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Abstract

Background: The contribution of the gastrointestinal tract microbiome to outcomes after 

allogeneic hematopoietic cell transplantation (HCT) is increasingly recognized. Investigations of 

larger pediatric cohorts aimed at defining the microbiome state and associated metabolic patterns 

pre-transplant are needed. Methods: We sought to describe the pre-transplant stool microbiome in 

pediatric allogenic HCT patients at four centers. We performed shotgun metagenomic sequencing 
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and untargeted metabolic profiling on pre-transplant stool samples. Samples were compared 

with normal age-matched controls and by clinical characteristics. We then explored associations 

between stool microbiome measurements and metabolite concentrations. Results: We profiled 

stool samples from 88 pediatric allogeneic HCT patients, a median of 4 days before transplant. 

Pre-transplant stool samples differed from healthy controls based on indices of alpha diversity and 

in the proportional abundance of specific taxa and bacterial genes. Relative to stool from healthy 

patients, samples from HCT patients had decreased proportion of Bacteroides, Ruminococcaeae 

and genes involved in butyrate production, but were enriched for gammaproteobacterial species. 

No systematic differences in stool microbiome or metabolomic profiles by age, transplant 

indication or hospital were noted. Stool metabolites demonstrated strong correlations with 

microbiome composition. Discussion: Stool samples from pediatric allogeneic HCT patients 

demonstrate substantial dysbiosis early in the transplant course. As microbiome disruptions 

associate with adverse transplant outcomes, pediatric-specific analyses examining longitudinal 

microbiome and metabolome change are imperative to identify causal associations and to inform 

rational design of interventions.

INTRODUCTION

The contribution of the human microbiota to human physiology, health, and disease 

is increasingly recognized. Recent studies have associated variations in the intestinal 

microbiota with differential risk of important outcomes after allogeneic HCT, including 

bloodstream infection,1,2 GVHD,3–6 pulmonary complications,7 immune reconstitution,8 

relapse9 and all-cause mortality.10–12 While evidence regarding these associations is 

accumulating among adult allogeneic HCT recipients, far less is known in the pediatric 

setting. Healthy children demonstrate microbiome community structure and diversity that 

evolve with the immune system in an age-dependent manner.13–15 As this evolution of the 

microbiome differs from adults, data on adult microbiome phenotypes and their association 

with specific post-HCT outcomes may not be generalizable to children.13

To date, studies of the microbiome specific to pediatric HCT recipients have been 

limited by relatively small patient numbers.6,16,17 Further, the majority of studies have 

assessed the microbiome at the time of neutrophil engraftment post-HCT.2,10,18–20 Fewer 

studies have considered the pre-transplant microbiome with conflicting results regarding its 

composition.4,5,12,21 Better understanding of the microbiome at a pre-transplant timepoint 

may provide insights into opportunities to develop clinically relevant microbiome assays 

to predict, diagnose or prevent downstream complications. Similarly, measurement of 

the metabolome has emerged as a mechanism to connect environmental exposures, the 

gastrointestinal microbiota and post-transplant outcomes. Correlations between bacterial 

species and metabolites in the gut can arise due to metabolism of biochemicals by microbes 

or altered microbial growth dynamics due to metabolite presence. Therefore, inter-’omic’ 

analyses can reveal potential biomarkers, identify pathologically relevant taxa or begin to 

suggest causal mechanisms. Metabolic profiles in the blood and intestinal tissue associate 

with the later development of adverse post-transplant outcomes,22–25 but stool metabolic 

patterns, particularly in pediatrics, have not been well described.
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Given the limited knowledge in microbiome and metabolome studies in pediatric allogeneic 

HCT, investigations with larger pediatric cohorts aimed at determining the microbiome state 

and associated metabolic patterns prior to HCT are needed. The goal of this study was 

to characterize the pre-HCT microbiome and metabolome of children across four centers 

and to identify connections between microorganisms and biochemicals present in the gut. 

We also explored the impact of clinical variables such as indication for transplant, hospital 

location and age at transplant on microbiome and metabolome composition. Foundational 

data from this descriptive multicenter observational study will serve to generate hypotheses 

and inform study design of future interventional studies.

