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Abstract
Background/Aims: The nontuberculous mycobacterial lung disease (NTM), caused by 
Mycobacterium avium complex (MAC) is an increasing health problem in the USA and worldwide.  
The NTM disease is prevalent in Caucasian women with a current diagnosis or history of breast 
cancer (BCa), posing a significant challenge towards treatment. We hypothesize that NTM 
affected women with considerable therapeutic resistance may harbor pathogenic microbes 
other than nontuberculous mycobacterium, aiding in disease progression and therapeutic 
resistance. Methods: We assessed microbiome diversity in sputa from healthy women, women 
with nontuberculous mycobacterial lung disease (NTM) and women with both nontuberculous 
mycobacterial lung disease and breast cancer (NTM-BCa). First, we collected sputa and isolated 
DNA from sputa of these healthy women and women with NTM and NTM-BCa. We also isolated 
DNA from sera derived extracellular vesicles from women with NTM-BCa. To identify diverse 
pathogenic microbes in various groups of subjects, we then performed 16S rDNA sequencing. 
Data analysis was performed utilizing the analytical pipelines at the Center for Metagenomic 
and Microbiome Research (CMMR), Baylor College of Medicine. Results: A large community 
of resident microbes, including bacteria, virus, Archeas and Fungi live in the human body 
are being increasingly recognized as the key components of human health and disease. 
We identified a diverse microbiome community in the sputa and the extracellular vesicles 
dominated by Streptococcus, Haemophillus, Veillonella, Neisseria, Prevotella, Fusobacterium, 
Bacteroides, Allistipes, Faecalibacterium and Staphylococcus in women with nontuberculous 
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mycobacterial lung disease as well as women with both nontuberculous mycobacterial lung 
disease and breast cancer. Some of these genera, including Fusobacterium, Bacteroides, 
and Allistipes have estrobolome activity and associated with breast and other neoplasms. 
Conclusion: This work confirms the presence of a distinct pathogenic microbiome other than 
nontuberculous mycobacteria in the sputa and the circulating extracellular vesicles of these 
patients. This information could be useful for better therapeutic design to treat the NTM 
patients.

Introduction

The incidence of nontuberculous mycobacterial (NTM) lung disease has increased 
considerably in the United States during the past decades [1]. Being natural inhabitants 
under different environmental conditions, NTM can infect diverse populations. This 
could lead to mycobacteriosis, chronic pulmonary infection, including non-cystic fibrosis 
bronchiectasis and chronic obstructive pulmonary diseases in both immunocompetent and 
immunocompromised individuals such as cancer patients [1-2]. The majority of the NTM 
infection involved mycobacterium avium complex (MAC) [2-3]. Notably, there is an increasing 
rate of NTM lung disease in Caucasian women with a current diagnosis or history of breast 
cancer [2].

Diverse populations of microorganisms, including bacteria, fungi and viruses living in a 
human body are collectively known as the “microbiota” [4-5]. Being an integral part of the 
human body and various organ systems, they are involved in a variety of cellular processes, 
including metabolism and influence development of different diseases. Emerging studies 
indicate that residence of diverse populations of microbiota in various cellular compartments 
influence immune system function, metabolism leading to chronic inflammation and 
cellular transformation [4-9].  Many of these studies focusing on gut microbiota identified 
that infection with a gram negative bacterium Helicobacter pylori, residing in the gastric 
epithelium induces gastric inflammation and correlates with increased rate of gastric cancer 
[10]. In this light, it is likely that other than MAC, population and functional disequilibrium in 
other microbes residing in the lung could potentially create a microenvironment to increase 
susceptibility and therapeutic resistance towards NTM lung disease. Remarkably, certain 
opportunistic microbes have the ability to metabolize Estrogen or Estrogen like compounds 
(Estrobolome), thereby enhancing their activities, which could potentially promote 
tumorigenic transformation [11-12]. Estrogen is an abundantly expressed protein and an 
attractive therapeutic target for BCa and Estrogen/Estrogen like compounds when modified 
through the estrobolomes, could potentially contribute to BCa tumorigenesis [11-12].

Extracellular vesicles (EVs) are small (50-200 nm), secreted vesicles present in all cell 
types, circulation and body fluids [13-18]. The EVs contain specific nucleic acids, proteins, 
metabolites and have the ability to transport these cellular factors to the neighboring cells 
[13-19]. As evident in many studies, including a study from our laboratory, the EVs could 
influence immune system function, host-pathogen interaction during microbial infection 
and carcinogenesis [3, 13-19].

