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ABSTRACT 
Objectives
To assess the diagnostic utility of metagenomic sequencing in pediatric aerodigestive clinic patients being evaluated for chronic aspiration. Clinical metagenomics allows for evaluation of both the respiratory microbiota and the transcriptome of the host immune response.
Study Design and Methods
Twenty-four children referred to an aerodigestive clinic were enrolled in a prospective, single-site, cross-sectional cohort study. At the time of clinical evaluation under anesthesia, two additional samples were obtained: an upper airway sample and a sample from bronchoalveolar lavage (BAL). Samples were sent for routine culture and analyzed using Explify® Respiratory, a CLIA Laboratory Developed Test (LDT) which identifies respiratory commensals and pathogens through RNA and DNA sequencing. Incidentally obtained host transcriptomics were analyzed to evaluate the host immune response. The results of these studies were correlated with the clinical presentation of the research subjects. 
Results
In ten patients, organisms primarily associated with oral flora were identified in the BAL. Standard culture was negative in three patients where clinical metagenomics led to a result with potential clinical significance. Transcriptomic data correlated with the presence or absence of dysphagia as identified on prior videofluoroscopic evaluation of swallowing. Differentially expressed genes included upregulation of genes involved in the immune response, such as CXCL8 (interleukin 8) and ITGB2 (CD18). 
Conclusions
Clinical metagenomics allows for simultaneous analysis of the microbiota and the host immune response from BAL samples. As the technologies in this field continue to advance, such testing may improve the diagnostic evaluation of patients with suspected chronic aspiration. 
1 INTRODUCTION

The normal swallow reflex is a complex voluntary and involuntary process which safely delivers contents from the pharynx into the esophagus while avoiding the trachea. However, this protective swallow reflex may be impaired in patients with neuromuscular disease, airway and craniofacial malformations, motility disorders, and in technology-dependent children such as those with tracheostomies. Such impairment can cause chronic aspiration, which leads to persistent cough, recurrent pneumonia, and progressive lung disease 2. Diagnosis of chronic aspiration in children remains a challenge for clinicians, given the wide variety of anatomical and neuromuscular factors that may be involved, as well the presence of underlying conditions that produce symptoms similar to chronic aspiration.

The aerodigestive clinic model is increasingly used for the pediatric population to address the complex etiology of chronic cough and aspiration. A multidisciplinary approach to these patients is essential 3. In addition to a careful history and physical exam, the workup of these patients frequently includes further invasive procedures carried out under one general anesthetic 4. This includes culturing of fluid obtained from bronchoalveolar lavage (BAL) to evaluate the microbiological flora of the lower respiratory tract. 

It was long assumed that the healthy lung is a sterile environment and that the presence of any microflora in the lower airway is abnormal and potentially pathogenic. However, this assumption has been challenged by numerous recent studies employing culture-independent techniques 5. These studies have explored the diversity of the healthy respiratory microbiome and how this may be affected by chronic aspiration and illness 6,7. Research has shown that upper airway and gastric microbiota can be found in lower airway lavage samples in children with chronic cough and impaired swallow, supporting a degree of micro-aspiration which may or may not have been clinically suspected 8,9. Additionally, other studies have evaluated the similarities and differences of the upper and lower airway microbiota and potential alternatives for sampling, considering the invasive nature of bronchoscopy with associated anesthesia risks in children 10-12.

Metagenomic next-generation sequencing (NGS) has the potential to overcome limitations of current diagnostic testing, allowing for hypothesis-free, culture-independent pathogen detection directly from clinical specimens 13. This is a process of analysis of the total DNA and RNA content of the sample. This study applied NGS sequencing to assess the microbiota of patients with concern for chronic aspiration combined with a transcriptomic evaluation of the pulmonary immune response as obtained incidentally from the metagenomics RNA sequencing.  The addition of clinical metagenomics and host transcriptomics provides novel insights that may benefit the care of aerodigestive patients.

2 MATERIALS AND METHODS
2.1 Subjects
We conducted a prospective, single-site, cross-sectional cohort study of children evaluated in the aerodigestive clinic at a tertiary medical center and scheduled for combined upper airway endoscopy with an otolaryngologist and lower airway evaluation with a pulmonologist. The study was approved by the Institutional Review Board of the University of California, San Diego, and was determined to be of minimal risk.
