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Background: Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease caused by multiple factors, with diverse
clinical manifestations leading to varying treatment outcomes. Dysbiosis of the respiratory microbiome is one of the key contributors
to this variability.

Objective and Methods: Due to differences in microbial detection technologies and sample collection methods, studies on the
characteristics of respiratory prokaryotic microbiota and how these microbes influence host functions in COPD patients have yielded
variable results. In this review, we conducted a comprehensive search of relevant literature from PubMed, ScienceDirect, and Elsevier,
summarizing studies on the characteristics and functional analyses of prokaryotic microbiota under various technical approaches. The
goal was to identify common patterns of microbiota changes in COPD across different disease states, as well as individual microbial
influences on host functions.

Results: Compared with healthy adults, in stable-phase COPD patients, the relative abundance of Prevotella species in the
Bacteroidetes phylum is significantly reduced. During acute exacerbations, the predominant microbiota is composed of Moraxella,
Haemophilus, and Streptococcus species from the Proteobacteria and Firmicutes phyla. Clinical indicators in COPD patients are
correlated with the abundance of Streptococcus (Firmicutes) and Prevotella (Bacteroidetes) species. Furthermore, the different phyla of
respiratory prokaryotic microbiota are associated with innate immunity, metabolism, and inflammation factors related to COPD.
Conclusion: This review summarizes evidence on dynamic changes in the airway prokaryotic microbiome during COPD progression.
It highlights the dual role of these microbial changes as biomarkers of disease progression and modifiable targets for personalized care.
Observed patterns—such as reduced Prevotella abundance in stable disease and the dominance of Moraxella, Haemophilus, and
Streptococcus during acute exacerbations—provide a basis for stratifying patients and designing individualized treatment plans.
Microbiome analysis may aid in early identification of high-risk patients for preventive strategies, guide pathogen-specific antimicro-
bial or immunomodulatory therapy, and allow treatment response to be monitored through microbial shifts. By linking distinct
microbial profiles to host immune and inflammatory pathways, this approach supports the development of tailored interventions to
restore microbial balance. These strategies could improve clinical outcomes and advance precision medicine in COPD management.
Keywords: chronic obstructive pulmonary disease, COPD, airway microbiome, prokaryotic microorganisms, dysbiosis, disease
endotype, microbial composition, airway inflammation, host-microbiome interaction

Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic respiratory disease caused by abnormalities in the airways
and/or alveolar structures, primarily characterized by symptoms such as breathlessness, cough, and sputum production.’
COPD is one of the leading causes of death worldwide, with approximately 3 million people dying from COPD
each year. With the continued exposure to risk factors and the aging global population, it is expected that by 2060,
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the number of COPD-related deaths will exceed 5.4 million,>> posing significant challenges to global economies and
societies.

COPD is primarily diagnosed and assessed for risk stratification through pulmonary function tests, chest imaging,
relevant laboratory tests, symptom evaluation, and the GOLD grading system.* With the continuous advancement of
medical standards, patients can alleviate their symptoms through various treatments such as medications (eg, broncho-
dilators, inhaled corticosteroids), oxygen therapy, pulmonary rehabilitation, surgical interventions, and vaccination.’
Moreover, as research into the molecular mechanisms of the disease progresses, new therapeutic approaches such as
biologics (eg, dupilumab) and pharmacogenomics are gradually coming into focus.® The development of COPD involves
multiple mechanisms, including inflammation, oxidative stress, imbalance of protease/antiprotease, cell death and
apoptosis, genetic and environmental factors, microbial infections, immune dysfunction, and metabolic disorders. The
pathological process reflects the complex interplay of multiple factors, pathways, and levels. Despite advances in the
study of COPD mechanisms, effective treatments for inhibiting disease progression and addressing the physiological
decline, fatigue, and frailty associated with COPD are still lacking.

The heterogeneity of COPD presents a significant challenge in clinical management. This heterogeneity manifests in
phenotypes such as frequent exacerbations and rapid lung function decline, which are associated with distinct patterns of
airway microbiota dysbiosis. Phenotype-specific dysbiosis—ranging from a loss of microbial antagonistic networks to an
increased pathogen burden—directly correlates with clinical severity. Mechanistically, dysbiosis perpetuates the disease
through sustained activation of innate immune pathways. Upregulation of TLR4 and NOD1/2 by microbial ligands drives
NF-kB—dependent inflammation, while a dysbiosis-induced Th17/IL-17 axis exacerbates neutrophilic influx and remodeling.
Concomitant alterations in immunomodulatory microbial metabolites further disrupt host homeostasis.” Elucidating these
microbe—host interactions establishes a critical framework for advancing personalized management strategies in COPD.

