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Abstract

Impaired baseline lung function is associated with mortality after pediatric allogeneic
hematopoietic cell transplantation (HCT), yet limited knowledge of the molecular pathways

that characterize pre-transplant lung function has hindered the development of lung-targeted
interventions. In this study, we quantified the association between bronchoalveolar lavage (BAL)
metatranscriptomes and paired pulmonary function tests performed a median of 1 to 2 weeks prior
to allogeneic HCT in 104 children in the Netherlands. Abnormal pulmonary function was recorded
in more than half the cohort, consisted most commonly of restriction and impaired diffusion,

and was associated with both all-cause and lung-injury related mortality after HCT. Depletion of
commensal supraglottic taxa, such as Haemophilus, and enrichment of nasal and skin taxa, such
as Staphylococcus, in the BAL microbiome were associated with worse measures of lung capacity
and gas diffusion. In addition, BAL gene expression signatures of alveolar epithelial activation,
epithelial-mesenchymal transition, and downregulated immunity were associated with impaired
lung capacity and diffusion, suggesting a post-injury pro-fibrotic response. Detection of microbial
depletion and abnormal epithelial gene expression in BAL enhanced the prognostic utility of
pre-HCT pulmonary function tests for the outcome of post-HCT mortality. These findings suggest
a potentially actionable connection between microbiome depletion, alveolar injury, and pulmonary
fibrosis in the pathogenesis of pre-HCT lung dysfunction.

One Sentence Summary:

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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Poor lung function in children preparing to undergo stem cell transplantation is linked to microbial
dysbiosis, alveolar injury, and fibrosis.

INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) is a life-saving cellular therapy used
to cure underlying hematopoietic defects, such as hematologic malignancies, primary
immunodeficiencies, bone marrow failure syndromes, and hemoglobinopathies. Although
more than 7,500 children receive this treatment annually in the United States and Europe,
the success of this therapy is limited by a broad range of post-HCT pulmonary injuries

that develop in 10 to 40% of pediatric recipients in response to chemotherapeutic toxicity,
infection, and impaired or dysregulated immunity (1-3). Comprehensive assessment of
pulmonary health prior to HCT conditioning is critical in order to identify high-risk patients
who may benefit from modified conditioning chemotherapy regimens, closer surveillance,
and risk-stratified treatments aimed at mitigating the development of irreversible pulmonary
toxicity (4-6).

In children, evaluation of pulmonary health prior to HCT is not standardized, but

may include symptom screening and physical exam, nasopharyngeal swab for common
respiratory viruses, pulmonary function testing (PFT) if developmentally able (typically
age greater than or equal to 6 years), and targeted high-resolution chest tomography (HR-
CT), followed by bronchoalveolar lavage (BAL) in patients with identified or suspected
abnormalities (7, 8). Despite the challenges of completing effort-dependent testing in
children, when performed with adequate quality, abnormal PFTs are detected in up

to 60% of pediatric HCT candidates, predominantly due to restriction and impaired
diffusion (9-11), and are associated with the development of post-HCT complications.
These include interstitial pneumonitis, pulmonary graft-versus-host disease (GVHD), and
transplant-related mortality (TRM) (2, 3, 12-16).

To improve outcomes, it remains crucial to identify risk factors for pre-HCT pulmonary
dysfunction and elucidate pathobiologic correlates. To date, known risk factors include
exposure to alkylating and other pulmotoxic chemotherapy (such as busulfan, bleomycin,
cyclophosphamide, carmustine, fludarabine, lomustine), thoracic radiation (particularly in
concert with radiomimetics), thoracic surgery, chronic endothelial injury due to hemolysis or
transfusion dependence, chronic inflammation, and recurrent pulmonary infections (17-19).
Most patients with substantially impaired pre-HCT pulmonary function experience a number
of these risk factors, suggesting a multimodal pathogenesis. Despite the need for deeper
understanding of the pathogenesis of pre-HCT pulmonary dysfunction, translational studies
are limited by scarcity of investigable pulmonary samples from children.

In this study, we aimed to evaluate associations between pre-HCT pulmonary function and
measures of pulmonary biology as assessed by metatranscriptomic RNA sequencing of
paired BALs. We recently analyzed pre-HCT BAL samples from a cohort of asymptomatic
pediatric HCT candidates who all underwent routine pre-HCT BAL in the absence of lower
respiratory symptoms as part of an aggressive standard-of-care screening program. We found
that pre-HCT pulmonary bacterial depletion, viral enrichment, inflammation, and epithelial

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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activation were associated with the development of post-HCT pulmonary toxicity (20).

A subset of these patients were developmentally able to perform contemporaneous PFTS,
presenting an opportunity to link the domains of organ function, biology, and microbiology
within a cohort of high-risk patients. We hypothesized that the combination of pulmonary
microbiome data paired with gene expression data could be associated with abnormal PFTs
prior to HCT, thus providing further evidence for the pathobiologic role of the pulmonary
microenvironment in pediatric HCT candidates.