In this study, our goal was to identify the population of pathogenic microbes residing 
with the MAC species in the NTM infected women. We examined the microbiota of sputa 
and sera derived EVs in women with NTM, NTM-BCa (women with both nontuberculous 
Mycobacterial lung disease and breast cancer) along with the healthy controls (HC). We 
identified variable abundance of different genera such as Streptococcus, Haemophillus, 
Veillonella, Neisseria, Rothia, Prevotella, Fusobacterium, and Leptotrichia among various 
groups. Compared to the sputa, the circulating EVs from some NTM-BCa subjects 
harbor unique microbiota including Bacteroides, Escherichia/Shegella, Streptococcus, 
Allistipes, Cloacbacterium, Faecalibacterium, Lachnoclostridium, Staphylococcus, Nisseria, 
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Fusicatenibacter, Fusobacterium, Lachnospira and Tepidimonus. Many of the identified genera 
possess estrobolome activity and are associated with the development of various lung and 
oral cavity diseases including malignancies.

Materials and Methods

Human samples and ethical statement
Sputa were collected from 15 women with both NTM and breast cancer (NTM-BCa), 5 NTM and 5 

Healthy controls (HC) at The University of Texas Health Science Center at Tyler under an IRB approved 
protocol (#974). Informed consent was obtained from all the patients. Sera EVs from 4/15 NTM-BCa 
subjects were collected. All patients were de-identified and only relevant clinical information such as age, 
grade, stage, diagnosis, etc. was collected (Table 1 and Table 2). All methods were performed in accordance 
with the relevant guidelines and regulations.

Sputum collection
Routine expectorated sputa were collected and cultured as necessary for acid-fast bacilli (AFB) 

[20-21].   For patients unable to produce sputum by spontaneous expectoration, sputum induction was 
performed with nebulized hypertonic saline. Samples were processed using standard decontamination 
procedures, fluorochrome microscopy and cultured on solid media on a plate of Middlebrook 7H10 agar 
with and without antibiotics and a broth culture (ESP, Thermofisher, formerly Trek Diagnostic Systems, and 
Cleveland, OH) as described [20-23]. MAC isolates were identified using AccuProbe (Hologic Gen-Probe 
Inc.) [21]. For decontamination, N-acetyl-L-cysteine-sodium hydroxide (NALC-NaOH) method was used 
[24]. Alternatively, a combination of N-acetyl-L-cysteine-sodium hydroxide (NALC-NaOH) and Oxalic acid 
was also used as necessary for decontamination [24]. All methods were performed in accordance with the 
relevant guidelines and regulations. As the environmental control, we utilized a 15 ml falcon tube containing 
PBS and kept it open for the time period when the sputa were processed. We were unable to isolate bacteria 
from this culture and as a reason, the sample was not processed further.

Isolation of extracellular vesicles
The EVs were isolated from human sera and their purity was confirmed by Nanosight Tracking 

and Western blotting with EV markers Syntenin and CD63 [2]. DNA was isolated from the EVs using a 
standardized protocol [25].

16S rRNA gene 
sequencing for 
m i c r o b i o m e 
detection
For the 

m i c r o b i o m e 
sequencing, sputa 
from 15 NTM-BCa 
subjects, 5 NTM, 
5 healthy controls 
and exosomes 
from 4 NTM-BCa 
subjects (Table 1) 
were examined 
(Total 29 samples). 
The 16S rRNA gene 
sequencing methods 
were adapted 
from the NIH-
Human Microbiome 

Table 1. Demographic information of the NTM-BCa subjects. 1NTM-BCa: Women 
with both NTM lung disease and breast cancer. 2Birth control measures taken by 
the subjects. N: No; Y: Yes; UK: Unknown; YR: Year. 3Hormore therapy received after 
the menopause. N: No; Y: Yes; UK: Unknown. 4Types of hormone therapy received. 
HMP: Homeopathy; YR: Year; M: Month; UK: Unknown
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Project [26-27] and followed 
appropriate guidelines for 
sample processing and data 
analysis [28]. Briefly, bacterial 
genomic DNA was extracted 
using MO BIO PowerSoil 
DNA Isolation Kit (MO BIO 
Laboratories, (MoBIO PowerSoil 
v3.4). The 16S rDNA V4 region 
was amplified (Illumina 16Sv4 
v1.2)  by PCR using specific 
primer sets (Table 3) and 
sequenced on the MiSeq platform 
(Illumina MiSeq v2 2x250 v1.8) 
using the 2x250 bp paired-end 
protocol yielding pair-end reads 
that overlap almost completely. The 
primers used for amplification contained 
adapters for MiSeq sequencing and 
single-end barcodes (Table 3) allowing 
pooling and direct sequencing of PCR 
products [29].