METHODS

Patients, specimens, and clinical data collection

This was an ancillary study of patients prospectively enrolled to the Adenovirus in Pediatric 

Transplant Study (AdOPT) at four pediatric transplant centers from October 2017 to 

September 2018 (DMID Protocol Number 160097). AdOPT aims to assess the impact of 

adenovirus infection in the peri-HCT period. All pediatric patients undergoing an allogeneic 

HCT for any indication in the time period were eligible for inclusion in the AdOPT cohort. 

Subjects were enrolled prior to transplant and had a baseline stool specimen obtained 

between day minus seven and the day of transplant. The stool specimen was obtained 

as part of the AdOPT study to establish presence or absence of adenovirus shedding in 

the gastrointestinal tract and frozen without storage media. After aliquoting for adenovirus 

testing, remnant stool specimens were stored at −80 C. These remnant specimens were 

retrieved for the microbiome and metabolome analyses in this study.

Demographic, clinical and laboratory data were manually abstracted from the 

electronic medical record into a REDCap™ database. Indication for transplant was 

classified as malignancy, bone marrow failure syndromes, immune deficiency/immune 

dysregulation syndromes (including primary immunodeficiencies and hemophagocytic 

lymphohistiocytosis) and other (including hemoglobinopathies and metabolic diseases). 

Subjects with stool sample remaining after adenovirus analyses who had provided written 

informed consent for secondary use of research materials were included in these analyses. 

This study protocol was approved by the CHOP Institutional Review Board, the IRB of 

record for all centers.

Stool samples from healthy, age-matched controls that were previously collected 

and sequenced26 were employed as comparators, as has been done previously.27–29 

These control participants were recruited from the CHOP emergency and dermatology 

departments, oral surgery clinic, and urgent care centers. They were healthy pediatric 

volunteers without significant medical illness, diarrhea, history of antibiotic use in the 

past six months, use of immunosuppressive medications or recent travel. Samples from 

healthy controls were processed identically to those of pre-HCT patients at the PennCHOP 

Microbiome Center using the below procedures.
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Shotgun Metagenomics

DNA was extracted directly from lysed whole stool samples using the Qiagen DNeasy 

PowerSoil Kit, eluting 80ul of DNA. DNA was then quantified using the Quant-iTTM 

PicoGreenTM dsDNA assay Kit (Thermo Fisher Scientific). DNA extraction blanks and 

nucleaic acid free water were included as negative control samples to assess environmental 

and reagent contamination. Laboratory-generated mock communities consisting of DNA 

from Vibrio campbellii, Cryptococcus diffluens, and lambda phage were included as positive 

controls. Shotgun libraries were generated using the Illumina NexteraXT Library Prep Kit 

and Illumina Nextera Index Kit. Library quality control was assessed through Fragment 

Analysis using Advanced Analytical High Sensitivity NGS Fragment Kit. DNA sequencing 

was carried out on an Ilumina HiSeq 2500 instrument, generating 125 bp paired-end 

sequence reads.

Bioinformatics pipeline

Bioinformatics processing was performed using Sunbeam, a user-extendable bioinformatics 

pipeline developed at the CHOP Microbiome Center.30 Within this pipeline, as part of 

the quality control steps, the Illumina adapter sequences and low quality reads were 

trimmed using Trimmomatic software,31 host and PhiX derived sequences were identified 

and removed using Bwa32 and finally low-complexity sequences were removed using 

Komplexity[28]. Bacterial abundance was estimated using Kraken;33 abundance of bacterial 

gene orthologs was estimated using the KEGG database,34 as well as to curated databases 

of genes involved in butyrate production, polysaccharide utilization, and secondary bile 

acid production.35,36 Samples were summarized using Shannon diversity index and richness 

as measures of alpha diversity and dysbiosis defined as the distance the centroid of age

matched healthy samples.