Twenty-four patients were enrolled in the study between August 2019 and January 2020. Enrollment criteria included children aged two months to less than 18 years and an independent decision to proceed with combined endoscopy for airway evaluation. Formal consent was obtained from a legal guardian and child assent was obtained from children over the age of seven years, as appropriate based on their cognitive status. Of note, these patients had a wide variety of concomitant diagnoses, including cardiac defects, neurological disease, airway malformations, and respiratory comorbidities. We did not apply any specific exclusion criteria, as our objective was to broadly represent the complex nature of the aerodigestive population at our center. Chart review was performed to assess for comorbidities and other diagnostic studies obtained prior to the airway evaluation.
2.2 Samples
Two samples were obtained from each patient. After a rigid bronchoscopy was performed with otolaryngology, an upper airway sample was obtained using a commercially available respiratory nasopharyngeal swab applied to the posterior of the nasal cavity or oropharynx. Subsequently, lower airway evaluation was performed by the pulmonologist. Approximately 10-30 mL of saline was instilled into the airways to obtain a BAL sample. The site and number of lavages was determined by the pulmonary physician. A minimum of 2-5 mL was sent for standard aerobic, anaerobic and fungal cultures per standard care. Remnant BAL fluid (2-5 mL) was sent for metagenomic evaluation performed by IDbyDNA Inc. (Salt Lake City, Utah). 
2.2.1 Sample Processing
Samples were shipped to IDbyDNA for processing using Explify® Respiratory, a laboratory-developed test for metagenomic sequencing of respiratory samples. IDbyDNA has developed the Explify Platform using a proprietary database of curated DNA and RNA reference sequences (schematic of workflow outlined in Figure 1). This platform uses specific identification thresholds and reporting criteria validated in a CLIA-approved setting to establish rigorous quality control metrics 14. Microbiological data are reported by organism as a percentage of all bacterial, fungal, or viral sequences obtained. There is no agreed-upon standard for quantification of metagenomics data and BAL samples are variable in volume, depending on technique.
Reports were issued to the principal investigator, an infectious disease physician, once available, and clinically relevant information was shared with the treatment team. The use of the Explify data in clinical decision making was determined by the aerodigestive team. Transcriptomics data from the BAL fluid was incidentally obtained during the Explify assay. Transcriptomics were not poly A primed due to the nature of the pathogen sequencing. Human ribosomal RNA reads were discarded. An average of 10 million reads per sample were obtainined with approximately 1.2 million reads per sample being human RNA which was incidentally obtained during the Explify testing. Host transcriptomics was analyzed on a research basis at the study conclusion and not utilized in patient care.
2.2.2 Data Analysis
Host transcriptomic data was analyzed using Rosalind (https://rosalind.onramp.bio/), with a HyperScale architecture developed by OnRamp BioInformatics, Inc. (San Diego, CA). Individual sample counts were normalized via relative log expression (RLE) using DESeq2 R library 15. Read distribution percentages, violin plots, identity heatmaps, and sample multidimensional scaling (MDS) plots were generated as part of the quality control (QC) step. DEseq2 was also used to calculate fold changes and p values and perform optional covariate correction. Clustering of genes for the final heatmap of differentially expressed genes was done using the PAM (partitioning around medoids) method using the fpc R library 16. Hypergeometric distribution was used to analyze the enrichment of pathways, gene ontology, domain structure, and other ontologies. The topGO R library 17 was used to determine local similarities and dependencies between GO terms in order to perform Elim pruning correction. Several database sources were referenced for enrichment analysis, including Interpro 18, NCBI 19, MSigDB 20, REACTOME 21, and WikiPathways 22. Enrichment was calculated relative to a set of background genes relevant for the experiment. Functional enrichment analysis of pathways, gene ontology, domain structure and other ontologies was performed using HOMER 23. 
3 RESULTS
In total, 24 patients were enrolled during the study period. Patient demographics and clinical characteristics are shown in Table 1. Two specimens were obtained from each patient: a BAL sample and an oropharyngeal or nasopharyngeal swab. The BAL sample was determined to be of primary importance in the determination of clinical care, because it was most likely to vary with aspiration.
Results are reported from the Explify assay either as “potential pathogens” or as “additional organisms” (most likely to be commensal). For each reported microorganism (bacterial, viral, fungal, parasites), its abundance is reported as proportion of the total the proportion of the total microorganism load of the same class .The results were reported as a percentage for each sample and absolute quantitative data were not provided for purposes of this descriptive study. We did not distinguish between these two broad categories in the overall analysis except in comparison with the usual care culture results, as shown in Table 2. 