Patient Characteristics

Contemporaneous pre-HCT PFTs and BAL fluid were available for 104 patients. PFTs and
BAL were typically performed 1 to 2 days apart and 1 to 2 weeks prior to HCT conditioning.
Most patients were between 8 and 19 years of age, of self-reported Northern European
ancestry, and preparing to undergo first allogeneic HCT for underlying hematologic
malignancy (Table 1). Most patients received myeloablative conditioning chemotherapy,
followed by an umbilical cord blood allograft. At 2-year post-HCT follow-up, 33 of 104
patients (31.7%) had died from relapsed disease or transplant toxicity.

Impaired pulmonary function prior to HCT is common.

All patients performed spirometry, and a subset of typically older children performed
plethysmography (n=78) and diffusion testing (n=63, Table 2). To determine the inter-
relatedness of the different PFT measurements, we constructed a correlation matrix which
showed broad grouping of PFTs into 4 clades pertaining to lung capacity, obstruction,
diffusion, and air trapping (fig. S1). Using conventional cutoffs of absolute ratios and
percentage deviations from the population mean (% predicted), PFT abnormalities were
detected in 80 of 104 patients due to restriction (n=35 of 104), obstruction (n=12 of 104),
mixed restriction and obstruction (n=1 of 104), impaired diffusion (n=21 of 63), and air
trapping (n=44 of 78). Using Global Lung Index (GLI) cutoffs based on standard deviations
from the population mean (z-scores), PFT abnormalities were detected in 54 of 104 patients
due to restriction (n=29 of 104), obstruction (n=7 of 104), impaired diffusion (n=14 of 63),
and air trapping (n=16 of 78, table S1). As GLI z-scores are not calculable for all measured
PFTs, we used PFTs expressed as percentage of predicted for subsequent analyses.

Abnormal pulmonary function varied according to age and sex and was associated with
HCT outcomes.

We tested for clinical characteristics associated with PFT abnormalities and identified that
older age was associated with restrictive lung disease, as well as with worse measures of
obstruction such as forced expiratory flow (FEF5, FEFs5, FEF75) and peak expiratory flow
(PEF) (Fig. 1A). Female sex was associated with worse measures of both lung capacity
(including forced vital capacity [FVC] and alveolar volume [Va]) and diffusion (measured as
diffusing capacity for carbon monoxide accounting for VVa [DLCO/Va]) but better measures
of obstruction (such as forced expiratory volume in one second adjusted for FVC [FEV4/
FVC], Fig. 1B). We tested for, but did not identify, an association between HCT indication
and pre-HCT PFTs (data file S1).

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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Previous studies have shown impaired PFTs to be associated with post-HCT mortality (2,

3, 12-16). We confirmed these findings by demonstrating an association between reduced
pre-HCT lung capacity and the development of all-cause mortality after HCT (hazard ratio
[HR] 1.21 per 10% decline in FVC, 95% CI 1.03-1.43, p=0.024, Fig. 1C). To test whether
these poor outcomes were due to acute lung injury specifically, we calculated cumulative
incidence with competing risks regression and found that F\V/Cogpreg Was associated with the
development of fatal lung injury in the first 180 days post-HCT (p<0.001, fig. S2).

BAL microbiome composition varied with pulmonary function.

Our prior studies have associated alterations in the pre-HCT pulmonary microbiome
composition with the later development of adverse post-HCT outcomes (20). To determine
whether the composition of the pre-HCT pulmonary microbiome is associated with

lung function at the time of BAL measurement, we compared microbiome findings to
contemporaneously performed PFTs. Microbe RNA sequencing counts are relative in nature
and thus were converted to RNA mass abundances using the reference spike-in (21). We
first surveyed the composition of BAL microbiomes and found two oppositely correlated
clusters of microbes: one containing common supraglottic taxa (such as Haemophilus,
Streptococcus, Neisserid) and a second inversely correlated cluster containing common
nasal, skin, and environmental taxa (such as Staphylococcus, Corynebacterium, fig. S3).
We represented these clusters mathematically using principal component analysis (PCA)
and found that lower coordinates along principal component 1 (with top contributions from
oropharyngeal taxa Prevotella, Veillonella, Rothia, and Streptococcus) were associated with
worse measures of lung capacity (including FVC, fig. S4, data file S2).