Dysbiosis of the respiratory microbiota has been shown to play a key role in various chronic respiratory diseases,
including COPD, asthma, bronchiectasis, and idiopathic pulmonary fibrosis (IPF).® These diseases often involve impaired
airway clearance, leading to microbial imbalance in the airways, which exacerbates inflammation and drives disease
progression.®® Studies indicate that the respiratory tract hosts not only bacteria but also fungi, viruses, and other
microbial communities. The structure of these microbial communities and their metabolic products can modulate the
host’s immune response and inflammation levels,'® and are closely linked to the risk of acute exacerbation, disease
severity, and mortality. The interaction between microbial communities and the host may provide potential therapeutic
targets for improving the progression of chronic respiratory diseases. Recent studies suggest that microbial therapies,
such as probiotics, antibiotic interventions, or microbial modulation, may have a positive impact on the treatment of
COPD, particularly in regulating immune function and alleviating inflammation, offering new insights and methods for
COPD management.

Although progress has been made in the study of respiratory microbiota, research on COPD remains predominantly
focused on bacterial communities, and inconsistencies across studies are often due to differences in the techniques and
sampling methods used. Current research mainly employs techniques such as 16S rRNA sequencing, metagenomics,
transcriptomics, and metabolomics to analyze the composition of prokaryotic microbiota in the respiratory tract and their
interactions with the host.''"'> However, differences in analytical methods and sampling can lead to varied conclusions
across studies. Therefore, this review aims to systematically search databases such as PubMed, ScienceDirect, and
Elsevier using the keywords “COPD, microbiota, respiratory tract,” to integrate the findings from different studies,
explore the role of respiratory prokaryotic microbiota in COPD, and provide insights into the mechanisms of microbial
imbalance in COPD for further investigation, early diagnosis, and the development of therapeutic strategies.

Characteristics of Respiratory Prokaryotic Microbiota in Stable and Acute
Exacerbation Stages of COPD

Respiratory Prokaryotic Microbiota Diversity in Stable COPD Patients
At the genus level, a study by Rong Wang on sputum samples from 52 stable COPD patients revealed that the most
common prokaryotic microbiota were Streptococcus (29.32%) and Gemella (6.74%) from the phylum Firmicutes,
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Granulicatella (4.68%) from the phylum Firmicutes, Rothia (22.31%) from the phylum Actinobacteria, and Leptotrichia
(4.30%) from the phylum Fusobacteria.'* In another study by Hazra et al, sputum samples from 29 COPD patients 12
with moderate COPD and 17 with severe COPD and healthy individuals showed that in the moderate COPD cohort, the
five most common genera were Streptococcus (28.2%), Rothia (11.4%), Prevotella (8.3%), Porphyromonas (7.9%), and
Neisseria (6.2%)."> In the severe COPD cohort, the dominant genera were Streptococcus (20.2%), Prevotella (11.7%),
Porphyromonas (10.1%), Leptotrichia (5.9%), and Rothia (5.3%). In contrast, Prevotella (16.5%) was the most common
genus in healthy individuals, followed by Streptococcus (13.0%), Neisseria (7.1%), Fusobacterium (6.6%), and
Bacteroides (6.2%)."*""

Bougquet et al'® analyzed microbial load in 446 spontaneous sputum samples from stable COPD patients, finding that
Prevotella, Veillonella, Haemophilus, and Streptococcus were the most common genera. Notably, microbiota dominated
by Prevotella displayed higher respiratory microbial diversity. Studies by Wang Z (2020),"* Wang J (2020),"’ Dicker
A. J. (2021),*° and Yang C. Y. (2021)*" also reported a significant reduction in the relative abundance of Prevotella in
sputum samples from COPD patients.

