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Purpose: The aim of the study was to use RNA sequencing (RNA-seq) data of lung from chronic obstructive pulmonary disease
(COPD) patients to identify the bacteria that are most commonly detected. Additionally, the study sought to investigate the differences
in these infections between normal lung tissues and those affected by COPD.

Patients and Methods: We re-analyzed RNA-seq data of lung from 99 COPD patients and 93 non-COPD smokers to determine the
extent to which the metagenomes differed between the two groups and to assess the reliability of the metagenomes. We used unmapped reads
in the RNA-seq data that were not aligned to the human reference genome to identify more common infections in COPD patients.
Results: We identified 18 bacteria that exhibited significant differences between the COPD and non-COPD smoker groups. Among
these, Yersinia enterocolitica was found to be more than 30% more abundant in COPD. Additionally, we observed difference in
detection rate based on smoking history. To ensure the accuracy of our findings and distinguish them from false positives, we double-
check the metagenomic profile using Basic Local Alignment Search Tool (BLAST). We were able to identify and remove specific
species that might have been misclassified as other species in Kraken2 but were actually Staphylococcus aureus, as identified by
BLAST analysis.

Conclusion: This study highlighted the method of using unmapped reads, which were not typically used in sequencing data, to
identify microorganisms present in patients with lung diseases such as COPD. This method expanded our understanding of the
microbial landscape in COPD and provided insights into the potential role of microorganisms in disease development and progression.
Keywords: chronic obstructive pulmonary disease, next-generation sequencing, microbiome, metagenomics

Introduction
According to the World Health Organization, chronic obstructive pulmonary disease (COPD) is currently one of the top
three leading causes of death worldwide and is incurable. COPD is a heterogeneous lung disease of characterized by
chronic respiratory symptoms caused by abnormalities in the bronchus or bronchiole and alveoli, resulting in persistent
and often progressive airflow obstruction. ' Several factors can cause the airways to become obstructive and lead to
COPD, including tobacco use, occupational exposure to dusts, indoor pollution, a rare genetic condition called alpha-1
antitrypsin deficiency, childhood asthma, and infection by microbiomes.'

The main symptoms of COPD are shortness of breath, cough, and phlegm, which can get progressively worse. It is
one of the most important lung diseases because it is chronic and difficult to treat, unlike pneumonia, which can be

treated in the acute phase.’
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Respiratory viral infections, such as influenza virus and respiratory syncytial virus, can cause inflammation of the airways,
increased mucus production, and worsening of COPD symptoms, such as coughing, wheezing, and shortness of breath.* These
viral infections can also damage the epithelial cells lining the airways, making it easier for bacteria to infect the lungs, leading
to secondary bacterial infections that can further exacerbate COPD symptoms.™® Bacterial infections can cause increased
inflammation and mucus production in the airways, leading to worsening of COPD symptoms. In addition, bacterial infections
can also cause pneumonia, which can be life-threatening in COPD patients. Streptococcus pneumoniae and Haemophilus
influenzae, are also common in COPD patients and can cause acute exacerbations of the disease.’

Ribo-nucleic acid (RNA) sequencing (RNA-seq) is a molecular biology technique used to analyze RNA molecules that are
produced during the process of transcription from deoxyribonucleic acid (DNA) to mRNA. RNA-seq allows for accurate
measurement of gene expression as it occurs in an organism, and enables quantitative comparison of expressed genes between
samples.

Traditionally, the study of bacteria is done by amplifying 16s rRNA. However, in this study, RNA-seq data was used
to analyze the data. While it may not be validated as using 16s rRNA in microbiome study, looking at the entire
transcriptome can give us clues as to which sequences in the bacteria can infect and cause disease in humans.

However, when sequencing RNA from human samples, non-human reads can be obtained due to a number of factors,
including contamination during library construction, actual infection, or the presence of normal microbiome genomes.® Reads that
do not align with the human genome are called unmapped reads, which can range from 10% to 30% depending on the sample.

Even if it is not possible to analyze the entire metagenome, identifying some of the infectious and parasitic
microorganisms can be of great significance depending on the disease. There are many tools available to analyze these
unmapped reads, and the basic principles and methods are largely similar.”'°

We performed the analysis using RNA-seq unmapped reads from COPD patient lung tissues and non-COPD smokers’
lung tissues that were publicly available for download. There were two problems we wanted to solve. First, how reliable is the
metagenome from RNA-seq, and second, if it is reliable, how much contamination or infection occurs in lung tissue, which has
a lot of contact with the outside world, and how different is it in COPD and non-COPD smokers’ lung tissue.