Next, we used negative binomial generalized linear models (NB-GLM) with adjustment
for false discovery to identify specific taxa associated with each PFT. In models adjusted
for patient age and sex, we found that lower BAL quantities of supraglottic taxa (such

as Haemophilus, Neisseria) and greater BAL quantities of skin or environmental taxa
(including Staphylococcus, Saccharomyces, Corynebacterium) were associated with worse
measures of lung capacity (FVC), obstruction (FEF5s), diffusion impairment (DLCO), and
air trapping (RV/TLC) (Fig. 2A, fig. S5, data file S3). For example, progressively lower
FVC was associated with progressively less Haemophilus RNA and progressively more
Staphylococcus RNA (Fig. 2, B and C). In addition, greater pulmonary fungal RNA mass
was associated with worse measures of lung capacity (FVC) and diffusion (DLCO), and
greater RNA mass of the Actinobacteria phylum, which includes the skin-associated genera
Corynebacterium, Micrococcus, and Cutibacterium, was associated with worse measures
of lung capacity (FVC) and obstruction (FEF,s, FEF7s5). In contrast, lower RNA mass

of the Fusobacterium phylum was associated with worse measures of lung capacity (Va)
and diffusion (DLCO). We did not find an association between PFTs and total viral RNA
mass (data file S2). Some microbiome studies have suggested that aggregate microbiome
traits such as alpha diversity, dominance, and richness are associated with severity of
diseases such as chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary
fibrosis (IPF) (22-26). In this cohort, neither alpha diversity, richness, nor dominance were
associated with PFTs.

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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BAL gene expression was correlated with pulmonary function.

To determine whether impaired pulmonary function was associated with unique gene
expression signatures, we first utilized an overview approach and calculated BAL gene
expression enrichment scores for each of the n=50 Hallmark Gene Sets in the Molecular
Signatures Database. We found that measures of lung capacity and diffusion were positively
associated with enrichment of pathways relating to immune activation, metabolism, and cell
division and were negatively associated with pathways relating to epithelial mesenchymal
transition and cell fate or differentiation (Fig. 3).

We next tested for specific genes whose expression was associated with each PFT. Pathway
analysis showed that lower values of both FVC and DLCO/Va were associated with greater
expression of pulmonary epithelial genes, including surfactant genes (such as SFTPA1/2,
SFTPC, and SFTPD), keratinization genes (such as KR7TAP3.2and KRTAP5.6), and
epithelial sensory and stimulus response genes (such as OR2A1 and OR452), as well as
lower expression of innate immunity genes (such as CXCL8, HLA-DRA, IL1B, and LYZ.
Fig. 4). In contrast, lower FEV1/FVC was associated with greater expression of innate
immunity genes and lower expression of alveolar epithelial genes. These findings persisted
after adjusting models for age and sex. Few genes (n=9) were associated with a metric of air
trapping (RV/TLC, data file S4).

The BAL cell fraction was associated with pulmonary function.

Since BAL samples are heterogeneous cell mixtures, we posited that these results could be
due to either different proportions of cell types within samples, different expression patterns
of each cell type within samples, or both. Therefore, we used in silico cell deconvolution
techniques based on the Human Lung Cell Atlas to impute lung cell proportions in each
sample. BAL cell types clustered into 3 groups consisting of innate immune cells, upper
airway cells, and lower airway and adaptive immune cells (Fig. 5A). Patients with restriction
had greater BAL enrichment scores for type 2 alveolar epithelial cells (AECs) (Fig. 5B).

In addition, patients with impaired diffusion had greater BAL enrichment scores for type 2
AECs (p=0.011). Next, using the CiberSortX algorithm (27), we estimated the average gene
expression profile for each BAL cell type. In patients with restriction, type 1 AECs showed
increased transcription of genes related to epithelial-mesenchymal transition, hedgehog
signaling, and KRAS signaling. Additionally, T- and B-lymphocytes showed an overall
decrease in transcription of genes relating to cell proliferation and inflammation (data

file S5). We did not detect differences in innate immune cell or upper airway epithelial
cell-specific gene expression among patients with versus without restriction.

PFTs and the BAL metatranscriptome are jointly associated with risk of post-HCT

mortality.

Given prior findings that pre-HCT BAL metatranscriptomes are associated with post-HCT
mortality (20), we next sought to determine whether these associations were independent

of measured pulmonary function. Using multivariable modeling, we found that lower BAL
RNA mass of oropharyngeal taxa (such as Haemophilus, Neisserid) was associated with
post-HCT all-cause mortality independent of FVC, age, and sex. Further, progressively
lower BAL RNA mass of oropharyngeal taxa strengthened the association between poor pre-

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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HCT FVC and post-HCT mortality (interaction p<0.05). In addition, lower BAL expression
of genes related to airway epithelial cell integrity, polarity, and junction formation (Hallmark
Apical Surface) were also associated with post-HCT mortality independent of FVC, age, and
sex (table S2). The addition of BAL Haemophilus RNA mass and BAL Hallmark Apical
Surface gene set enrichment to a Cox survival model of FVC, age, and sex improved model
performance across strata of lung function (likelihood ratio test p=0.002, Fig. 6).