Ramsheh et al*? analyzed 546 bronchial brush samples from healthy individuals and COPD patients, with 214 healthy
individuals showing a relative abundance of Prevotella (45.3%), Streptococcus (7.7%), and Moraxella (0.39%). In 360
stable COPD patients, the relative abundance of Prevotella was 33.2%, Streptococcus 12.2%, and Moraxella 2.3%. This
study highlighted that Prevotella (Bacteroidetes), Streptococcus (Firmicutes), and Moraxella (Proteobacteria) were the
most distinguishing genera between COPD patients and healthy individuals. Compared with healthy individuals, COPD
patients showed a significant decrease in Prevotella and a significant increase in Streptococcus and Moraxella. Both
genus-level and phylum-level studies indicate that while there is no significant difference in the phylum-level microbiota
of stable COPD patients compared to healthy individuals, there are differences in the relative abundance of different
phyla. At the genus level, however, the composition and abundance of microbial communities show significant
differences.

In conclusion, the relative abundance of Prevotella (Bacteroidetes) is significantly reduced in the respiratory tract of
stable COPD patients. Given that bronchial brush and bronchoalveolar lavage fluid samples provide deeper insight into lung
microbiota, changes in the relative abundance of Prevotella are more pronounced in these samples. Nevertheless, regardless
of the sampling method, an increase in the relative abundance of Streptococcus and Moraxella and a decrease in Prevotella
in COPD patients may serve as potential biomarkers for diagnosing COPD (Table 1, Figures 1 and 2).

Respiratory Prokaryotic Microbiota Diversity in Acute Exacerbation of COPD
According to the GOLD 2023 guidelines, acute exacerbation of COPD (AECOPD) is defined as an event characterized
by increased shortness of breath, cough, and sputum production, lasting less than 14 days, and usually associated with
increased local and systemic inflammation due to infection, pollution, or other airway damage.*® AECOPD is a leading
cause of mortality in COPD patients, with Chinese COPD patients experiencing 1-4 exacerbations per year. Respiratory
infections are the most common cause of AECOPD, and the microbiome plays a crucial role during this acute phase.

Yanyan Xu et al*? analyzed 249 sputum samples from six core families to investigate airway microbiome differences
between healthy controls, stable COPD, and AECOPD patients. They found that compared to healthy individuals,
AECOPD patients had a higher relative abundance of certain bacterial phyla, including Proteobacteria, Chloroflexi,
Bacteroidota, Acidobacteriota, Desulfobacterota, Firmicutes, and Verrucomicrobiota. Specifically, within the
Proteobacteria phylum, the relative abundance of Gammaproteobacteria (eg, Haemophilus) and Alphaproteobacteria
was increased during AECOPD. Furthermore, at the genus level, Raoultella (Proteobacteria) and Haemophilus
(Proteobacteria) showed a significant increase in AECOPD patients. Pragman, A. A.’s study®® of sputum samples
from 11 patients with frequent acute exacerbations found that these patients exhibited a higher relative abundance of
Gammaproteobacteria, especially Haemophilus and Moraxella, which were notably enriched in this phylum. Similarly,
Koirobi Haldar et al reported that Proteobacteria accounted for 50% of the microbiota in COPD patients, with
Haemophilus and Moraxella representing 25% and 3% of the microbiome, respectively, underscoring the importance
of Gammaproteobacteria in COPD. "
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Table | List of Airway Microbiome Studies in Acute exacerbate and stable COPD