To address the first question, we decided to conduct a meta-study of the identified microorganisms. If it was a simple
sequencing error, it would have already been reported and would look almost identical in most samples. It is unlikely that we will
find any species that are particularly sample-specific. The second problem was solved by first determining how much the
metagenome varied between samples and between groups, and then comparing the number of reads for each bacterium or virus
by heatmap.

Through this study, even though it is not a sequencing platform for analyzing metagenomes, we were able to discover
new insights into sequencing data by analyzing reads that might be considered errors, and if we apply it to a larger
dataset, we will be able to analyze the already generated data more deeply.

Materials and Methods

Sample and Data

We downloaded sample FASTQ files from the National Center for Biotechnology Information (NCBI) Genome Expression
Omnibus (GEO) under accession number GSE57148 and received additional two non-COPD smokers’ samples and one
COPD sample. Additional three samples were not stored in GSE57148, because these samples were collected after dataset
upload. In the end, we analyzed 99 COPD and 93 non-COPD smokers’ samples, and the demographics of the samples are as
presented in Table 1. In subsequent analyses, non-COPD smokers are referred to as the normal group for convenience.

Preprocessing RNA-Seq Data

The downloaded raw FASTQ was trimmed using Trimmomatic (v0.39)."" We created a human reference that had CHM13
(v1.0)+ GRCh38 Y as host genome with STAR aligner (v2.7.7a)'? with —outFiltertMultimapNmax 20 —alignSJoverhangMin 8
—alignSJDBoverhangMin 1 —outFilterMismatchNmax 999 —outFilterMismatchNoverLmax 0.04 —alignlntronMin 20 —
alignIntronMax 1,000,000 —alignMatesGapMax 1,000,000 —outSAMunmapped Within. And then we removed technical
duplicates by Picard MarkDuplicates (Picard v2.23.8)."?
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Table | Baseline Characteristics of Study Population

COPD Non-COPD P-value
(n=99) (n=93)
Age, years 675+ 64 60.7+ 9.4 <0.001
Male, n (%) 99 (100) 93 (100) >0.999
Current smoker, n (%) 40 (40.4) 25 (26.9) 0.135
Smoking amount, pack*year 47.7 £ 219 348 £ 17.2 <0.001
Pulmonary function test
FEV,/FVC 596 %72 769+ 44 <0.001
FEV,% predicted 770 £ 126 94.5+ 12.9 <0.001
FVC % predicted 917+ 116 9Ll £13.6 0.733
DLco % predicted 772 % 142 93.1 £13.0 <0.001

Note: Data are presented as mean * standard deviation or number (%). We defined COPD by a
postbronchodilator FEV/FVC ratio of less than 0.7.

Abbreviations: COPD, chronic obstructive pulmonary disease; DLco, diffusing capacity of the
lung for carbon monoxide; FEV, forced expiratory volume in | second; FVC, forced vital capacity.

The aforementioned analysis was done using the computing server at the Genomic Medicine Institute Research
Service Center.

Pathogen Read Detection

We utilized the Samtools'® software suite to extract unmapped reads from sequencing data, which we subsequently
employed to generate paired unmapped FASTQ files. We downloaded two pre-built databases in version 12/9/2022,
collectively referred to as the Standard Database, containing references for Archaea, Bacteria, Viral, Plasmid, Human,
and UniVec_Core. Our analysis pipeline was based on the methodology outlined in the Nature Protocol.'” The unmapped
paired reads were processed using Kraken2,'® a taxonomic classification software. We used the “~report-minimizer-data”
flag when executing Kraken2 to leverage the KrakenUniq algorithm'’ which uses an additional feature of unique k-mer
counting for accurate pathogen identification, resulting in the generation of a Kraken report file (.report). To normalize
the reads to the value of z-score within the sample and facilitate comparison of pathogen rates between samples, we
submitted all the report files from our samples to the Pavian program (v1.2.0).