Quality control and compositional 
analysis
The 16S rRNA gene pipeline data 

incorporates phylogenetic and alignment 
based approaches to maximize data 
resolution (Analytical Pipeline CMMR 
16Sv4 v1.0) [30]. The read pairs were 
de-multiplexed based on the unique 
molecular barcodes and reads were 
merged using USEARCH v7.0.1090, which 
has a de novo built-in chimera filter and 
all singleton OTUs were discarded [31-
34]. We have also applied contig filtering 
to remove as much sequencing error 
utilizing the count files as necessary [31-
34]. For the sequencing and data analysis, 
we used the analytical packages and 
pipelines at the Center for Metagenomic and Microbiome Research (CMMR), Baylor College of Medicine as 
utilized by other groups [30]. We obtained summary statistics and quality control measurements for each 
sequencing run, as well as multi-run reports and data-merging capabilities for validating built-in controls 
and characterizing microbial communities. The 16S rRNA gene sequences were clustered into Operational 
Taxonomic Units (OTUs) [30]. OTUs are collapsed based into phylotypes defined by taxonomic similarity. 
Operational Taxonomic Units (OTUs) identified were mapped to the SILVA database at 97% identity to 
obtain phylum to genus taxonomies. The OTUs were mapped to an optimized version of the SILVA Database 
[35-36], containing only the 16S v4 region to determine taxonomies. Unclassified OTUs at any level are 
kept in the analysis and are represented by the next lower level of taxonomic resolution. Abundances were 
recovered by mapping the de-multiplexed reads to the UPARSE OTUs. A custom script constructed an OTU 
table from the output files generated in the previous two steps for downstream analyses of alpha-diversity, 
beta-diversity and phylogenetic trends [37].

Table 2. Demographic information of the Healthy control and NTM 
subjects. 1 Healthy women (HC) and women with nontuberculous 
Mycobacterial (NTM) lung disease. 2Birth control measures taken by 
the subjects. N: No; Y: Yes; UK: Unknown; YR: Year. 3Hormore therapy 
received after the menopause. N: No; Y: Yes; UK: Unknown. 4Types of 
hormone therapy received. YR: Year; M: Month UK: Unknown

Table 3. Sequences of the primers used for the microbiome 
analysis in sputa and extracellular vesicles (E) from healthy 
control (HC), NTM (BC) and NTM-BCa (BR) subjects
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Data analysis
The Agile Toolkit for Incisive Microbial Analyses (AITMA) from CMMR was used for analyzing and 

visualizing microbiome data sets. We examined the microbiome populations in alpha diversity (AD), 
beta diversity (BD), and taxa abundances (TA) through customizable box/hierarchical plots, Principal 
Coordinate Analysis (PCoA) ordinations, and heatmaps. Appropriate statistical annotations were added to 
infer significant correlations with the metadata. We performed Mann-Whitney and Kruskal-Wallis tests for 
all the statistical data analysis with appropriate FDR application utilizing the Bonferroni correction method 
(CMMR 16Sv4 v1.0). The Heatmaps and the hierarchical clustering were performed utilizing Weighted 
Unifrac/PCoA methods based on taxa abundance. Rarefaction analysis was employed to normalize all 
samples to the same total amount of reads. Samples with total read counts below the designated threshold 
were excluded. An optimal rarefaction cutoff is represented by a complete or almost complete saturation 
of OTU richness demonstrated by a clear asymptote of the curve. Alpha diversity was used to measure the 
diversity within a sample. The different alpha diversity metrics use the counts (richness) and distribution 
(evenness) of Operational Taxonomic Units (OTUs) within a sample as the basic values for these calculations. 
Beta diversity ordinations were used to compare the samples to each other and to measure the distance or 
dissimilarity between samples in the datasets. UniFrac is a phylogenetic distance metric used for comparing 
microbial communities, which incorporates phylogenetic distances between observed organisms in the 
computation. Both weighted (quantitative, structure) and unweighted (qualitative, composition) variants 
of UniFrac were used in this study as necessary. Weighted UniFrac accounts for the abundance of observed 
organisms, while unweighted UniFrac only considers their presence or absence. Using this phylogenetic 
metric, data was plotted using the PCoA ordination method.

Results

Pre and postmenopausal hormone intake survey of the study population
Based on the available clinical history, 67% (10/15) of the NTM-BCa subjects had taken 

hormonal contraceptives (Table 1). Also, 64% (9/14, no information available for 1 case) 
of these patients had undergone postmenopausal hormone therapy (Table 1). On the other 
hand, 67% (2/3, no information available for 2 cases) of the HC and 100% (5/5) of the NTM 

Fig. 1. Rarefaction analysis of the samples. (A) Validated sequence reads from all the samples. (B) Rarefaction 
curves of the various samples indicating sample richness and evenness.
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subjects had taken hormonal contraceptives. Hundred percent (2/2, no information available 
for 3 cases) of the HC and 60% (3/5) of the NTM patients had undergone postmenopausal 
hormone therapy (Table 2).