Enterobacteriaceae
Moraxella

Study Group Sample Phylum Genus Supplementary
(Health/Stable/
AECOPD)
Health Stable AECOPD Health Stable AECOPD
Wang, R. 0/81/0 Sputum (52) Firmicutes (53.21%) - - Streptococcus (29.32%) - 1393 bacterial
(2023)* Actinobacteriota (29.99%) Rothia (22.31%) ASVs
Proteobacteria (7.56%) Gemella (6.74%)
Fusobacteriota (5.52%) ranulicatella (4.68%)
Patescibacteria (1.75%) Leptotrichia (4.30%)
Hazra,D. 16/0/29 (12 moderate Sputum Firmicutes (31.9%) - Firmicutes (46.3%, 35.6%) Prevotella (16.5%) - moderate 91863 OTUs
(2023)*® and 17 severe COPD) Bacteroidetes (28.7%) Bacteroidetes (20.0%, 26.8%) Streptococcus (13.0%) Streptococcus (28.2%) (severe COPD
Proteobacteri (16.1%) Proteobacteria (12.9%, 17.4%) Neisseria (7.1%) Rothia (I 1.4%) 35.6%, moderate
Actinobacteria (5.9%) Actinobacteria (14.0%, 8.5%) Fusobacteria (6.6%) Prevotella (8.3%) COPD 27.2%,
Fusobacteria (13%) Fusobacteria (5.3%, 9.5%) Velionella (6.2%) Porphyromonas (7.9%) healthy 26.3%)
Gemella (6.2%)
Severe Streptococcus
(20.2%)
Prevotella (11.7%)
Porphyromonas (10.1%)
Leptotrichia (5.9%)
Rothia (5.3%)
Bouquet, . 0/200 (COPD) Sputum (1179, Stable - Firmicutes, Proteobacteria and Bacteroidetes (> 80%) - Prevotella Haemophilus 9853 ASVs
(2020)*° 38%, AECOPD 34%) Streptococcus Moraxella
Veillonella Pseudomonas
Neisseria Prevotella
Rothia Streptococcus
Wang, Z.. 10/18/0 Sputum - Firmicutes Prevotella Streptococcus - -
(2020)* Proteobacteria Haemophilus Veillonella
Bacteroidetes Catonella Rothia
Actinobacteria Leptotrichia Prevotella
Fusobacteria Haemophilus
Spirochaetes Actinomyces
Wang, J. 10/4/36 Sputum (68) Firmicutes (52.06%) Firmicutes (53.95%) Firmicutes (60.99%) Streptococcus (27.52%) Streptococcus (34.49%) Streptococcus (26.59%) 1395 OTUs
(2020) Actinobacteria (24.80) Actinobacteria (33.47%) Actinobacteria (25.75%) Rothia (12.93%) Rothia (21.04%) Rothia (16.07%)
Proteobacteria (8.66%) Bacteroidetes (4.69%) Proteobacteria (5.59%) Lactobacillus (10.13%) Lactobacillus (12.43%) Staphylococcus (7.83%)
Bacteroidetes (7.01%) Proteobacteria (2.91%) Staphylococcus (6.60%) Lautropia (6.26%) Abiotrophia (5.89%)
Granulicatella (6.49%) Parvimonas (3.91%) Lactobacillus (4.34%)
Dicker, A. ). 0/252/0 Sputum - Proteobacteria - Haemophilus -
(2021)7 Firmicutes Streptococcus
Bacteroidetes Neisseria Veillonella
Actinobacteria Prevotella
Fusobacteria Pseudomonas
Stenotrophomonans
Pasteurella

[ ef



1 7:970T 9seasiq Adeuowljng 9ARINIISO dIUOJIYD) JO [euanof [euoeualu)

:sdyy

Yang, C. Y.
(2021)7

0/78/0

Sputum

Firmicutes (43.5-54.6%)
Actinobacteria (16.6—16.7%)
Proteobacteria (10.9%-
22.3%) Bacteroidetes (3.3%-
4.0%) Fusobacteria (2.0%-
3.0%)

Streptococcus (28.68%-
41.24%)

Rothia (10.20%-10.83%)
Haemophilus (1.34%-2.72)
Neisseria (3.07%-3.42%)
Veillonella (1.45%-2.25%)
Granulicatella (2.54%-
2.95%)

Porphyromonas (0.94%-
0.96%)

Leptotrichia (1.14%-1.30%)
Actinomyces (0.55%-0.92%)
Capnocytophaga (0.37%-
0.61%)

133386 reads

Ramsheh, M.

Y.(2021)%7

214/360/0

Brush (567)

Bacteroidetes (43.0%)
Firmicutes (24.5%)
Proteobacteria (20.3%)
Actinobacteria (6.6%)
Fusobacteria (4.1%)

Prevotella (45.3%)
Streptococcus (7.7%)
Moraxella (0.39%)

Prevotella (33.2%)
Streptococcus (12.2%)
Moraxella (2.30%)

4687 OTUs

Xu, Y.
(2021)*2

Sputum (249), Swab
(235)

Firmicutes
Proteobacteria

Actinobacteriota

Proteobacteria
Chloroflexi
Bacteroidota
Acidobacteriota
Desulfobacterota
Firmicutes