Each patient’s detailed clinical data were compiled in Supplemental Table 1 (reported in the Supplemental Material).  A sum of clinical data points or risk factors was compiled, reflecting the total number of risk factors for each patient. One point each was given for the following factors: prematurity <37 weeks, history of congenital heart disease or other vascular anomaly, developmental delay, alternative feeding method (e.g. gastrostomy tube), airway anomaly (e.g. vascular ring), presence of tracheostomy, and abnormality of a modified barium swallow study. Fifty-four percent of patients had total risk factors greater than 2, reflecting increased overall complexity of the cohort and involvement of multiple disciplines in their medical care. 
Chi-square analyses were performed for the clinical risk factors and the presence of oral or nasopharyngeal flora (Supplemental Table 2). A statistically significant relationship was described for developmental delay (p=0.04) and the presence of an alternate feeding route (p=0.02). Of note, an alpha level adjustment was not performed for this analysis. Determination of significance in these two cohorts was aimed to guide future research. 
A descriptive comparison was made between the standard culture results and the results of metagenomics analysis for the BAL samples. Per our laboratory standard procedures, cultures were considered negative if there was no growth or it was noted to have only normal flora. Therefore, overgrowth of any single species, even if one normally observed in the healthy respiratory tract, was recorded as a positive result by the standard protocols of our clinical microbiological laboratory. In 12 cases, a positive result was determined in both the standard culture and in NGS; however, there was discordance in six cases. Most notably, standard culture was negative in three patients where NGS led to a result with clinical significance. Tropheryma whipplei was noted to have 20% sample predominance in addition to Helicobacter pylori (24%) in the same patient, suggesting potential for virulence given reports of chronic airway inflammation after infection or inhalation of H. pylori 24. Additionally, the fungus Pneumocystis jirovecii was identified in one patient as 100% of detectable reads, which was concerning for the clinical team given the association with infection in immunocompromised patients.  
In 10 patients, organisms primarily associated with oral flora were identified (Supplemental Figure 1). Of these patients, only four had a documented videofluoroscopic swallow study (VFSS) that confirmed swallow dysfunction and/or aspiration. Videofluoroscopic studies were performed by qualified speech and language pathologists or occupational therapists in conjunction with a radiologist prior to the airway evaluation as clinically indicated. Sixteen studies were performed. The other six patients in the cohort noted to have an abnormal VFSS had mainly nasopharyngeal flora noted on their BAL. 
Metagenomic sequencing data were aligned to the human genome (assembly hg38) and were filtered for ribosomal RNA reads to yield BAL transcriptomic data (average of 10 million reads/sample with 1.2 million reads per sample being human RNA). Transcriptomic data were analyzed for grouping based on patient clinical data (presented in Table 1) as well as correlated with the presence or absence of oral and intestinal flora in the BAL. In this heterogeneous patient group, transcriptomic data clustered based on the presence or absence of dysphagia for the N=16 patients (67%) who had a VFSS (Fig. 2A). In total, 827 genes were differentially expressed (up- or down-regulated) between patients who had a VFSS that confirmed dysphagia as compared to patients who had a negative study, with a 1.5-fold change cutoff. Differentially expressed genes broadly included up-regulation of genes involved in the immune response (Fig. 2B), representing increased inflammation with dysphagia. This included CXCL8 (interleukin 8) and ITGB2 (CD18). Gene ontology analysis identified up-regulated pathways, including myeloid and neutrophil activation consistent with a hyper-inflammatory immune response related to dysphagia (Figure 3A). 
Full microbiological data are available in Supplemental Table 3.
4 DISCUSSION
We evaluated 24 patients with concern for chronic aspiration by applying clinical metagenomics, a novel application of innovative technology for pathogen detection. Ten of these 24 patients had common oral intestinal flora found within their pulmonary microbiota, either from chronic aspiration or micro-aspiration and translocation, which may not be pathogenic as previously described in the current literature. It is notable that only four of these 10 patients had confirmed aspiration on a videofluoroscopic swallow study. 
In the six patients with discordant results between the standard culture and NGS, the NGS result may have guided the team to more closely consider significant aspiration given the finding of oral microbe Streptococcus mitis and the intestinal microbe Streptococcus anginosus found in those BAL specimens. The other patients had more common respiratory flora such as Moraxella catarrhalis and Hemophilius influenzae. 