Overall sequence reads and data filtration
In this study, sputum samples from 15 NTM-BCa, 5 NTM and 5 HC women along with 

sera EVs from 4/15 NTM-BCa cases (Total 29 samples) were subjected to 16S rDNA V4 
region sequencing. The sequence reads were first clustered into unique OTUs (Operational 
Taxonomic Units). In the next step, the OTUs were classified to various taxonomic levels, 

Fig. 3. Taxa distribution in the sputa 
of various groups. (A) Distribution 
pattern of the Operational 
Taxonomic Units (OTUs) across 
various groups. Compared to the 
HC group, the OTUs, Unc02v3h and 
UncB2490 were significantly lower 
in the NTM-BCa group (p=0.007-
0.017). No significant difference was 
observed in the OTU distribution 
between HC vs. NTM (p=0.06-
0.08) or NTM vs. NTM-BCa groups 
(p=0.9-0.1). (B) Significantly lower 
abundance of Leptotrichia (0.4% vs. 
2.8%, p=0.006) and Streptococcus 
(13% vs. 28%, p=0.01) in the 
BCa-NTM group compared to the 
HC subjects. Abundance of genus 
Veilonella was significantly lower 
in the NTM group compared to the 
HC group (9% vs. 21%, p=0.03). No 
considerable difference in genera 
distribution between the NTM and 
NTM-BCa groups (p=0.16-0.95). A 
minimum average abundance of 1% 
was considered.  (C) At the phyla 
level, the majority of the taxa in the 
HC group belonged to Firmicutes 
(52%) Proteobacteria (24%) and 
Bacteriods (13%). Compared to 
the HC, the top phyla in the NTM 
group were Proteobacteria (28%), 
Firmicutes (27%) and Bacteriods 
(13%). In the NTM-BCa group 
the top phyla were Bacteriods 
(36%), Firmicutes (33%) and 
Proteobacteria (19%). The phyla 
Firmicutes and Fusobacteria were 
dominant (p=0.04) in the HC 
compared to the NTM-BCa group. 
No considerable difference in the 
distribution of phyla was observed between the HC vs. NTM or the NTM vs. NTM-BCa groups (=0.29-0.80). 
HC: Healthy controls; NTM: Women with NTM lung disease only; NTM-BCa: Women with both NTM lung 
disease and breast cancer.

*
*

*

Genus

Phylum HC
NTM
NTM-BCa

A

B

C

*

*

OTUs HC
NTM
NTM-BCa

HC
NTM
NTM-BCa

Figure 3
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Fig. 4. Beta and alpha diversity ordination plots. (A-C) Measurement and comparison of beta diversity in 
various groups using both unweighted and weighted UniFrac (phylogenetic) distance matrices. Data were 
plotted using PCoA ordination method utilizing the OTUs as the basic units. The percentage of variability of 
each principal coordinates (PC) has been explained on the axis of each plot. Each colored circle or triangle 
represents a sample from a group, as indicated. The probability distribution has been represented by the 
ellipses. (D-F) Measurement of the intra-sample variation by alpha diversity analysis. The alpha diversity 
metrics use the counts (richness) and distribution (evenness, Simpson Index) of the OTUs within a sample 
as the basic values for these calculations. HC: Healthy controls; NTM: Women with NTM lung disease only; 
NTM-BCa: Women with both NTM lung disease and breast cancer.
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HC
NTM-BCa

p=0.044
Unweighted Unifrac                                         Weighted UniFrac

R=0.149
2

HC

R=0.19
2HC

p=0.093 p=0.145

R=0.0675
2

Figure 4
A

B

C
NTM
NTM-BCa

R=0.03442
NTM
NTM-BCa

p=0.236 p=0.691

NTM-BCa R=0.174
2HC

NTM-BCa

HC           NTM                        HC           NTM                             HC            NTM-BCa                  HC         NTM-BCa

NTM        NTM-BCa                NTM     NTM-BCa

D                                            E

F

p=0.027



Cell Physiol Biochem 2019;52:263-279
DOI: 10.33594/000000020
Published online: 28 February 2019 271

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Philley et al.: Microbiome of Sputa

such as genus, phylum, class, order, kingdom, etc. Three sputum samples from the NTM-BCa 
group were excluded due to a low number of sequence reads after the rarefaction analysis 
(Fig. 1). A total of 288385 reads after data filtration was obtained from all the samples. We 
have detected a total of 220 OTUs across all the samples after the rarefaction analysis. The 
average number of observed OTUs in all samples was 32.

Nature and distribution pattern of microbiota in sputum
While comparing the bacterial taxa in the sputum samples of the various groups, a 

total of 93 genera belonging to 13 phyla, 52 families, and 24 classes was detected (Fig. 2). 
Considering a minimum average of 1% abundance, the most frequently occurring OTUs 
observed across all the samples were unc00bms (22%), unc050mf (15%), unc04kmj (7%), 
unc00s30 (6%), S53therm (4%), unc054w0 (2%), unc00qrm (2%), unc02v3h (1%) and 
unc019hw (1%) (Fig. 3A). The major genera in the sputum samples from various groups 
were Streptococcus (19%), Haemophillus (17%), Veillonella (14%), Neisseria (7%), Rothia 
(6%), Prevotella (3%) Fusobacterium (2%), and Leptotrichia (2%) (Fig. 3B). The majority 
of the microbiota population observed in the sputa across all the groups belonged to the 
phyla Firmicutes (38%), Bacteriodetes (26%), Proteobacteria (25%), Actinobacteria (4%) 
and Fusobacteria (4%) (Fig. 3C).