Metabolomic analyses

Untargeted metabolomic profile analyses were performed by Metabolon Inc (Durham, 

NC, USA) as described previously.37 Samples were prepared using the automated 

MicroLabSTAR system (Hamilton Company, Bonaduz, Switzerland) and extracted using 

Metabolon’s standard solvent extraction method. Small molecules were dissociated from 

proteins and proteins were removed. Samples then underwent two separate reverse phase 

(RP)/ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS, 

Waters ACQUITY, Milford, MA, USA) methods with positive ion mode electrospray 

ionization (ESI, Thermo Scientific, Waltham, MA, USA) RP/UPLC-MS/MS with negative 

ion mode ESI, and hydrophilic interaction liquid chromatography (HILIC)/UPLC-MS with 

negative ion mode ESI. Metabolites were identified by comparison to a library maintained 

by Metabolon Inc. based on retention time/index, mass to charge ratio, and chromatographic 

data, and quantified using area-under-the-curve. Resulting values for each sample are 

normalized by sample mass utilized for extraction. Each biochemical is then rescaled to 

set the median equal to one and the missing values are imputed with the minimum for each 

biochemical.
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Statistical analyses

Comparisons were made between transplant patients and healthy controls, and then among 

transplant patients by indication for transplant, hospital location, and age group. As 

exposures that could impact the microbiome composition accumulate over the days that the 

preparative regimen is administered, we also examined microbiome indices by day of stool 

collection. Pairwise Wilcoxon rank sum tests were used to compare alpha diversity between 

groups using normalized numbers of microbial reads. Bray-Curtis and Jaccard distance were 

used to construct Principal Coordinates Analysis graphs. PERMANOVA test was done using 

the calculated distance metrics to assess the community level differences between study 

groups. Random Forest analysis was used to discern how well individuals could be classified 

into each group based on genus-level relative abundances based on Breiman’s algorithm as 

implemented in R randomForest package with 500 trees and using one third of the features 

for any given tree.38

To determine the relationships between microbiome measurements and metabolomic 

profiles, correlations between the log transformation of metabolite abundance and dysbiosis 

were calculated using linear regression. In addition, alpha diversity and butyrate levels were 

evaluated using Pearson correlation coefficient and linear regression, based on data from 

adult cohorts identifying an association between these values specifically.39,40 Spearman 

correlation was calculated for the metabolites that are present in at least 80% of the samples 

and the bacteria that have at least 1% mean relative abundance across all samples.

All p-values were corrected for multiple comparisons using the Benjamini-Hochberg 

methods. A false discovery rate (FDR) of 5% was used. Calculation of microbiome 

measures and statistical analyses were performed with R, version 3.4.2 (R Development 

Core Team, Vienna, Austria).

RESULTS

Pre-transplant stool samples were obtained at a median of 4 days before transplant from 

88 allogeneic HCT recipients at four pediatric centers. Cohort characteristics are shown 

in Table 1. The median age of patients was 6.2 years (range, 0.33–17.9 years) and the 

most common indications for HCT were malignancy (n=35, 39.8%) and immunodeficiency/

dysregulation (n=33, 37.5%). Microbiome results of stool specimens previously processed 

from 52 healthy controls were included in these analyses. The median age of the healthy 

controls was 5.6 years (range, 0.33–17.6 years).

Comparison of taxa between HCT patients and age-similar healthy children

We compared the gut microbiome composition of patients in the allogeneic HCT cohort with 

the composition of healthy, age-similar children. As expected, the microbial composition 

of most healthy children included primarily of members of the Bacteroidetes and 

Firmicutes phyla. In contrast, some HCT patients demonstrated substantial depletion of 

Bacteroidetes and more commonly demonstrated a substantial proportion of Proteobacteria 

and Actinobacteria. Compared with healthy individuals, pre-HCT patients had significantly 

lower microbial diversity according to both richness and Shannon diversity index (Figure 
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1A). Beta diversity plots revealed differences between HCT patients and healthy controls 

(Figure 1B). The variation was driven primarily by a decrease in median abundance of 

certain genera from the Bacteroidetes and Clostridiales order in the HCT patients, including 

a decreased proportion of Bacteroides, Ruminococcaeae and Akkermansia muciniphilia 
(FDR controlled p(q)<0.05). Relative to healthy children, samples from HCT patients were 

enriched for gammaproteobacterial species (e.g. Klebsiella species, Escherichia coli) and 

Enterococcus faecalis (Figure 1C). The relative abundance of phyla membership across 

patients and a heatmap of bacterial taxa at the genus level are shown in supplementary 

Figure 1.