Verrucomicrobiota

Actinomyces
Veillonella
Rothia

Raoultella Haemophilus

Healthy:14 OTUs
Stable:10 OTUs
AECOPD:29
OTUs

Pragman, A.
A(2019)*

0/22/0

Oral wash, sputum

Haemophilus

Prevotella

Actinomyces
Capnocytophaga

Gemella

Ruminococcaceae
Candidatus Saccharimonas
Bergeyella

169 ASVs

Haldar, K.
(2020)%

251/218/0

Sputum

Firmicutes (55% * 13%)
Bacteroidetes (21% * 11%)
Actinobacteria

(12% + 6%)

Proteobacteria (51% * 12%)
Firmicutes (29% + 9%)
Bacteroidetes (16% * 5%)

Streptococcus (30% *+ 13%)
Veillonella (17% + 9%)
Prevotella (16%+10%)
Actinomyces (6%%5%)
Rothia (5% + 4%)
Granulicatella (3% +3%)

Haemophilus (25% + 8%)
Erwinia (7% +3%)
Cronobacter (6% * 2%)
Moraxella (3% * 7%)
Veillonella (16% *+ 9%)
Granulicatella (7% + 3%)
Streptococcus (5% * 2%)
Prevotella (14% + 5%)

Health:1424
OTUs
Stable:2329
OTUs

(Continued)
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Table 1 (Continued).

Study

Group

(Health/Stable/
AECOPD)

Sample

Phylum

Genus

Supplementary

Health

Stable

AECOPD

Health

Stable

AECOPD

Ramsheh, M.
Y.(2016)**

0/87/87

Sputum (476)

Streptococcus (36.2%)
Haemophilus (19.4%)
Moraxella (10.0%)
Pseudomonas (3.8%)
Veillonella (2.2%)
Rothia (2.3%)
Neisseria (2.2%)
Actinomyces (1.3%)
Granulicatella (1.2%)
Prevotella (1.2%)

1193 OTUs

Xue, Q.
(2023)7°

0/17/31

Sputum (Stable: 36,
AECOPD: 31)

Actinobacillus
Clostridium

Haemophilus
Moraxella
Klebsiella
Pseudomonas
Neisseria
Corynebacterium
Gemella
Aggregatibacter
Fusobacterium

13884 ASVs

Leiten, E. O.
(2020)7

0/0/130

OW (60), BAL2
(102), rPSB (73)

Firmicutes Bacteroidetes

Proteobacteria Fusobacteria

Streptococcus
Veillonella
Prevotella
Gemella

Moraxella

Su, L.(2022)”7

10/23/28

Sputum (health: 10,

stable: 23, AECOPD:

28)

Firmicutes (34.01%)
Bacteroidetes (26.01%)
Proteobacteria (23.09%)

Firmicutes (31.63%)
Bacteroidetes (28.94%)
Proteobacteria (19.68%)

teobacteria (30.29%)
Firmicutes (29.85%)
Bacteroidetes (14.02%)

Streptococcus (18.41%)
unidentified_Prevotellaceae
(14.63%)

Neisseria (13.21%)
Veillonella (9.00%)
Haemophilus (5.93%).

unidentified_Prevotellaceae
(15.69%)

Streptococcus (14.31%)
Neisseria (12.13%)
Veillonella (7.38%)
Haemophilus (3.62%)

Streptococcus (14.31%)
Neisseria (11.60%)
unidentified_Prevotellaceae
(8.90%) Haemophilus
(7.49%)

Veillonella (6.37%)

AECOPD:2677
OTUs
stable:2127
OTUs
healthy:988
OTUs

Zhu, S.
(2022)"

36/0/34

Sputum

Firmicutes
Proteobacteria
Bacteroidetes
Actinobacteria

Fusobacteria

Firmicutes
Proteobacteria
Actinobacteria
Bacteroidetesa
Fusobacteria

Streptococcus
Neisseri
Prevotella7
Porphyromonas
Haemophilus
Veillonella
Rothia
Alloprevotella
Actinomyces
Fusobacterium

Streptococcus
Burkholderia
Veillonella
Actinomyces
Rothia
Neisseria
Prevotella7
Klebsiella
Leptotrichia
Pseudomonas

Li, Y.(2024)”°

0/26/31

sputum

Fusobacterium (1.78%)
Haemophilus (10.11%)
Moraxella (0.20%)
Rothia (14.43%)
Granulicatella (0.40%)

Fusobacterium (0.38%)
Haemophilus (5.31%)
Moraxella (1.20%)
Rothia (24.07%)
Granulicatella (1.43%)
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Figure 2 Comparison of the relative abundance of major bacterial genera in healthy, stable, and AECOPD states.