Microbiome in sputum of healthy women and women with NTM and NTM-BCa
To determine the distribution pattern and richness of the microbiota in various 

groups, we performed both beta and alpha diversity analyses. Beta diversity analysis using 
both unweighted and weighted UniFrac PCoA (Principal Coordinate Analysis) methods 
demonstrated a significant difference (p=0.044-0.027) in taxa distribution among the NTM-
BCa subjects compared to the HC (Fig. 4A). Distribution of taxa among the healthy and the 
NTM group varied considerably, however, it did not reach a significant level (Fig. 4B, p=0.09-
0.14). No appreciable difference in the taxa distribution was observed between the NTM and 
NTM-BCa group by the beta diversity analysis (Fig. 4C, p=0.23-0.69). On the other hand, alpha 
diversity analysis revealed that species richness as well the evenness between the NTM and 

Fig. 5. Heatmaps and clustering of individual sputum microbiota at OTU, genus and phylum level.  The 
heatmaps were generated based on the abundance of the top 10 Taxa. A minimum average abundance of 1% 
was considered to determine relative abundance at various taxonomic levels. HC: Healthy controls; NTM: 
Women with NTM lung disease only; NTM-BCa: Women with both NTM lung disease and breast cancer.
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HC group was significantly different (p=0.03-0.05; Fig. 4D).  Similarly, species richness was 
significantly higher (p=0.02, Fig. 3E) in the NTM-BCa group compared to the HC but not for the 
sample evenness (p=0.19, Fig. 3E). However, we did not observe any considerable difference 
in alpha diversity analysis, among the NTM and NTM-BCa groups (p=0.53-0.88, Fig. 4F). 
The richness of various bacterial species among different groups has been illustrated in the 
Heatmaps at OTU, genus and phylum level (Fig. 5). Regarding the relative abundance of the 
OTUs, Unc02v3h and UncB2490 were significantly lower in the NTM-BCa group compared to 
the HC subjects (Fig. 3A, p=0.007-0.017). No significant difference was observed in the OTU 
distribution between HC vs. NTM (Fig. 3A, p=0.06-0.08) or NTM vs. NTM-BCa groups (Fig. 3A, 
p=0.09-0.1). At the generic level, the dominating genera in the HC subjects were Streptococcus 
(28%), Veilonella (21%), Haemophilus (20%), Rothia (5%), Nisseria (4%), Leptotrichia (3%), 
Prevotella (2%) and Fusobacterium (2%)  (Fig. 2B). In the NTM group, Haemophilus (20%), 
Streptococcus (16%), Neisseria (10%), Veilonella (9%), Rothia (7%), Fusobacterium (3%), 
Leptotrichia (3%) and Prevotella (1%) were the predominant taxa (Fig. 3B). In the NTM-BCa 
group, the most abundant genera were Streptococcus (13%), Veilonella (12%), Haemophilus 
(10%), Rothia (8%), Neisseria (7%), Prevotella (6%) and Fusobacterium (3%) (Fig. 3B). 
When we compared the generic distribution among the various groups, a significantly lower 
frequency of Leptotrichia (0.4% vs. 2.8%, p=0.006, Mann-Whitney test) and Streptococcus 
(13% vs. 28%, p=0.01, Mann-Whitney test) were evident in the BCa-NTM group compared to 
the HC subjects (Fig. 3B). While comparing the genera distribution between the HC and the 
NTM group, we observed a significant decline in Veilonella in the NTM group (9% vs. 21%, 
p=0.03, Mann-Whitney test) (Fig. 3B). No considerable difference in genera distribution was 
observed between the NTM and NTM-BCa groups (p=0.16-0.95) (Fig. 3B). Other than the 
top 8 genera described above across all the samples, the rest were present in less than 1% 
abundance. At the phyla level, the majority of the taxa in the HC group belonged to Firmicutes 
(52%) Proteobacteria (24%) and Bacteriods (13%) (Fig. 3C). Compared to the HC, the top 
phyla in the NTM group were Proteobacteria (28%), Firmicutes (27%) and Bacteriods (13%) 
(Fig. 3C). In the NTM-BCa group the top phyla were Bacteriods (36%), Firmicutes (33%) 
and Proteobacteria (19%) (Fig. 3C). While comparing the phyla distribution, Firmicutes 
and Fusobacteria appear to be dominant (p=0.04, Mann-Whitney test) in the HC subjects 
compared to the NTM-BCa group (Fig. 3C). No considerable difference in the distribution of 
phyla was observed between the HC vs. NTM or the NTM vs. NTM-BCa groups (=0.29-0.80) 
(Fig. 3C).