Alpha and Beta Diversity Analysis

Alpha diversity is used to assess the taxonomic diversity within a sample. As an evaluation metric, the Shannon’s index is
used, which means that a higher value indicates more diversity in the sample. The Shannon index is a measure of how
diverse the classes of data within a population are. The purpose of the measure is to determine the diversity of biological
species (species, classes) within a population, ie, if we know the distribution of animals in regions A/B, we can
numerically answer the question of which region has a greater diversity of species.'® It was calculated by excluding
homo sapiens reads from Bracken report.

Beta diversity was calculated through the Bray—Curtis dissimilarity matrix. The Bray—Curtis dissimilarity is a statistical
method named after J. Roger Bray and John T. Curtis, which is utilized to measure the degree of compositional dissimilarity
between two distinct sites based on the counts of each element present in them.'® After combining the kraken report, the sum
of the read counts for each species was excluded because it was calculated as an outlier. Both alpha and beta diversity was
calculated using scripts included in KrakenTools (https://github.com/jenniferlu717/KrakenTools).

To determine the distance between samples, probabilistic Count Matrix Factorization (pCMF) method was used, and

the r package pCMF was used. pCMF is one of the dimension reduction methods. This is based on the Gamma-Poisson
hierarchical factor model and is suitable for application zero-inflated counts data.?’
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Validation the Pathogen Reads
To confirm the infection of each pathogen in samples, we extract the next-generation sequencing (NGS) reads from
unmapped FASTQ files using extract kraken reads.py in the KrakenTools module with —include-children flag.

The extracted reads were identified using Nucleotide BLAST (BLASTN), where the database used the standard
nucleotide collection and the organism was limited to bacteria (taxid:2). The program was optimized with highly similar
sequences (megablast option was applied).”'

The genome assembly of the identified species was downloaded from NCBI nucleotide database in FASTQ format and
bowtie indexed (bowtie2-build -f bacterial genome output name). After that, re-alignment was performed using bowtie2
(bowtie2 -x reference dir -f -p 1 —1 unmapped_fasta readl —2 unmapped fasta read2 —local -S SAM_ output).

For visualization, I converted the output from Sequence Alignment Map (SAM) format to Binary Alignment Map
(BAM) format, sorted and indexed using samtools, and put the BAM file and BAM index file as input to the alignment
viewer of Pavian Shiny app. (https://fbreitwieser.shinyapps.io/pavian/)

Results
Optimizing Pipeline for Searching Metagenome Reads in RNA-Seq

We perform pathogen detection analysis of 99 COPD tissues with 93 control tissues of the Korean cohort. The raw RNA-
seq data were obtained from the GEO read and applying pipeline, as shown in Figure 1 (A: Preprocessing step; B:
Microbiome analysis step; and C: Pathogen identification analysis step).

The obtained raw reads were trimmed based on their base quality and adapter sequence similarity. The cleaned reads were
processed pathogen identification step consisted of (1) removal of host DNA from microbial read; (2) classification of the
remaining microbial reads; (3) comparison of sample reads against control samples; and (4) validation of pathogen
classifications Kraken protocol.'”> We used the CHM13 (v.1.0) reference during removing host DNA by aligning the cleaned
reads to the reference, because CHM13 is a full human reference without gaps* to remove as many host reads as possible.
However, at the time we conducted the analysis, there were no full Y chromosome sequences in CHM13. We concatenated the
Y chromosome of GRCh38 to the CHM13 autosome, X chromosome and mitochondrial chromosome to make a reference
(CHM13+Y_GRCh38). We retrieved all of the unmapped reads to CHM13+Y GRCh38 based on the flag of reads. These
unmapped paired reads are an input into Kraken2 software and assigned to each microbiome species (Figure 1A). To
determine the inter-sample and inter-group diversity of the species found, we calculated alpha and beta diversity by merging
all the resulting files (Figure 1B). The Kraken reports files are uploaded to the Pavian Shiny App, which compiles all of the
read counts per species and allows between-sample visualization and comparison by calculating the z-scores between read
counts, with higher z-scores meaning evidence of infection for each sample. Finally, pathogen identification can be validated
using KrakenTools by extract classified reads to the species in sample and double-confirm the reads really come from the
species by using BLAST and aligning to the species using Bowtie (Figure 1C).