DISCUSSION

The primary finding of this study is that, in pediatric HCT candidates, pulmonary
microbiome and gene expression signatures were associated with pulmonary function

and may augment the utility of PFTs in the stratification of post-HCT mortality risk.
Specifically, we found that the pulmonary microbiomes of patients with restriction and
diffusion impairment were depleted of common supraglottic taxa and instead enriched

in skin, nasal, and environmental taxa. In addition, the pulmonary transcriptomes of
patients with restriction and diffusion impairment showed increased activation of alveolar
epithelial cells and a deficit in immune cell signaling consistent with post-injury fibrotic
transformation. Further, BAL signatures of commensal microbial depletion and diminished
epithelial homeostasis were associated with post-HCT mortality independent of pre-HCT
pulmonary function. Together these findings suggest a multidimensional connection between
lung function, biology, and microbiology in pediatric HCT candidates and suggest possible
biologic targets to optimize lung function in children preparing to undergo HCT.

First, our finding that pulmonary microbiome depletion is associated with simultaneously
impaired lung function in pediatric HCT candidates supports our previous finding that
pre-HCT pulmonary microbiome depletion is associated with post-HCT lung injury (20).
Although studies of the pulmonary microbiome in children are rare, investigations of

the more readily-studied intestinal microbiome have similarly shown that dysbiosis is
associated with intestinal disease as well as poor overall post-HCT outcomes (28). Such
landmark studies lend credence to contextualizing an organ-specific microbiome with
the harboring organ’s function and molecular biology. However, such observations do
not prove causality, and therefore whether pulmonary microbial dysbiosis can directly
contribute to lung disease or is simply a biomarker of other exposures remains unclear.
On the one hand, microbial dysbiosis is linked to antimicrobial exposure, which is more
common in patients with underlying diseases such as malignancy; such patients also
have confounding reasons for poor lung function, such as greater exposure to pulmotoxic
chemotherapy. However, emerging studies suggest that microbial dysbiosis disrupts the
control of pathogen overgrowth and contributes to a loss of immune tolerance at the
epithelial-parenchymal boundary; therefore reciprocal causality between lung dysfunction
and microbiome disturbances seems likely (22, 29). To that end, we found that the
pulmonary RNA mass of taxa that are typically supraglottic commensals was inversely
related to the RNA mass of taxa that typically reside in the nose and skin, supporting

the theory that maintenance of the respiratory microbiomes may exclude invasion by
outside organisms. Future studies directly measuring nasal, supraglottic, and pulmonary
microbiomes in each patient may better test whether and how the upper and lower
respiratory microbiomes interact and whether the microbiome structures at these upper

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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respiratory sites are indeed microbiologically similar when compared to other populations
(30-32). For example, detection of Staphyloccocus overgrowth in the nose and lungs and
Haemophilus depletion in the oropharynx and lungs would provide more direct evidence
for the assertion that the supraglottic microbiome protects the lungs from nasal, skin,

and environmental microbes. In addition, strategies to characterize gut-lung cross-talk
may further elucidate factors influencing the pulmonary microbiome (33, 34). Ultimately,
strategies to modulate the lung microbiome in order to improve pulmonary health remain
in development and include investigation of both ingested and inhaled probiotics and other
microbial metabolites (35, 36).

A second finding of this work is the association between altered alveolar epithelial gene
expression, restriction, and impaired diffusion. By combining differential gene expression
with cell type imputation, we identified a greater proportion of type 2 AECs in patients
with restriction and diffusion; further, cell-type specific gene expression suggested an
increased transcriptional state of these cells, associated with growth factors and increased
kinase expression. The increased expression of surfactant genes and overall AEC activity is
consistent with response to alveolar injury and has been demonstrated in numerous cohorts
of lung-injured patients (37, 38). By combining hallmark gene set enrichment with these
findings, we found that pathways related to the lung stroma were upregulated, including
angiogenesis, myogenesis, epithelial mesenchymal transition, and cell fate (Wnt/p-catenin
signaling and hedgehog signaling). Activation of stromal pathways in the lung has been
associated with a pro-fibrotic signaling state and has been identified in cohorts of patients
with IPF, thus providing a plausible mechanistic link between these gene expression findings
and the observed impairment in PFTs (39, 40). As lung-resident mesenchymal stem cells
undergoing myofibroblastic differentiation strongly express genes in the Wnt/p-catenin
and hedgehog signaling pathways, anti-fibrotic agents targeting this pathway, such as
pirfenidone, remain of utmost interest (41, 42).

A third finding of this work is that patients with pulmonary restriction and impaired
diffusion displayed an overall deficit in lower airway immune signaling. In addition

to lower overall expression of immune genes among patents with restriction, cell type
deconvolution inferred a less active transcriptional state for lymphocytes specifically. It
seems counterintuitive that patients with poor PFTs would have a relative deficit in
pulmonary immune activity, especially given our prior findings that pre-HCT pulmonary
inflammation was associated with post-HCT lung injury. There are three potential
explanations. First, the latter finding of pulmonary inflammation was tied to pre-HCT viral
infection, which was more prevalent in children younger than 4 years old. As younger
children are not typically able to perform PFTs, they were excluded from this present study.
Second, although pulmonary inflammation is a hallmark of acute lung injury including
chemoradiation-induced lung injury, it typically subsides after the initial insult and is
followed by a profound anti-inflammatory and pro-fibrotic phase (43), which more likely
represents the phase of injury for the patients in this study. Third, patients with impaired
lower airway immunity may be at greater risk for infections and associated sequelae

such as post-infectious fibrosis. Ultimately, the relevance of impaired pulmonary immune
environment in pediatric HCT candidates with poor lung function needs to be explored with
additional approaches in the future.