Microbiome niche in matched sputum and circulating EVs of NTM-BCa patients
Recent studies detected genomic DNA in the EVs [25, 38]. We analyzed circulating 

EVs from 4 available NTM-BCa subjects for microbial DNA detection and determined the 
relative abundance of various taxa in matched sputum and the EV samples. The pairwise 
analysis of the microbiota of the matched sputa and circulating EVs revealed the presence 
of a total of 74 genera from 50 families and 11 phyla in these samples considering average 
0.05% abundance (Fig. 6). Both alpha and beta diversity analyses demonstrated significant 
differences in taxa abundance and richness between EVs and the matched sputa (Fig. 7A-B). 
Considering a minimum 1% average abundance, 18 genera were identified in the EVs, which 
include Bacteroides (7%), Escherichia/Shegella (6%), Streptococcus (4%), Allistipes (3%), 
Cloacbacterium (3%), Faecalibacterium (3%), Lachnoclostridium (3%), Staphylococcus (3%), 
Nisseria (3%), Fusicatenibacter (2%), Fusobacterium (2%), Lachnospira (2%) and Tepidimonus 
(2%) (Fig. 7C). Other genera, including Corynebacterium, Haemophilus, Intestinibacter, 
Lactobacillus and Romboutsia were detected with a range of 1-1.5% abundance. The top phyla 
in the EVs were Firmicutes (46%), Bacteriodetes (22%), Proteibacteria (22%), Actinobacteria 
(5%) and Fusobateria (2%) (Fig. 7D). The Heatmaps at genus (Fig. 8A) and phylum level (Fig. 
8B) further illustrate the distinct abundance of the microbiota in the matched sputum and 
EV samples.



Cell Physiol Biochem 2019;52:263-279
DOI: 10.33594/000000020
Published online: 28 February 2019 273

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Philley et al.: Microbiome of Sputa

Fi
g.

 6
. 

M
ic

ro
bi

ot
a 

of
 

m
at

ch
ed

 
EV

s 
an

d 
sp

ut
um

. 
Th

e 
re

la
tiv

e 
ab

un
da

nc
e 

of
 

ba
ct

er
ia

l 
ta

xa
 

id
en

tif
ie

d 
in

 p
ai

re
d 

EV
 

an
d 

sp
ut

um
 

sa
m

pl
es

 
ha

s 
be

en
 

re
pr

es
en

te
d 

as
 

st
ac

ke
d 

ba
r 

pl
ot

s. 
Ea

ch
 

ba
r 

re
pr

es
en

ts
 

an
 

in
di

vi
du

al
 

an
d 

ea
ch

 c
ol

or
ed

 b
ox

, 
a 

ba
ct

er
ia

l 
ta

xo
n,

 
fa

m
ily

, 
ph

yl
um

 
an

d 
cl

as
s. 

Th
e 

he
ig

ht
 o

f a
 c

ol
or

ed
 

bo
x 

re
pr

es
en

ts
 

th
e 

re
la

tiv
e 

ab
un

da
nc

e 
at

 
va

ri
ou

s 
ta

xo
no

m
ic

 
le

ve
ls

 a
s 

in
di

ca
te

d.
 

S:
 

Sp
ut

um
; 

E:
 

E
x

tr
a

c
e

ll
u

la
r 

ve
si

cl
es

. 
Th

e 
re

sp
ec

tiv
e p

at
ie

nt
’s 

nu
m

be
r f

ro
m

 N
TM

-
BC

a g
ro

up
 h

as
 b

ee
n 

sh
ow

n 
un

de
r 

ea
ch

 
pa

ir
ed

 
sp

ut
um

 
an

d 
EV

 s
am

pl
es

. A
 

m
in

im
um

 
av

er
ag

e 
ab

un
da

nc
e 

of
 0

.0
5%

 w
as

 co
ns

id
er

ed
 fo

r c
al

cu
la

tin
g 

th
e 

en
tir

e 
ta

xa
 a

bu
nd

an
ce

.

S 
   

E 
   

S 
   

E 
   

 S
   

 E
   

 S
   

 E
__

__
__

__
__

__
__

__
__

__
__

__
__

03
   

   
   

11
   

   
   

 1
2 

   
   

 1
3

G
en

us
Fa

m
ily

Relative abundance

Relative abundance

Fi
gu

re
 6

Relative abundance

S 
   

E 
   

S 
   

E 
   

S 
   

E 
  S

   
 E

__
__

__
__

__
__

__
__

__
__

__
__

_
03

   
   

   
11

   
   

   
12

   
   

 1
3

S 
   

   
   

E 
   

   
   

S 
   

   
   

 E
   

   
   

  S
   

   
   

  E
   

   
   

 S
   

   
   

  E
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

_

   
   

  0
3 

   
   

   
   

   
   

  1
1 

   
   

   
   

   
   

   
  1

2 
   

   
   

   
   

   
   

13

Ph
yl

am



Cell Physiol Biochem 2019;52:263-279
DOI: 10.33594/000000020
Published online: 28 February 2019 274

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Philley et al.: Microbiome of Sputa

Fi
g.

 7
. A

lp
ha

 a
nd

 b
et

a 
di

ve
rs

ity
 o

rd
in

at
io

n 
pl

ot
s. 

(A
) M

ea
su

re
m

en
t o

f t
he

 in
tr

a-
sa

m
pl

e 
di

ve
rs

ity
 b

y 
al

ph
a 

di
ve

rs
ity

 m
et

ho
d.