Statistics of Analyzed Unmapped Reads

The amount of metagenome detectable in the RNA-seq data was significantly less. The goal of this study was to identify
reads that provided evidence of infection in the unmapped reads. First, the unmapped reads were average 2 million reads
in COPD patients and normal, and the classified reads were 95% to each species including human genome, bacterial, and
virus. Microbial reads accounted for approximately 10% of the reads, while viral reads accounted for only 0.01%. Both
of these percentages are considered to be low. All statistical information is organized in Supplementary Table 1.

Comparison Diversity Between COPD and Normal Groups

First, we calculated alpha diversity for each sample, which describes the species richness within a sample, and found that
the COPD group had significantly higher alpha diversity (¢-test, p-value < 0.05) However, there was a difference in the
distribution, with alpha diversity in the normal group being widely spread out, while in the COPD group it tended to
cluster around a Shannon index of 2.4. This suggests that there is a greater diversity of species but with less heterogeneity
between samples in the COPD group compared to the normal group (Figure 2A).
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Figure | Pipeline overview. A preview of (A) the preprocessing step per sample, (B) microbiome analysis step, and (C) the pathogen Identification analysis step in
integrated samples. In the preprocessing step, we start with a FASTQ file and trim the reads according to the quality of each base and adapter sequences. Then, we align the
cleaned reads to CHM |3 reference using STAR aligner and extract the reads that do not align with the reference. Alpha and beta diversity can be calculated from abundance
determined using Kraken2 and Bracken. To conduct the pathogen identification step, we assign the unmapped reads to the species of Kraken2 database which includes
archaea, bacteria, viral, plasmid, etc. Normalized detection amounts are obtained from the z-score from the raw detected count in each sample. The top pathogen in each
sample may be a real infected pathogen of the sample.

Abbreviations: COPD, chronic obstructive pulmonary disease.

Beta diversity can refer to the difference in diversity between communities and the difference in diversity
between samples, and to check both, we used the pCMF method based on the Gamma-Poisson hierarchical factor
model. This methodology is best suited for analyzing very sparse matrices like the data in this study. The results
show that there is no significant difference between the normal and COPD groups, but rather different diversity
among the samples (Figure 2B). According to the Bray—Curtis dissimilarity calculation, the beta diversity is 0.610,
where 0 means that all species are equally distributed and 1 means that they are completely different, so about 40%
have the same species.

Specific Bacteriome in COPD Patients
By selecting only those species whose calculated rates differed by more than 10 between the two groups, as shown in
Figure 3A, we were able to identify a total of 18 species. Based on the assigned for each species, we calculated the
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Figure 2 Alpha and beta diversity. (A) alpha diversity (Shannon Index) of normal and COPD groups; the Mann-Whitney U test resulted in a p-value of 2.185e-03. (B)
Probabilistic count matrix factorization (pCMF) results using raw read counts. Bray—Curtis dissimilarity (beta diversity) is 0.610.
Abbreviation: COPD, chronic obstructive pulmonary disease.
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enterocolitica z-score by normal and COPD (*1.00e-02 < p < 5.00e-02).

Abbreviation: COPD, chronic obstructive pulmonary disease.

infection rate between the COPD group and the normal group in Figure 3B. Of these, 5 species were found to be more
prevalent in the COPD group and 13 species were found to be more prevalent in the normal group. Of these, for Yersinia
enterocolitica, a higher number of reads were found in the COPD samples (Figure 3C). This can be seen more intuitively
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when comparing the normalized read counts observed in the COPD and Normal groups. The normalized counts were
found to be higher in COPD, with a p-value of 0.029 (Figure 3D).