Comparison of bacterial gene abundance between HCT patient and controls

Based on gene abundance, we again saw clear separation between HCT patients and 

healthy controls based on Bray-Curtis distances. Because butyrate, and genes involved in 

butyrate pathways, have been associated with outcomes after HCT.6,24,25 we examined 

those specifically. We identified that Butyryl-CoA dehydrogenase and butyrate kinase were 

decreased in abundance compared with healthy controls (Figure 2).

Microbial and gene function composition by sub-groups

Within the cohort of allogeneic HCT recipients the pre-transplant microbial composition 

was compared by transplant indication, age, and hospital location (Figure 3). Clustering 

of all samples using the Bray-Curtis dissimilarity metric demonstrated that within clinical 

characteristics samples were heterogenous and departed from the cluster of healthy controls, 

but none of these groups meaningfully separated the transplant patients from one another. 

We identified no other systematic differences in alpha diversity, taxon or gene abundance 

by any of these group variables. By random forest analysis, the genus level microbiome 

composition did not discriminate between transplant indication (error rate 54–100% for each 

indication) or hospital location transplant (error rate 11–100% for each hospital).

Microbiome-derived metabolite composition

Untargeted metabolomic profiling identified 1,226 informative biochemicals. These 

metabolites could be divided into the eight main categories: amino acids (254), peptides 

(43), carbohydrates (42), energy metabolism (14), lipids (459), nucleotides (70), cofactors/

vitamins (63), and xenobiotics (276). All metabolites demonstrated substantial heterogeneity 

between samples, including those that have been identified in the literature as having 

potential clinical relevance in the HCT setting, including short chain fatty acids, bile acids, 

and amino acid- and riboflavin-derived metabolites.41 No individual biochemicals reached 

our FDR adjusted threshold for significance when compared by clinical sub-groups.

Cross-sectional associations between metagenomic data and metabolite production

In our cohort, stool butyrate levels did not correlate with Shannon diversity (r=0.07, 

p=0.42), and only a slight correlation was noted between stool indole levels and 

Shannon diversity (r=0.22, p=0.04). However, when we examined the association between 

biochemicals and dysbiosis, 448 were significantly associated by linear regression with 

an FDR p<0.05. The highly correlated metabolites are shown in Figure 4; conjugated 
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bile acids, as well as some amino acid derived metabolites were strongly associated 

with dysbiosis. Examination of the overall network structure demonstrating correlations 

between bacterial genera and metabolites is presented in Figure 5. This analysis 

redemonstrated related clusters of biochemicals around Bacteroides, Parabacteroids, and 

Faecalibacterium prausnitzii; whereas, there were distinct clusters of biochemicals anchored 

by Proteobacteria, Erysipelotrichaceae, as well as Bifidbacterium breve and Streptococcus 
thermophilus.

DISCUSSION

In this descriptive study, we employed metagenomic sequencing and untargeted 

metabolomic profiling to characterize stool samples of children undergoing allogeneic HCT 

at four US centers in order to enhance our understanding of the gut microbiome of children 

in the immediate pre-transplant period. Pre-transplant stool specimens demonstrated a 

decrease in microbial diversity and differences in microbial composition compared with 

healthy age-matched controls. Collectively, the results suggest that disturbance of the 

microbiome in children begins before the transplant and well before engraftment.

Prior small pediatric studies examining this question have yielded conflicting results. A 

cohort of six children undergoing HCT for ALL had decreased alpha diversity compared 

to healthy children42 whereas a report of ten children undergoing HCT for malignant 

and non-malignant indications reported that the microbial taxa distribution approximated 

profiles found in healthy controls.5 Data from our larger cohort supports that children 

undergoing conditioning for allogeneic HCT have an already perturbed microbiome in the 

peri-transplant period. These results are consistent with data from adult studies that found 

lower pre-transplant bacterial diversity and different taxa abundance compared to both 

healthy controls at the same center and participants of the human microbiome project.12,21,40

We sought to identify clinical characteristics that would be associated with microbiome 

or metabolome composition in this patient population; however, analyses of age, hospital 

of transplant, and indication for transplant did not identify microbiota composition or 

metabolic phenotypes associated with these variables. Previous work by Biagi et al. has 

demonstrated that dysbiosis in the peri-transplant period occurs in an individual-specific 

manner, which is consistent with the “Anna Karenina principle”: that each dysbiotic 

microbiome configuration is uniquely dysbiotic.13,16,43 Our cross-sectional data suggest that 

the microbiome of children are perturbed extensively enough early in the pre-transplant 

period to override any age- or hospital-specific microbiota signatures that may exist 

in healthy patients by the time the HCT takes place. This likely reflects exposures 

during their preparative regimens (e.g. prophylactic antimicrobials, conditioning agents), 

as well as the extensive medical contact children undergoing allogeneic HCT have prior 

to their transplant admission which can lead to persistent changes in the commensal 

bacterial composition.44–50 Additional research is needed to determine the major drivers 

of microbiome change in this population.