 T
he

 a
lp

ha
 d

iv
er

si
ty

 m
et

ri
cs

 u
se

 th
e 

co
un

ts
 

(r
ic

hn
es

s)
 a

nd
 d

is
tr

ib
ut

io
n 

(e
ve

nn
es

s, 
Sh

an
no

n 
In

de
x)

 o
f t

he
 O

TU
s 

w
ith

in
 a

 s
am

pl
e 

as
 th

e 
ba

si
c 

va
lu

es
 fo

r 
th

es
e 

ca
lc

ul
at

io
ns

. (
B)

 M
ea

su
re

m
en

t a
nd

 c
om

pa
ri

so
n 

of
 b

et
a 

di
ve

rs
ity

 in
 v

ar
io

us
 g

ro
up

s 
us

in
g 

w
ei

gh
te

d 
Un

iF
ra

c 
(p

hy
lo

ge
ni

tic
) 

di
st

an
ce

 m
et

ri
cs

. D
at

a 
w

er
e 

pl
ot

te
d 

us
in

g 
PC

oA
 o

rd
in

at
io

n 
m

et
ho

d 
ut

ili
zi

ng
 th

e 
OT

Us
 a

s 
th

e 
ba

si
c 

un
its

. T
he

 p
er

ce
nt

ag
e 

of
 v

ar
ia

bi
lit

y 
of

 e
ac

h 
pr

in
ci

pa
l c

oo
rd

in
at

es
 (P

C)
 h

as
 b

ee
n 

ex
pl

ai
ne

d 
on

 th
e 

ax
is

 o
f t

he
 p

lo
t. 

Ea
ch

 c
ol

or
ed

 c
ir

cl
e 

re
pr

es
en

ts
 a

 s
am

pl
e 

fr
om

 a
 g

ro
up

, 
as

 in
di

ca
te

d.
 T

he
 p

ro
ba

bi
lit

y 
di

st
ri

bu
tio

n 
ha

s 
be

en
 r

ep
re

se
nt

ed
 b

y 
th

e 
el

lip
se

s. 
(C

-D
) 

Ex
cl

us
iv

e 
ab

un
da

nc
e 

of
 v

ar
io

us
 g

en
er

a 
an

d 
ph

yl
a 

in
 th

e 
ci

rc
ul

at
in

g 
ex

os
om

es
. A

 
m

in
im

um
 a

ve
ra

ge
 a

bu
nd

an
ce

 o
f 1

%
 w

as
 co

ns
id

er
ed

 fo
r t

he
 ca

te
go

ri
za

tio
n 

of
 th

e 
to

p 
ta

xa
.

Fi
gu

re
 7

U
nw

ei
gh

te
d 

U
ni

Fr
ac

   
  S

pu
tu

m
   

   
  E

V
   

   
   

   
   

  S
pu

tu
m

   
   

   
 E

V
   

   
   

   
   

  S
pu

tu
m

   
   

   
EV

R
=0

.3
24

2Sp
ut

um

PC2 (20.1% variation explained)

A
B

C

PC
1 

(3
4%

 v
ar

ia
tio

n 
ex

pl
ai

ne
d)

D

Firmicutes

Fusobacteria

Proteobacteria

Actinobacteria

Bacteroidetes

Ph
yl

um
G

en
er

a

p=
0.

02
7



Cell Physiol Biochem 2019;52:263-279
DOI: 10.33594/000000020
Published online: 28 February 2019 275

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Philley et al.: Microbiome of Sputa

BR03

BR11

BR12

__
__

__
__

__
__

__
__

__
__

__Sputum
EV
Sputum
EV
Sputum
EV
Sputum
EV

Sputum
EV
Sputum
EV
Sputum
EV
Sputum
EV

BR03

BR11

BR12

BR13

BR13

__
__

__
__

__
__

__
__

__
__

_

PhylumGenus
Figure 8

A                                                                       B

Fig. 8. Heatmaps and clustering of paired EV and sputum microbiota samples at generic (A) and phylum 
(B) level. A minimum average abundance of 1% was considered to determine relative abundance at various 
taxonomic levels. S: Sputum; E: Extracellular vesicles; BR: Women with NTM lung disease and breast cancer.
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Discussion

Treatment of NTM lung disease is a daunting task because of the recurrent episodes 
of acquired drug resistance [3]. Moreover, increasing incidences of NTM among individuals 
with a history or current diagnosis of malignant disease such as BCa, making it even more 
challenging therapeutically. Clearly, a better understanding of the molecular mechanism 
of the NTM susceptibility/progression and characterization of the associated risk factors 
is warranted. The microbiome research has received considerable attention in this decade 
because of the increasing evidences implicating their critical role in inflammatory, autoimmune 
and malignant diseases [5, 39]. Dysbiosis or imbalance in microbiota community could 
influence tumorigenesis and therapeutic response by modulating the genotoxic response 
and alteration of the microenvironment and metabolism [39]. Thus, host-microbiome 
niche and their interplay appear to play a pivotal role in preventing or promoting various 
inflammatory diseases and neoplasm. Characterizing and understanding of the molecular 
biological and pathophysiological connections between the overall microbiome and MAC 
species in the NTM infected individuals could be helpful in risk assessment and better 
therapeutic management.

