundances of commensal taxa such as Prevotella melaninogenica, N. sub-
flava, Haemophilus parainfluenzae, Streptococcus mitis, Veillonella atypica,
Rothia mucilaginosa, Streptococcus oralis, and Schaalia odontolytica (P 4q;
<0.1; median relative abundance > 0.01, Fig. 3E).

Microbial network analysis further demonstrated striking alterations
in community structure between the stable and infected states (Fig. 4).
Using network comparison based on the Jaccard index, significant dif-
ferences were observed in both closeness centrality and eigenvector cen-
trality of key taxa (P <0.05), indicating substantial shifts in microbial
connectivity patterns. The adjusted Rand index (ARI=0.285, P < 0.001)
confirmed distinct clustering structures between networks. Notably, in
stable LTRs, a strong negative correlation was observed between protec-
tive commensals and pathogens such as P. aeruginosa, CMV, and TTV.
This antagonistic relationship was largely disrupted during infection,
suggesting that commensal microbes may inhibit pathogen colonization
and proliferation under stable posttransplant conditions.

Marked differences in clinical parameters were also identified be-
tween stable and infected groups. LTRs with infection exhibited signifi-
cantly lower lung function indices, including forced expiratory volume
in 1 s (FEV,), forced vital capacity (FVC), and diffusing capacity for
carbon monoxide (DLCOgp), compared with stable LTRs. These reduc-
tions were evident even when baseline lung function (i.e., the best post-
transplant measurements) was considered, with the exception of base-
line DLCOgp (Supplementary Fig. 6A-F). Hematologic analyses revealed
that while total white blood cell and NEU counts were comparable be-
tween groups, infected patients demonstrated significantly reduced LYM
counts (Supplementary Fig. 6G-I). Additionally, the proportion of NEUs
and the NEU-to-LYM ratio were elevated in infected LTRs, consistent
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Fig. 1. Species-level microbial profiles of stable LTRs. (A) Nonmetric multidimensional scaling (NMDS) plot of lung microbiota in stable LTRs based on the Jensen—
Shannon divergence distance at the species level. Samples are color-coded by clusters, with arrows indicating the seven species contributing most to variance in envfit
analysis. Shaded regions represent the 95 % confidence intervals for each cluster. (B and C) Alpha diversity indices (Shannon and Chaol) in stable LTRs. * P <0.001,
T P<0.01, Wilcoxon tests. (D) Bubble plots depicting the core microbiome composition and mean relative abundance across clusters. The y-axis lists microbial taxa at
the species level, and the x-axis shows the four clusters (Clusters 1-4). Blue indicates taxa with >1 % abundance in >50 % of samples (core taxa), and gray indicates
noncore taxa. Bubble sizes represent mean relative abundance within each cluster. LTRs: Lung transplant recipients.

with a predominant bacterial infection profile (Supplementary Fig. 6J
and K).

To evaluate the infection diagnostic potential of these parameters,
L,-regularized logistic regression models were developed using mi-
crobiome, hematologic, and pulmonary function datasets, each sub-
jected to five-fold cross-validation. To determine the advantage of mul-
timodal integration, a combined model incorporating all three datasets
was also constructed. Model performance was assessed by calculat-
ing the mean AUC across validation folds. Individually, each data do-
main achieved moderate diagnostic accuracy (AUC range 0.68-0.80),
with microbiome data providing the highest standalone predictive per-

formance (AUC=0.80). Notably, the integrative model demonstrated
superior accuracy, achieving an AUC of 0.93 (Fig. 3F; DeLong’s test,
P<0.01).

Compromised respiratory microbiome stability in infected lung transplant
recipients

To examine how lung transplantation influences respiratory micro-
biome dynamics during infection, we performed a comparative analysis
of the lower respiratory tract microbiota between immunocompetent
patients (IP) and LTRs experiencing infection. Infected LTRs exhibited
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significant alterations in microbial community structure relative to in- stable samples within the LTR cohort was significantly greater than the
fected immunocompetent individuals. Specifically, LTRs with infection corresponding JSD values between infected and noninfected samples
showed a trend toward reduced a-diversity (Fig. 5A) and pronounced within the immunocompetent cohort (Fig. 5C). These findings suggest
shifts in g-diversity (P=0.001; Fig. 5B), reflecting a distinct microbial that lung transplantation compromises the stability and resilience of the
community composition. Furthermore, the JSD between infected and lower respiratory tract microbiome during infection.
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Concurrent infection exacerbates the impact of AMR on lung function in
lung transplant recipients