Comparison of taxa and gene abundance between our allogeneic HCT recipients and healthy 

controls provides specific details regarding how the microbiome is perturbed for children in 
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the pre-HCT period. To date most associations of dysbiosis with post-transplant outcomes 

have been based on stool specimens collected later in the transplant process, particularly at 

the time of neutrophil engraftment. Interestingly, several features of microbiome disruption 

that we identified as already being present early in the pre-HCT course, such as decreased 

diversity, have been associated with poor transplant outcomes when present at the time 

of neutrophil engraftment.7,10 While there are some data in adults associating dysbiosis 

earlier in the transplant period with outcomes after HCT,12,39 there have been limited data 

for children. Future research will need to investigate the association of these pre-HCT 

microbiome signatures with outcomes.

This foundational information raises the possibility for an opportunity to manipulate the 

pediatric microbiome in the pre-transplant period to alter downstream risk of outcomes 

such as bacteremia,2 pulmonary complications,7 GVHD4,6,11, and mortality.10 Further 

investigation is necessary to understand how these pre-transplant perturbations may be 

mechanistically associated with subsequent negative outcomes after transplant. However, 

these data suggest that any attempt to associate changes in the microbiome with post-HCT 

outcomes needs to consider the trajectory of microbiome changes starting with sampling 

well antecedent to the transplant.

Stool metabolites may indicate potential pathways by which the microbiome modulates 

associations between the microbiome and post-transplant outcomes.51–53 Metabolites 

that have been identified as potentially clinically relevant in other cohorts, including 

short chain fatty acids, amino acid-derived metabolites (tryptophan, tyrosine, choline), 

riboflavin-derived metabolites and bile acids demonstrated substantial variability between 

pre-transplant samples.41 We examined previously described adult associations between 

microbiome diversity and the metabolome. In adults, stool butyrate and indol levels have 

been associated with microbial disruption,39,40 however, we only identified a minimal 

association between stool indol levels and increased diversity and no association between 

butyrate levels and diversity.

Instead, metabolite concentrations, especially secondary bile acids (e.g. 

tauroursodeoxycholic acid), were highly correlated with dysbiosis. Bile acid malabsorption 

by the terminal ilium has been identified as a biomarker for GVHD or even a contributor 

to gastrointestinal GVHD pathogenesis.22,54 Moreover, the network analysis structure 

demonstrates important associations between both organisms and metabolites that have 

been previously identified as inflammatory or immunoregulatory.41 The heterogeneity of the 

microbiome and metabolomic layouts early in the transplant course suggests that this may 

be a potential arena for further exploration within pediatric transplantation. The network 

analysis begins to identify metabolically unique taxa that should be studied relative to 

post-HCT outcomes.

This study was limited in its cross-sectional nature. Comparisons identified in this 

sample are hypothesis-generating but longitudinal characterization of the microbiome and 

microbiome-derived metabolites are needed to derive causal inferences about drivers and 

implications of microbiome change. In addition, these samples were collected during the 

admission for HCT, and therefore the identified dysbiosis reflects exposures that accumulate 
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during the preparative regimen, as well as the baseline state prior to admission. Importantly, 

our analyses did not identify any systematic difference in microbiome composition by day 

of collection during this time period (supplemental figure 3). It will be imperative that future 

efforts capture stool samples even further antecedent to the transplant. Finally, although this 

is a large pediatric cohort, there was substantial heterogeneity with regards to patient and 

transplant characteristics, and numbers limited the ability to perform subgroup analyses. 

Importantly, the finding that the microbiome did not vary systematically by hospital location 

will inform the design of future studies that can overcome this limitation; these data suggest 

that combining patients across United States institutions is reasonable to establish larger 

multi-center cohorts that would allow for nuanced assessment of the microbiome in this 

patient population.