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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A fourth and unanticipated finding of this work was the identification of substantial sex
differences in pulmonary function. Although both male and female study participants had
worse lung function than age- and sex-matched controls, females had profoundly worse
measures of both restriction and impaired diffusion, and males had slightly worse measures
of obstruction. Long-term follow-up studies of pediatric oncology and HCT patients have
also demonstrated associations between female sex, restriction, and impaired diffusion as
well as between male sex and obstruction; this study adds to the field by identifying these
disparities prior to HCT. A likely culprit for these toxicities are underlying differences in
chemotherapy pharmacokinetics and pharmacodynamics, which merit exploration in future
studies (44-46).

Our study has several strengths. First, the analysis of contemporaneously measured PFTs
and BAL is unique among pediatric cohorts and allows multidimensional insights into lung
function, biology, and microbiology. Second, we provide PFT measurements using both
percent of predicted and GLI Z-scores according to updated ATS/ERS recommendations.
Third, we analyzed BAL using a paired assessment of microbiome and gene expression.

Several limitations merit comment. First, as with all observational human studies, we are
unable to prove mechanism or causation among the factors measured and described herein.
Second, we were unable to ascertain all possible risk factors that may have influenced the
pulmonary microenvironment, including history of pulmonary infections, prior antimicrobial
exposure, and detailed chemotherapeutic regimens. Third, BAL samples were not paired
with supraglottic and nasopharyngeal samples, and therefore assumptions about the possible
origin of BAL taxa described as typically supraglottic or typically nasal or environmental
are based on published literature rather than direct observation. Fourth, the identification

of microbial RNA does not directly imply viable, intact organisms in the lower airways;
future studies leveraging functional microbial genomics and metabolomics may provide
deeper insight into the activity states of detected organisms (47, 48). Fifth, we did not

have documentation of the fractional return of each patient’s lavage. Low fractional return
is associated with both restrictive and obstructive lung disease and yield below 30% can
indicate undersample of the distal airways. Of note, undersampling of the distal airways
would be associated with greater microbial recovery and lower AEC recovery, which is

the opposite of what we found in our patients with pulmonary restriction (49-54). Finally,
younger children were necessarily excluded due to inability to perform PFTs. However,
given our findings associating PFTs with lower respiratory biology, this study raises the
possibility that BAL RNA sequencing could be a useful surrogate to detect pro-fibrotic
states in those unable to perform PFTs. Greater correlation between biologic measures,
standard spirometry, and newer PFT approaches such as forced impulse oscillometry and
multiple breath washout may yield additional insights in children unable to perform standard
PFTs (55-58).

In conclusion, in this study we found that among children preparing to undergo allogeneic
HCT, PFT abnormalities were common and consisted mostly of restriction and impaired
diffusion. Abnormalities were associated with pulmonary microbiome depletion, pro-
fibrotic signaling, and post-HCT mortality. These findings suggest a potentially actionable

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.
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connection between microbiome depletion, alveolar injury, and pulmonary fibrosis in the
pathogenesis of HCT-related lung dysfunction.

MATERIALS AND METHODS

Study Design

As previously reported, pediatric allogeneic HCT candidates up to 19 years of age with
malignant and non-malignant diseases underwent protocolized evaluation of pre-HCT
pulmonary health between 2005 and 2016 in Utrecht, the Netherlands (11). Patients were
not randomized and investigators were not blinded. This study included the subset who
completed both pre-HCT PFTs and pre-HCT BAL prior to the start of conditioning
chemotherapy (n=104). Informed consent was obtained with Institutional Review Board
approval (#05/143 and #11/063). Details of approach to peri-HCT clinical care are described
in the Supplementary Methods. Due to the exploratory nature of this study, a priori sample
size estimates were not performed for the analyses described herein; individual level data for
analyses with groups consisting of fewer than twenty patients are provided in data file S6.

PFT Measurements

PFTs included spirometry, whole body plethysmography, and carbon monoxide diffusion
capacity and were performed in developmentally capable children ages 4 and older
according to established criteria (59, 60). Pre-bronchodilator PFT values of adequate
performance quality as assessed by each patient’s clinical pulmonologist were normalized
for age, height, sex, and race and expressed as (1) a percentage deviation from the

mean (% predicted) according to healthy Dutch children and (2) a standardized deviation
from the mean (z-score) according to the GLI (61, 62). Restriction, obstruction, mixed
restriction and obstruction, diffusion impairment, and air trapping were identified first using
conventional PFT cutoffs and were compared to GLI-recommended cutoffs wherein PFTs
below the 5t percentile (z-score <—1.64) were considered below the lower limit of normal
(Supplementary Methods) (59, 62).