Additionally, research by Wang, Z (2020)"? and others has shown that during AECOPD, the relative abundance of
Proteobacteria increases, while that of Firmicutes decreases. Notably, Moraxella exhibits the most significant change during
exacerbations, with a marked increase in relative abundance, followed by a decrease in Strepfococcus and an increase in
Haemophilus. Recent studies by Leiten, E. O. (2020),>* Su, L. (2022),>> Zhu, S. F. (2022),” Qing Xue (2023),°° and Li, Y. (2024)*
also confirmed these findings, further establishing the close association between Gammaproteobacteria and acute exacerbations
in COPD patients. Therefore, regular monitoring of related genera such as Haemophilus and Moraxella within
Gammaproteobacteria in healthy individuals and stable COPD patients can provide valuable insights for predicting and
managing AECOPD exacerbations.
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Correlation Between Respiratory Prokaryotic Microbiota and Lung Function in COPD

Patients

Studies have demonstrated a significant correlation between lung function levels and the characteristics of the respiratory
microbiota in COPD patients. However, there are some discrepancies and controversies in the findings across different
studies. Opron et al collected bronchial biopsy samples from 181 individuals, including non-smokers and smokers (with
or without COPD), and found that the abundance of genera such as Streptococcus, Staphylococcus, Prevotella, and
Gemella was negatively correlated with FEV1/FVC, FEV1, and FEF25-75%. Specifically, among ex-smokers without
COPD, the abundance of Staphylococcus, Prevotella, Streptococcus, and Veillonella was negatively correlated with the
FEVI1/FVC ratio, FEV1% predicted value, and/or FEF25-75%.>’>% Madapoosi et al reported in a study of 126 mild
stable COPD patients that the relative abundance of Streptococcus was positively correlated with FEV1, while Prevotella
showed a negative correlation with FEV1.*® In contrast, Ramsheh et al analyzed bronchial brushing samples from 339
stable COPD patients and found a positive correlation between the relative abundance of Prevotella and post-
bronchodilator FEV1 and FEV1/FVC ratio.”? In COPD patients with 50% < FEV1 < 80%, the most common genera
were Streptococcus (28.2%), Rothia (11.4%), Prevotella (8.3%), Porphyromonas (7.9%), and Gemella (6.2%).'°

Erb-Downward et al analyzed lung tissue from 6 patients who had undergone lung transplantation due to advanced
COPD and found that the presence of Pseudomonas was closely associated with impaired lung function.”® Millares et al
analyzed sputum samples from 72 stable COPD patients and found that in those with more severe airflow limitation, the
relative abundance of Pseudomonas significantly increased, while Treponema was less abundant. The observed changes
in the respiratory microbiome were primarily characterized by reductions in specific genera, some of which were
replaced by Pseudomonas.*® Furthermore, Ramsheh et al combined bronchial brushing samples from 9 COPD patients
(aged 45-75 years) with the BODE index (including body mass index, airflow obstruction, dyspnea, and 6-minute
walking distance). Their analysis revealed that the abundance of Prevotella was negatively correlated with the severity of
COPD symptoms and positively correlated with exercise capacity.”?

However, Pragman et al analyzed nasal swabs, throat swabs, and sputum samples from 14 COPD patients and found
that bacterial biomass was site-specific, showing no significant differences related to age or FEV1% predicted, which
contradicted previous findings.*°

In conclusion, lung function-related indicators (such as FEV1, FEV1/FVC, and FEV1% predicted values) are
significantly correlated with the relative abundance of genera such as Streptococcus (Firmicutes), Prevotella
(Bacteroidota), and Pseudomonas (Proteobacteria). In particular, the relative abundance of Pseudomonas is significantly
associated with more severe airflow limitation in COPD patients. Thus, future research should focus on the dynamic
changes in these three genera to better clarify their relationship with lung function indicators and address the discre-
pancies between various study results.