Our study establishes that other than Mycobacterium, DNA from many other unique 
pathogenic microbes was present in the sputa of the women with NTM infection. For 
example, Fusobacteria, found in higher abundance in the NTM-BCa and NTM subjects are 
a pathogenic oropharyngeal flora in periodontal and gingival diseases and associated with 
colorectal cancer development [5]. In a recent study, Fusobacterium was also found in higher 
abundance in the BCa compared to the benign breast tissues [8]. On the other hand, studies 
on the oral cavity microbiota in human papilloma virus positive or negative oral squamous 
cell carcinomas and Fanconi Anemia, identified Streptococcus, Nesseria, Veilonella, and 
Haemophilus as the dominating genera [40-41]. In another study of sputum microbiota in 
patients with pulmonary tuberculosis from the Indian subcontinent, Streptococcus, Nesseria, 
Veilonella has been identified as the most abundant microbes [42]. In another microbiota 
analysis of sputum from recurrent and treatment failure tuberculosis, abundance of 
Streptococcus was noted [9]. The sputa as well the circulating EVs from our patient cohort 
were also enriched with these specific genera, further suggesting their functional importance 
in the pathogenesis of NTM lung disease.

Recent studies uncovered a functional link between estrogen and microbiota [11-
12]. Estrogens are steroid hormone, which activate their cognate receptors ERα and ERβ 
upon binding and associated with BCa tumorigenesis [12]. Estrogen like compounds when 
consumed, can be metabolized to its active form by specific microbiota and on the other hand, 
estrogen like compounds may promote growth and proliferation of certain microbes [12].  The 
microbial genes, whose products are capable of metabolizing estrogen have been identified 
and known as the estrobolome [43]. A certain group of microbes, including Bacteroids, 
Faecalibacterium, Alistipes, Fusobacterium, Prevotella, Staphylococcus, Streptococcus harbor 
estrobolome with β-glucaronidase and/or β-galactosidase activity, which could increase the 
intestinal reabsorption of estrogen [11-12]. This increase in estrogen metabolite is strongly 
associated with microbial diversity compared to the parent estrogen [12]. On the other hand, 
increased parent estrogen concentration compared to estrogen metabolite is associated with 
an increased risk of BCa [12]. Of note, all the estrobolome containing microbes described 
above were identified in the sputa or EVs of various groups of patients who had undergone 
estrogen therapy. Further functional studies are warranted to establish the functional role of 
the estrobolome containing microbes in NTM pathogenesis detected in these women.

Emerging studies also established a crucial role of EVs in host pathogen interaction 
during microbial infection and malignant transformation [13-19]. We recently identified 
expression of some BCa and obesity associated molecules exclusively in the circulating 
EVs of these NTM-BCa subjects [2]. Moreover, circulating EVs from these patients not only 
induced inflammatory cytokine production by normal human T cells, but also epithelial to 
mesenchymal transition in normal mammary epithelial cells, when co-cultured [2]. Other 
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than the cellular proteins, we also detected human mitochondrial DNA and human papilloma 
virus-16 associated E7 protein in the circulating EVs of prostate and head and neck cancer 
patients respectively [25, 44]. Recent studies also detected mutant KRAS and TP53 DNA 
in the circulating EVs of pancreatic cancer patients and genomic DNA in prostate cancer 
patients derived EVs respectively [38, 45]. We have detected DNA of numerous unique 
microbes in the circulating EVs from some NTM-BCa patients, including the ones with the 
estrobolome activity.  For example, Alistipes detected in the EVs has estrobolome activity [11] 
and recently been found in higher abundance in nipple aspirate fluid (NAF) of BCa patients 
[5]. The additional microbiota detected in the EVs compared to the sputa could be due to the 
fact that the EVs are secreted by various different types of cells. Importantly, irrespective of 
the cellular resources, these EVs harbored bacterial DNA from diverse microbial community, 
including the ones with the estrobolome activity, implicating their possible role in NTM 
pathogenesis.

To our knowledge, this is the first study of microbiome analysis in sputa and the 
circulating EVs from women with NTM-BCa and NTM disease, which confirms the existence 
of a diverse microbial community with estrobolome activity representing the oral cavity and 
breast cancer tissue microbiome to some extent. Our study also suggests that NTM might 
not be a “MAC” disease alone. Many other players from the diverse microbiome community 
as identified through this pilot study could be associated with NTM pathogenesis and 
therapeutic resistance. Molecular interaction between the “MAC” and “other microbiome/
estrobolome” derived factors, and transport of this information through the EVs might 
potentially initiate and drive NTM pathogenesis. In concert with the MAC, monitoring and 
surveillance of the overall microbiome niche in a patient specific manner are warranted and 
could aid in better therapeutic design and risk assessment of the NTM infected individuals.
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