BAL Measurements

BAL was performed in all pediatric HCT candidates as standard-of-care routine clinical
practice in order to identify potential pulmonary pathogens and reduce the risk of post-HCT
lung injury. BAL was performed in the absence of lower respiratory tract symptoms and

at the time of another clinically-indicated procedure (such as bone marrow aspirate, central
line placement) (19, 63). Cryopreserved aliquots of BAL underwent metatranscriptomic
RNA sequencing as previously described (20). Briefly, samples underwent mechanical
homogenization followed by RNA extraction and purification (64, 65). Sample RNA

was combined with control spike-in RNA and underwent reverse transcription, library
preparation, and 125nt paired-end sequencing on a NovaSeq 6000 instrument to a target
depth of 40 million read-pairs per sample (Supplementary Methods). Resultant .fastq files
underwent quality filtration followed by parallel alignment to both human and microbial
reference genomes using the 1Dseq pipeline (66). Microbe count data were adjusted for
laboratory contamination and estimated microbe RNA mass was calculated using the
reference ERCC spike-in (Supplementary Methods) (21).
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Statistical Analysis

Associations between PFTs and patient characteristics were tested using Kruskal-Wallis tests
and Spearman correlations for categorical and continuous traits, respectively. Associations
between pre-HCT PFTs and post-HCT outcomes were tested with Kaplan-Meier estimates
and Cox proportional hazards models for all-cause mortality and cumulative incidence
function with competing risks regression for fatal lung injury. The pulmonary microbiome
was described using taxa correlation matrices and PCA. Associations between PFTs and
microbial RNA masses were tested using NB-GLM with adjustment for false discovery

in the R statistical environment (edgeR) (67). Gene expression was characterized by
calculating enrichment scores for the Hallmark Gene Sets in the Molecular Signatures
Database (MSigDB) (68). Associations between PFTs and differentially expressed genes
were tested using NB-GLM and characterized using pathway analysis (enrichR) (69). BAL
cell type proportions and cell type-specific gene expression profiles were imputed using
CiberSortX and the Human Lung Cell Atlas (Supplementary Methods, fig. S6) (27, 70).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association between Pre-HCT PFTs, Clinical Characteristics, and Post-HCT

Outcomes.

(A) Box-and-whisker plot of age distribution are shown for patients with restriction (n=35),
obstruction (n=12), or neither (n=57) using conventional PFT categorization. Patients with
either restriction or obstruction were older than patients with normal PFTs. Data were
analyzed using Dunn’s Test. (B) Box-and-whisker plot of PFT distributions are shown
according to patient sex (females, n=43; males, n=61). Data were analyzed using Wilcoxon
rank-sum tests. Box-and-whisker plots in (A) and (B) depict the median and interquartile
range (box) with 1.5 times the interquartile range (whiskers). (C) Kaplan-Meier post-HCT
survival estimates are shown according to pre-HCT FVCopreq (l€ft) and TLCogpreq (right).
Both FVCo4preg and TLCo4preq Were associated with post-HCT survival. Data were analyzed

by Cox regression.
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Figure 2. Association between BAL Microbiome and FV Co preq-
(A) The volcano plot shows the association between BAL microbe RNA mass and

FVCopred- Associations were tested using negative binomial generalized linear models
accounting for patient age and sex covariates. Positive log, fold change (x-axis) indicates
that greater microbial RNA mass is associated with greater FV/Coqpreq; Negative log, fold
change indicates that greater microbial RNA mass is associated with lower FVCygpreq. (B
and C) Box-and-whisker plot of variance stabilizing transformed (vsf) RNA masses of
Haemophilus (B) and Staphylococcus (C) are shown according to category of FVCopred
(>100%, n=25; 80-100%, n=40; 60-80%, n=28; <60%, n=11). Worse restriction is
associated with lower Haemophilus and greater Staphylococcus RNA mass in BAL
fluid.Box-and-whisker plots in (B) and (C) depict the median and interquartile range (box)
with 1.5 times the interquartile range (whiskers).
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Figure 3. Association between BAL Hallmark Gene Expression and Pulmonary Function.
Hallmark gene set variance analysis using Poisson gene count distributions was used to

calculate gene set enrichment scores for each patient. Spearman rank-based correlations
between gene set enrichment scores (rows) and PFTs (columns) were calculated and

plotted (cells) with hierarchical clustering of columns and rows according to Euclidean
distance. Dendrogram-based clustering shows that PFT measures of lung size and diffusion
were positively associated with a cluster of hallmark gene sets corresponding to immune
activation, cellular growth and division, and metabolism and were negatively associated with
a cluster of hallmark gene sets corresponding to mesenchymal transition, cellular fate and
differentiation, and the lung stroma.
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Figure 4. Association between BAL Gene Expression and Pulmonary Function Testing.
Heatmaps of differential gene expression are plotted according to pulmonary restriction