In conclusion, we found that the intestinal microbiomes of children admitted for HCT were 

significantly deranged compared to normal controls, and highly correlated with metabolomic 

signatures, including specific changes that have been previously associated with poor 

clinical outcomes. Although the implications of these pre-transplant perturbations have not 

yet been definitively established in pediatrics, their presence early in the transplant period 

makes further investigation of causal association with outcomes imperative. Importantly, 

if longitudinal studies confirm a mechanistic link to post-transplant outcomes, this time 

point before significant mucositis or neutropenia offers an opportunity for restoration of 

normal microbiota. Given the sample size limitations inherent in studies involving pediatric 

transplant recipients, and the growing evidence that the microbiome does not function 

identically in children and adults,55 additional multicenter collaborative efforts are necessary 

to further clarify the role of the microbiome starting from prior to transplant in determining 

post-transplant outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: Taxonomic composition of samples from pre-HCT patients compared to age-similar 
healthy controls.
(A) Alpha diversity comparisons by Shannon diversity (left panel) and richness (right panel). 

Wilcoxon signed rank test p values shown. (B) Visualization of compositional profiles 

among HCT patients and healthy controls using principal coordinate analysis. The PCoA 

was conducted based on Bray-Curtis distance (left panel) and Jaccard distance (right panel). 

Each point represents a single stool sample. The more similar the samples are, the closer 

together they appear. (C) Distribution of relative abundance of ten most abundant taxa in 

HCT cohort and healthy controls.
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FIGURE 2: Bacterial gene abundance of samples from pre-HCT compared to age-similar 
healthy controls.
(A) PCoA conducted based on Bray-Curtis distance calculated based on bacterial gene 

function and demonstrating varying compositional profiles between the pre-HCT cohort and 

age-similar healthy controls. (B) Comparison of abundance of bacterial genes involved in 

butyrate pathways. Wilcoxon signed rank test p values shown.
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FIGURE 3: Assessment of clinical characteristics impacting microbiome configuration.
Samples from the pre-HCT cohort and healthy controls. In panel (A) the samples are coded 

by most common taxa. The samples do not show any separation by age (B), transplant 

indication (C) or hospital of transplant (D).
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FIGURE 4: Heatmap of stool metabolites sorted by dysbiosis.
For samples from the pre-HCT cohort, linear regression was used to associate log

transformed metabolite abundance with dysbiosis and the 50 most highly correlated 

metabolites are shown here, clustered by Manhattan distance. Each column represents 

one pre-HCT patient and each cell demonstrates the specific log-transformed metabolite 

abundance.
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FIGURE 5: Network analysis demonstrating relationships between bacterial taxa and 
metabolites.
Spearman correlation was calculated for the metabolites that are present in at least 80% 

of the samples and the bacteria that have at least 1% mean relative abundance across all 

samples. P values were adjusted for false discovery rate using Benjamini-Hochberg method. 

The resulting positive correlations with FDR adjusted p value <0.01 are shown.
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TABLE 1

Cohort Characteristics

Transplant patients

Age, median (range) 6.2 (4m - 17.9y)

Female sex, n(%) 25 (28.4%)

Race

 Asian 2 (2.3%)

 Black 8 (9.1%)

 White 66 (75.0%)

 Multiple 1 (1.1%)

 Not reported 11 (12.5%)

Hospital

 Children’s Hospital of Philadelphia 42 (47.7%)

 Cincinnati Children’s Hospital Medical Center 19 (21.6%)

 Nationwide Children’s Hospital 10 (11.4%)

 Children’s Hospital of Pittsburgh 17 (19.3%)

Indication for transplant

 Malignancy 35 (39.8%)

 Immunodeficiency/Immunedysregulation 33 (37.5%)

 Bone marrow failure 10 (11.4%)

 Other 10 (11.4%)

Conditioning intensity

 Myeloablative 56 (67.5%)

 Non-myeloablative/Reduced intensity 27 (32.5%)

Receipt of serotherapy 60 (68.2%)

 Anti-thymocyte globulin 38 (43.2%)

 Alemtuzumab 22 (25.0%)

Healthy controls

Age, median (range) 5.6y (4m - 17.6y)

Female sex, n(%) 27 (51.9%)
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