In the case of Yersinia enterocolitica, primarily inhabit numerous mammals, birds, cold-blooded animals, and even
terrestrial and aquatic crevices.>** Lung infections of Yersinia enterocolitica have been known for a long time, and it is
a known bacteria that causes pneumonia.>>>° Moraxella osloensis has also been found in the human respiratory tract and has
been reported to cause severe pneumonia in lung cancer patients.>' > It was found more in normal tissues, but given that both
samples were COPD lesion tissue and normal tissue from cancer patients, they could be sufficiently infected. Micrococcus
luteus has been well studied in relation to asthma, with a recent study showing that extracellular vesicles derived from
Micrococcus Iuteus inhibit interleukin (IL)-1p production by regulating miRNAs in airway epithelial cells.® Gardnerella
vaginalis is usually found in the vagina of women, but rare infections in the lungs of men have been reported.*® We have also
seen it observed in pneumonia patients through case reports.®’ Staphylococcus haemolyticus is well known for infections in the
lungs and has been reported to increase survival after first line treatment, especially in patients with non-small cell lung
cancer.”®* It was also found in a study of the lung microbiota in patients with idiopathic pulmonary fibrosis.** Despite its
well-recognized role in the lungs, its function has been poorly understood, with lung cancer being the most studied.
Pseudomonas sp. OE 28.3 is a member of the Pseudomonas genus, which includes Pseudomonas aeruginosa,
Pseudomonas oryzihabitans, and Pseudomonas plecoglossicida, all of which have well-documented roles as pathogens,
especially Pseudomonas aeruginosa, which has been found in the respiratory tract of patients with cystic fibrosis.*!
Cutibacterium acnes is primarily a skin colonizer, but very rarely extracutaneous infections are found, and pleural infections
have been reported in COPD patients.** It has also been reported as the causative agent of lung abscesses in patients with
COPD.*’ There have also been reports of infections following skin biopsies in patients with metastatic lung cancer, resulting in
pericarditis and empyema.**

Although Xanthomonas campestris, Pseudomonas ficuserectae, Rhizobium oryzihabitans, Schlegelella aquatica,
Pseudomonas yamanorum, and Rubrobacter xylanophilus exhibited significant differences between the COPD and
normal groups, the six bacteria are not human normal flora and there was no report as pathogens in human.

This shows that even NGS data can contain metagenomic reads and that this is not something to be ignored.
Unmapped reads can also contain infected bacteria or viruses. In particular, lung tissue is one of the organs that is in
frequent contact with the outside world, so the probability of exposure to various microorganisms is high, which makes

such an analysis meaningful.

Validation of Detected Reads

To eliminate false positives due to contamination, extracted reads were assigned to each species and ran them through
BLAST, and then removed the mismatches between the two results from different databases that were regarded as false
positives.

We could re-validate these by checking how they aligned with the reference genome of each identified bacteria. Since
the data in this study are not targeted to 16S rRNA, alignment distribution was expected to be uniformly spread across
genome. We visualized these results using Pavian Shiny app.

As a result of the validation of 44 differential species between the COPD and normal groups, 26 were judged as false
positives, and the BLAST results showed that the extracted reads were indeterminate to other species. The results are

summarized in Supplementary Table 2. Interestingly, 19 of the 26 cases were identified as Staphylococcus aureus strain

WH9628 in BLAST databases. Staphylococcus aureus is a bacterium that is primarily present on the skin,** indicating
that it may have been contaminated during sample preparation or library preparation. Despite the use of paired-end data,
we found that reads 1 and 2 were irregularly aligned to the reference genome of the strain (Figure 4A).

However, in the case of Yersinia enterocolitica, which showed the largest difference between the COPD and normal
groups, BLAST showed that it was strain GP200, and alignment to the corresponding genome confirmed that the
extracted readl and read2 were aligned normally (Figure 4B).
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Figure 4 Re-alignment results for each species shown by Pavian Shiny app. (A) Case of false positive, detected as Saccharopolyspora rosea, but actually aligned to the
Staphylococcus aureus genome. (B) Result of Yersinia enterocolitica.

Discussion

In this study, we aimed to investigate the microbiological differences between COPD and normal tissues using RNA-seq.
To achieve this, we employed a multifaceted approach to identify and validate evidence of infection, which included
using Krakenl, Kraken2, and BLAST. In the final step, we re-aligned assigned reads with each reference genome of the
strain to ensure that the assigned reads originated from the strain.

However, there are some controversial points in analyzing metagenomics using NGS data. This is because the RNA
of eukaryotes is significantly different from that of prokaryotes, starting with the way it is produced. In prokaryotes,
transcription and translation are coupled by a single RNA polymerase, occur rapidly and produce half of the transcrip-
tome without a poly A tail. On the other hand, eukaryotes require three RNA polymerases to produce different types of
RNA, mostly with a poly A tail. However, many previous studies have found evidence of infections caused by various
viruses and bacteria, which motivated us to conduct metagenomic analysis using RNA-seq data.*®>°

The alpha diversity values were similar between COPD and normal tissues, but the normal tissue samples had diverse
values of alpha diversity, indicating a wider but restricted range of microbiome communities. This suggests that COPD
tissues may have a distinct microbiome community compared to normal tissues. Based on our analysis, we hypothesize
that Micrococcus Iluteus and Yersinia enterocolitica might be related to development of COPD, rather than a false
positive. Here, we would like to suggest that Micrococcus luteus and Yersinia enterocolitica could be a potential
causative agent of COPD development.