(left) and impaired diffusion (right). Negative binomial models were used to identify
differentially expressed genes (rows) across the continuum of FV/Co4preg and DLCO/Vaggpreq
(columns). Cell shading indicates mean gene expression for each PFT subgroup after

variance stabilizing transformation, centering, and scaling. Dendrogram-based clustering
shows that declining FVCogpreq Was associated with a decrease in expression of immune-
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keratinization, and olfactory responses. Declining DLCO/Vaypreq Was also associated with
a decrease in expression of immune-related genes and an increase in expression of airway

epithelial genes as well as hormone response genes.
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Spearman rank-based correlation of cell type fractions followed by hierarchical clustering
of correlation distances. (B) Cell type enrichment scores were tested for association with
pulmonary restriction (No restriction, n=69; restriction, n=35) using Kruskal-Wallis testing.
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Figure 6. Survival Estimatesby PreeHCT BAL Metatranscriptome and Pre-HCT FVC.
A multivariable Cox regression model for the outcome of post-HCT all-cause mortality

was fit for all patients (n=104) using pre-HCT FVCopred, pre-HCT BAL RNA mass of
Haemophilus (vsttransformed), and pre-HCT BAL enrichment score of MSigDB Hallmark
Apical Surface Gene Set with covariate adjustment for patient age and sex. Model-based
mortality estimates are plotted according to pre-HCT FVC (100% versus 80% versus 60%)
and high, medium, and low Haemophilus RNA mass and Apical Surface gene expression.
High, medium, and low refer to 75™, 50t and 25™ percentile within the cohort.
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Pediatric Allogeneic HCT Candidate Patient Characteristics.

Includes n=104 total patients.

Table 1.

Pre-HCT Characteristics

Sci Transl Med. Author manuscript; available in PMC 2022 September 20.

Age (n years, %) 4> age <8 24 (23.1)
8> age <13 32 (30.8)
13> age <20 48 (46.2)
Sex (n, %) Male 61 (58.3)
Female 43 (41.4)
Racea(n, %) Northern European 76 (73.1)
Multiracial/Other 10 (9.6)
Middle Eastern/Persian/Turkish 7(6.7)
African/North-African 6 (5.8)
Asian/Southeast Asian 3(2.9)
Eastern European/Russian 2(1.9
HCT Year (n, %) 2005 to 2009 23(22.1)
2011 to 2013 40 (38.5)
2014 to 2016 41 (39.4)
HCT Indicationb(n, %) Hematologic Malignancy 64 (61.5)
Bone Marrow Failure Syndrome 17 (16.4)
Primary Immunodeficiency 16 (15.4)
Metabolic/Inborn Errors 4(3.9)
Autoimmune Disease 3(29)
PreHCT CMV Serapositivity© (n, %) e 56 (53.9)
Negative 33(31.7)
N/A 15 (14.4)
BAL Fluid RoutineMicrobioIogyd(n, %) Any abnormality 42 (40.4)
- Virus Detected on PCR -23(22.1)
— Bacterial Culture Growth -10(9.6)
— Fungal Culture Growth -12(11.5)
— Galactomannan Positivity -11(11.2)
Daysfrom PFT to HCT (median, IQR) 11 (8o 17)
Daysfrom BAL to HCT (median, IQR) 10.5 (8 to 14)
Daysfrom PFT to BAL (median, IQR) 1(-1t02)
HCT Characteristics and Outcomes
Allograft Donor e Mismatched Umbilical Cord Blood 32 (30.8)
Matched Umbilical Cord Blood 23 (22.1)
Matched Sibling Donor 29 (27.9)
Matched Unrelated Donor 20 (19.2)
Conditioning f Myeloablative 97 (93.3)
Reduced Intensity 7(6.7)
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Pre-HCT Characteristics

Serotherapy ATG or alemtuzumab 64 (61.5)

Post-HCT Mortality g9 All-Cause Mortality 33(31.7)
Non-Relapse Mortality 21 (20.2)
— Due to Lung Injury -15(14.4)
— Not Due to Lung Injury -6(5.7)
Relapse Mortality 12 (11.5)

a . _— . . N .
Race is self-reported. Multiracial/other includes mixed race (n=8), Hispanic (n=1), Surinamese (n=1).

bMaIignancy includes acute lymphoid leukemia (ALL, n=23), acute myeloid leukemia (AML, n=17), myelodysplastic syndrome (MDS, n=9),
chronic myeloid leukemia (CML, n=4), and other (n=11). Bone marrow failure syndromes include Fanconi anemia (n=11), severe aplastic anemia
(SAA, n=4), and other (n=2). Primary immunodeficiency includes combined immunodeficiency (CID, n=9), chronic granulomatous disease (CGD,
n=3), hemophagocytic lymphohistiocytosis (HLH, n=2), and other (n=2). Metabolic/Inborn Errors includes metachromatic leukodystrophy (MLD,
n=2), adrenoleukodystrophy (ALD, n=1), -thalassemia (n=1). Autoimmune disease includes systemic lupus erythematosus (SLE, n=1), refractory
multiple sclerosis (MS, n=1), and systemic juvenile idiopathic arthritis (sJIA, n=1).

cCytomegalovirus (CMV) serostatus unknown or assumed positive in many recipients of umbilical cord blood (UCB) allografts.