After characterizing the infection-associated microbiome alterations
in LTRs, we further explored a distinct clinical context—concurrent in-
fections in the setting of AMR. Among the various types of allograft re-
jection identified in our cohort, AMR was the most prevalent (15/128,
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11.7 %), followed by chronic lung allograft dysfunction (CLAD; 12/128,
9.4 %) and acute cellular rejection (ACR; 5/128, 3.9 %). Of the 17 BALF
samples collected from patients with AMR, 10 (58.8 %) were obtained
during active infection, underscoring the high susceptibility of patients
with AMR to concurrent infectious complications. We next compared
microbiome and clinical features between patients with AMR with infec-
tion and those with infection alone. Lung function decline was assessed
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as the difference between baseline pulmonary function—defined as the
mean of the two best post-transplant measurements—and actual lung
function at the time of sampling, adjusted for postoperative duration.
Patients with infection alone did not exhibit significant reductions in
lung function compared with stable cases; those with concurrent AMR
and infection experienced a greater decline in FVC and DLCOgp than
AMR-only and infection-only groups, and a greater decline in FEV; than
infection-only group (Fig. 6A-C). These findings suggest that infection
amplifies allograft injury in the context of AMR. Subsequent microbial
profiling revealed that the AMR-with-infection group and the infection-
only group shared similar microbial characteristics in the lower respira-
tory tract. Compared with stable BALF samples, both groups displayed
significantly reduced a-diversity and marked compositional shifts, yet
no statistically significant differences were observed between them (Fig.
6D and E). This indicates that microbiome alterations alone are insuf-
ficient to explain the extent of lung function deterioration in patients
with concurrent AMR and infection. To further elucidate immune dy-
namics, we analyzed peripheral immune cell parameters. Absolute NEU
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and LYM counts did not differ significantly among groups. However,
after accounting for postoperative duration, a temporal trend emerged:
the proportion of LYMs in the AMR-with-infection group increased sig-
nificantly over time, whereas NEU proportions gradually declined (Fig.
6F, Supplementary Fig. 7). These findings suggest that concurrent AMR
and infection may be associated with dysregulated immune activation.

Discussion

This study provides a comprehensive characterization of the lower
respiratory tract microbiome in LTRs and elucidates its association
with post-transplant clinical outcomes and systemic inflammatory pro-
files. Through culture-independent mNGS and unsupervised clustering
of BALF samples, we delineated four distinct microbial community clus-
ters in clinically stable LTRs. These clusters captured both taxonomic
diversity and compositional heterogeneity, revealing significant corre-
lations between microbial architecture, immune activation, and patient
prognosis.
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A clear gradient emerged across Clusters 3, 2, and 1, characterized
by progressive enrichment of commensal respiratory taxa—including N.
subflava, Prevotella melaninogenica, and Streptococcus spp.—alongside a
concomitant reduction in viral abundance (notably TTV) and increasing
a-diversity. This continuum suggests a potential ecological succession of
the lower respiratory microbiome, with gradual restoration of commu-
nity balance following transplantation. The observed clustering patterns
likely reflect complex posttransplant ecological dynamics, influenced by
multiple factors such as diminishing donor-derived microbial influence,
decreased prophylactic antibiotic exposure, withdrawal of intensive res-
piratory support, resumption of physical activity, environmental recolo-
nization, microbial migration from the upper airway, and evolving host
immune status.”? Collectively, these findings provide novel insights into
the adaptive reconstitution of respiratory microbial communities in the
immunosuppressed posttransplant setting.

The enrichment of oral-origin commensals—including N. subflava,
Prevotella melaninogenica, and Streptococcus spp.—in patients with favor-
able outcomes supports a potential protective role for these taxa. Such
commensals may contribute to the maintenance of epithelial barrier in-
tegrity, modulation of local immune homeostasis, and competitive inhi-
bition of pathogenic colonization, consistent with previous studies.>!52
In contrast, the dominance of viral species such as TTV in low-diversity
clusters, together with elevated systemic inflammatory markers and in-
creased incidence of adverse clinical events, suggests a state of immune
dysregulation. TTV has been recognized as a biomarker of immunosup-
pression and allograft tolerance, with elevated serum TTV levels reflect-
ing heightened immunosuppressant exposure in LTRs.”>->® However, its
role within the lung microenvironment remains poorly defined. In this
study, increased TTV abundance in BALF correlated with a higher inci-
dence of post-transplant infection, suggesting that excessive local viral
replication may mirror or contribute to an oversuppressed immune mi-
lieu, thereby facilitating secondary microbial invasion. Furthermore, the
observed inverse correlation between TTV levels and commensal bacte-
rial abundance implies that viral proliferation may perturb microbial
community equilibrium, particularly under conditions of impaired im-
mune surveillance.