One of the distinct characteristics of microbiome in COPD was decreased microbiome diversity.”" This characteristic
suggested that deficiency of specific bacterium could be related to the development of COPD. In our study, Micrococcus
Iuteus was more commonly detected in normal group, and this result was in line with the result of previous study.’* Sim
et al reported that Micrococcus luteus-derived extracellular vesicles reduced neutrophilic airway inflammation by
inhibiting reducing IL-1p and IL-17 production by regulating miRNAs in airway epithelial cells.** Because IL-1B and
IL-17 levels are elevated in some COPD patients, it is possible that colonization of Micrococcus luteus in lung tissue has
a protective effect against the development of COPD.> >

COPD is characterized by inflammation, excessive mucus secretion, and bronchial mucosal epithelial lesions, and the
release of large amounts of inflammatory factors have all been implicated in the development of COPD.>®

Yersinia enterocolitica has been linked to lung infections in several case reports, with symptoms including pneumo-
nia, lung abscesses, mediastinal adenopathy, and other lung diseases.”>>’>* However, these findings have not been
observed at the cohort level. At the molecular level, Yersinia enterocolitica infection has been shown to promote highly

inflammatory responses by affecting T-cell function,>®®°

with IL-12 playing a role in preventing this. Interestingly,
previous studies have also linked IL-27, a member of the IL-12 family, to an increased risk of COPD.®' In particular, it
has been shown to increase the inflammatory response during lung infections, and IL-12 plays a role in preventing this.?’

Our study presented that Yersinia enterocolitica is more frequently found in COPD lung tissue than in normal lung tissue
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at the cohort level. When we analyzed the association with clinical information based on the detection status of Yersinia
enterocolitica, we found that the detection rate increased with smoking history, but it was not enough to find an
association with lung function. We could only speculate that the detection rate of Yersinia enterocolitica could be
influenced by smoking (Supplementary Figure 1). These findings suggest that further study might be required to

demonstrate association between Yersinia enterocolitica infections and COPD development.

Including two forementioned bacteria, 18 species presented different lung colonization rate between the COPD and
normal groups. Interestingly, these species were rarely reported in previous studies about microbiome in COPD patients.
One of the reasons is that we utilized resected lung tissue for this study. Most of the studies related to lung microbiome
utilized sputum sample or bronchoalveolar lavage fluid.®* Intraindividual difference in lung microbiome according to
sample type was well known.®> Among various sample types, lung tissue could provide direct information related to
microbiome in lung parenchyma.®® Because it was difficult to directly investigate microbiome of lung tissue and there
was only limited study, the result of this study might be valuable and trigger further studies.

Of course, it is very difficult to identify the causative agent because microbial infections vary depending on the
region, climate, diet, etc. Therefore, it is thought that more diverse sequencing techniques should be applied for COPD-
specific metagenomics or metataxonomic in East Asia. In particular, the metagenomic reads contained in the unmapped
reads of the RNA-seq data found in this study are not considered as simple contamination, but rather can provide clues to
know more about the symbiotic relationship between bacteria and humans. Therefore, expanding the resources for
metagenomic research means that more diverse research methods are possible, which will be very helpful in researching
how to distinguish between symbiosis and parasitism and how to understand the infection mechanism of pathogens.

Conclusion

Through this study, we identified the microorganisms that are commonly detected in COPD patients and confirmed their
distinct populations compared to normal lung tissue. While RNA-seq data analysis is typically limited to gene expression
profiling, we demonstrated the potential of metagenomic studies utilizing unmapped reads through various methodolo-
gies. This allowed us to explore the utilization of diverse NGS data in the analysis of lung disease patient data. The
results of this study contribute to a broader understanding of the microbial component of COPD and demonstrate the
value of integrating metagenomics into respiratory research.
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