In patient 14, T. whipplei, H. pylori, and influenza A virus were identified. H.pylori was confirmed on gastric biopsy obtained on endoscopy, but NGS may have led to more rapid detection of this organism if clinical testing had been performed at the time of bronchoscopy. T. whipplei has been described in the BAL of healthy patients as colonizers, but its origin, whether via aspiration or translocation, remains unknown 25. Bousbia et al. documented a case series in which T. whipplei was considered the cause of pneumonia in critical care units, suggesting this may be a potential cause of pneumonia of unknown etiology not identified on standard culture 26. However, Segal and Blaser noted that in cases where this organism may indeed be a colonizer and not a source of active infection, the immune system’s interaction with the microbiota may hold the key to a better understanding of how to interpret this finding 5. Additionally, the NGS result for this patient identified influenza A (H1N1) virus in the BAL sample (Supplemental Table 2). This was not detected during routine care until the patient’s clinical status declined and he required oxygen supplementation and influenza A virus was detected by routine testing two days after the procedure. A rapid clinical NGS sample might have led to earlier diagnosis and treatment. 
In patient 19, 100% of fungal reads identified were P. jirovecii. Notably, standard fungal culture was not obtained on this patient. Infants have also been found to be incidentally colonized with this organism but, due to the clinical history of failure to thrive and recurrent respiratory infections in this patient, further workup was initiated 27. Zinter et al. have also identified utilization of NGS as in important tool in the immunocompromised pediatric population, given their identification of potential pathogens in half of clinically negative samples28.
Clinical metagenomics has the capability to overcome limitations of current diagnostic tests to allow for hypothesis-free, culture-independent pathogen detection directly from clinical specimens 13.This is the basis of the Explify Platform developed by IDbyDNA, which is currently a laboratory-developed test for analysis of BAL fluid and other respiratory specimen types. With this technology, all nucleic acid (DNA and/or RNA) from a specimen is sequenced. This results in the isolation and amplification of both host and pathogen nucleic acid from the specimen. This capability was helpful for this study in two ways; that is, sequencing of potentially infectious organisms as well as an incidental but potentially meaningful evaluation of the host transcriptome. This approach could potentially lead to identification of genetic biomarkers associated with an infectious agent or ongoing inflammatory response to chronic aspiration 9,29. Langelier et al. evaluated the immune response of patients with lower respiratory tract infections receiving hematopoietic cell transplant using an a priori selected gene set related to innate and adaptive immune system response 30. Their findings suggest that NGS can be a powerful tool in evaluating the combination of microbiota and immune response in a complex population. 
There is a paucity of information on the host response to aspiration in pediatrics, particularly in children under 2 years where the respiratory microbiome is still under development. This response has been well described in adults and evaluated using rodent models 31,32. Our analysis of incidentally obtained transcriptomic data suggests that dysphagia on a VFSS is correlated with increased lower airway inflammatory response suggestive of neutrophil and macrophage infiltration. Dedicated transcriptomics from isolated, sorted immune populations would be necessary to confirm these findings. Previous studies have used 16S rRNA sequencing platforms and less frequently, a metagenomic sequencing approach. This can also be performed with turnaround time as little as 36 hours, which can be less than standard culture. There are growing numbers of bioinformatics platforms being developed to meet this need for rapid diagnostics for complex populations. Such platforms allow for identification of organisms which are not normally identified in standard clinical practice. 
This study was limited by a small cohort size. Additionally, as noted in numerous previously referenced studies, sampling may be susceptible to contamination by the upper airway despite placement of an endotracheal tube. This risk cannot be entirely eliminated. We did not have a control group for this study, as bronchoscopy is not commonly performed in otherwise healthy children. Analysis of the transcriptome was performed on incidentally obtained host RNA resulting in a lower average coverage of transcribed genes than would be obtained with dedicated mRNA sequencing using poly-A tail capture. This somewhat limits the quality of the data obtained. In its current format, the test microbiological results are provided as a percentage of all sequences obtained and not in absolute counts. This can be confusing for interpretation and comparison with standard culture results. Despite its limitations, this test is currently actively used in our institution mainly for the purpose of identification of otherwise undetected microbes in complex critically ill populations or patients unresponsive to current therapy. 
5 CONCLUSION

Our results suggest that next generation sequencing can aid in the evaluation of chronic aspiration in children. This approach yields useful information about the presence of potential pathogens in the lower airway while simultaneously offering data about the host immune response.  Future studies in the pediatric aerodigestive population will be important for comparison across this diverse and complex group of patients. 
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