Moreover, integrating microbiome, hematologic, and pulmonary
function data yields superior diagnostic performance in LTRs, where
infection diagnosis is often complex and reliant on traditional tests
and clinical experience, highlighting the advantages of this multi-
modal approach. This index is increasingly feasible in practice: hemato-
logic parameters and pulmonary function tests are routinely available,
and the growing use of metagenomic pathogen detection can simul-
taneously provide microbiome information. The protective role of di-
verse, commensal-dominated microbial communities further suggests
that microbiome-targeted interventions—such as prebiotic, probiotic,
or microbiota-preserving therapeutic strategies—could help prevent ad-
verse outcomes and promote long-term graft stability.

Our study provides compelling evidence of the profound impact of
infection on the posttransplant respiratory microbiome. Infected LTRs
exhibited significantly reduced a-diversity and pronounced shifts in mi-
crobial community structure, characterized by the overrepresentation of
opportunistic pathogens such as P. aeruginosa and C. striatum.>” These
findings underscore the heightened susceptibility of immunosuppressed
hosts to opportunistic infections and the potential of such infections to
disrupt the delicate microbial equilibrium within the transplanted lung.
The loss of negative correlations between commensals and pathogens
observed in infected versus stable LTRs suggests that beneficial taxa may
normally contribute to respiratory health through mechanisms such as
competitive exclusion, nutrient limitation, and immune modulation.>®
From a clinical perspective, these observations support the inclusion of
microbiome profiling in posttransplant surveillance algorithms. Quan-
titative changes of commensal abundance, alongside the detection of
emerging pathogens or viral proliferation, may serve as early biomark-
ers of allograft instability or impending infection. Furthermore, our
integrated diagnostic model—combining microbial, inflammatory, and
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physiological indices—achieved high accuracy in distinguishing infec-
tion states and offers a potential framework for individualized risk strat-
ification and precision monitoring in transplant medicine.

Comparative analyses between infected LTRs and infected immuno-
competent individuals revealed a destabilizing effect of lung transplan-
tation on the respiratory microbiome. The significantly greater interindi-
vidual variability (as indicated by higher JSD) among infected LTRs
reflects a reduced capacity to maintain microbial homeostasis, likely
attributable to chronic immunosuppression, impaired mucosal defense,
and the immunologic complexity of allograft acceptance. This reduced
microbiome stability may contribute to the increased infection suscep-
tibility and recurrent microbial perturbations characteristic of the post-
transplant population.

This study also identified a complex interplay between infection,
AMR, and pulmonary function. Patients with concurrent AMR and infec-
tion exhibited a more pronounced deterioration in lung function com-
pared with those experiencing infection alone. Despite similar micro-
biome compositions between these groups, the combined presence of
AMR and infection led to greater physiological impairment, suggesting
that immune dysregulation—rather than microbiota composition per
se—drives this exacerbation.>® The longitudinal increase in LYM propor-
tion and concomitant decline in NEUs in the AMR-with-infection group
further imply an aberrant immune activation pattern, meriting deeper
mechanistic exploration.

Several limitations warrant consideration. First, the substantial pres-
ence of host DNA in BALF samples limited the functional metage-
nomic analyses, underscoring the need for optimized host DNA deple-
tion strategies to enhance microbial signal recovery. Second, the cross-
sectional metagenomic detection precluded temporal assessment of mi-
crobiome dynamics and causal inference. Finally, the modest sample
size, particularly within the AMR subgroup, constrains statistical power.
Future research should employ longitudinal, multicenter cohorts and
complementary experimental models to validate and extend these find-
ings.

In conclusion, this study elucidates the pivotal role of the lung micro-
biome in shaping posttransplant outcomes and highlights the clinical rel-
evance of microbial diversity and composition in graft health. Restora-
tion and maintenance of a stable, commensal-enriched microbiome may
represent a promising therapeutic avenue for improving long-term prog-
nosis in LTRs. Future investigations should focus on developing targeted
interventions that foster beneficial microbial communities and delineate
the mechanistic pathways linking microbiome dysbiosis to immune dys-
regulation and graft dysfunction.
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