No organisms were detected with other diagnostic tests such as cytology for pneumocystis jirovecii pneumonia (PJP) or PCR for mycoplasma or
legionella. Some patients had more than one abnormality.

61Ma’(ched sibling donor includes one 8/10 human leukocyte antigen (HLA) match. There were no HLA-mismatched or haploidentical allograft
donors.

fMyeIoabIative conditioning regimens were busulfan and fludarabine (Bu/Flu, n=35); busulfan, fludarabine, and clofarabine (Bu/Flu/Clo, n=37);
total body irradiation with etoposide (TBI/etoposide, n=11); fludarabine and cytarabine (Flu/Cy, n=10); and other (n=4). All reduced intensity
conditioning (RIC) regimens were fludarabine-based.

gCauses of post-HCT death due to lung injury included invasive fungal infection (n=3), viral infection (n=1), other infection (n=1), alloimmune
lung injury including idiopathic pneumonia syndrome (n=4), idiopathic multi-organ failure (n=4), or other (n=2). IQR, interquartile range.
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Table 2.

Pulmonary Function Testsin Pediatric Allogeneic HCT Candidates.

Pulmonary Function Tests in Pediatric Allogeneic HCT Candidates.

Spirometrya(n=104)

Actual

% of Predicted

Z-score

Forced Vital Capacity (FVC, liters)

2.21 (1.50-3.21)

0.87 (0.74-0.96)

~1.07 (-2.28 to —0.35)

Forced Expiratory Volume in 1 second (FEV1, liters)

1.94 (1.36-2.77)

0.86 (0.75-0.96)

-1.14 (~2.08 to —0.40)

Forced Expiratory Volume in 1 second, adjusted (FEV1/FVC)

0.88 (0.84-0.94)

1.00 (0.95-1.06)

-0.17 (-0.83 t0 0.92)

Peak Expiratory Flow (PEF, liters /second)

444 (3.12-6.02)

0.85 (0.76-0.97)

Forced Expiratory Flow at 25% (FEFs, liters/second)

3.85 (2.83-5.47)

0.87 (0.72-0.99)

Forced Expiratory Flow at 50% (FEFsy, liters /second)

2.58 (1.96-3.59)

0.91 (0.69-1.05)

Forced Expiratory Flow at 75% (FEFs, liters /second)

1.23 (0.86-1.76)

0.86 (0.62-1.06)

-0.40 (-1.28 t0 0.32)

Forced Expiratory Flow 25%-75% (FEF,5_7s, liters/second)

2.68 (1.73-3.81)

0.98 (0.79-1.15)

-0.10 (~1.00 to 0.55)

Plethysmogr aphyb (n=78)

Total Lung Capacity (TLC, liters) 3.75(2.81-4.73) | 0.85(0.74-0.95) | -0.76 (-1.45 to 0.09)
Vital Capacity (VC, liters) 2.74 (1.94-3.33) | 0.90(0.75-0.99) | -1.32 (-2.62t0 -0.42)
Alveolar Volume (Va, liters) 3.56 (2.69-4.63) | 0.91 (0.80-1.00) | -0.77 (-1.83 to —-0.01)

Alveolar Volume/Total Lung Capacity (Va/TLC)

0.95 (0.89-1.01)

0.85(0.93-0.97)

Residual Volume (RV, liters)

0.89 (0.71-1.35)

0.99 (0.77-1.30)

0.11 (~0.54 to 0.69)

Residual Volume/Total Lung Capacity (RV/TLC)

0.26 (0.21-0.35)

1.06 (0.83-1.44)

0.51 (-0.11 to 1.47)

Diffusion® (n=63)

Diffusion Capacity for Carbon Monoxide (DLCO, mmol/min/kPa)

5.78 (4.35-6.92)

0.78 (0.68-0.95)

~1.65 (-2.53 t0 -0.34)

Diffusion Capacity for Carbon Monoxide/Va (DLCO/Va)

1.50 (1.37-1.73)

0.88 (0.76-1.02)

-0.69 (-1.58 t0 0.12)

an=104 for spirometry,
bn=78 for plethysmography,

En=63 for diffusion factor testing.

Page 25

Median with IQR are listed. % of predicted based on Koopman M et al age- and sex-adjusted reference sets (61). Z-scores based on Global Lung
Function Initiative reference values (62). All DLCO measurements are corrected for hemoglobin (Hb).
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