Host-Microbe Interactions and Their Impact in COPD Patients

The host-microbiome relationship in the respiratory tract refers to the interaction between the host and microorganisms.
Microbes produce various factors that confer virulence or promote colonization through other means, triggering
molecular and cellular responses in the host, which may either help maintain health or induce disease.?” This reflects
the focus of research on the dynamic interactions between the host and microbes. In COPD patients, the primary
prokaryotic microorganisms involved in strong host-microbe interactions in the respiratory tract include Prevotella,
Streptococcus, Pseudomonas, Lactobacillus, and Haemophilus.

Interaction Between COPD Patients and Prevotella

Prevotella is an anaerobic Gram-negative bacterium under the Bacteroidetes phylum, primarily involved in the break-
down of proteins and carbohydrates, and is considered an opportunistic pathogen. Previous studies have shown that the
relative abundance of Prevotella in the respiratory tract of stable COPD patients is significantly lower compared to
healthy individuals, and during the acute phase of COPD, the relative abundance of Prevotella is also significantly
decreased compared to stable patients.'>'*?' Some studies suggest that Prevotella and Moraxella are significantly
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correlated with the host’s respiratory transcriptome profile, especially genes involved in immune and inflammatory
responses, indicating that these bacteria may play a dominant role in host-microbe interactions in COPD.**

In healthy individuals, the high abundance of Prevotella is associated with the regulation of tight junction protein
expression, which may promote innate immunity by directly acting on the epithelium or by upregulating Toll-like
receptors (TLRs), thereby reducing the permeability of lung epithelial cells. The weak TLR-stimulating ability of
Prevotella may trigger mild inflammatory responses that help clear the bacteria but also protect the lungs from pathogens
and chronic diseases under balanced conditions. In addition, the abundance of Moraxella is associated with epithelial
cell-derived IL-17 and TNF inflammatory features, which may be due to the effect of lipopolysaccharides on TLRs. The
interaction between Prevotella and Moraxella might be related to their abundance differences and the TLR-stimulating
ability caused by the different types of lipopolysaccharides they produce. The host lung gene expression profile shows
a significant correlation with Prevotella and Moraxella, but not with Streptococcus.*® Studies indicate that in the case of
lung dysbiosis, the pathogenic Proteobacteria increase, while Prevotella decreases. Prevotella can exert a protective role
by modulating the host’s immune response.

Moreover, Prevotella can directly regulate TLR2 immune responses in lung innate immunity, inducing changes in
immune system functions and development. By occupying ecological niches in the microbiome, Prevotella inhibits the
colonization or infection of Proteobacteria and may act by directly killing them.>* This suggests that Prevotella and
Moraxella participate in the pathogenesis of COPD by regulating the innate immunity of COPD patients.

In terms of amino acid metabolism, Prevotella is positively correlated with adenosine monophosphate (AMP) and
adenosine, which regulate the volume of respiratory surface fluids.>® Studies have also shown that Prevotella can

modulate adenosine metabolism and the methionine (PSC) metabolic pathway,25

and preclinical and clinical studies
have explored targeted compounds for these metabolic pathways.”®*® For example, one study found that increased
bacterial metabolite L-tyrosine, by elevating PSC levels, protected the host from allergic airway inflammation.?® These
findings indirectly suggest that higher relative abundance of Prevotella may alleviate airway inflammation in COPD

patients by modulating amino acid metabolic pathways.

Interaction Between COPD Patients and Streptococcus

The genus Streptococcus under the Firmicutes phylum consists mostly of Gram-positive cocci, with Streptococcus
pneumoniae being a pathogenic species within this genus. Contrary to previous studies, some research suggests that
Streptococcus, as the most common genus in COPD patients, may indirectly trigger excessive production of CXCL8/IL-8
through lung microbiome dysbiosis. The levels of CXCLS8/IL-8 in sputum are associated with increased severity of
COPD.*! Specifically, Streptococcus pneumoniae may play a role in patients with frequent exacerbations of COPD by
damaging the TLR2 signaling pathway in alveolar macrophages.*' This indicates that Streptococcus in the respiratory
tract may modulate the innate immune system and regulate the pathological process of COPD.

Moreover, the relative abundance of Streptococcus in both the respiratory and intestinal tracts of COPD patients is
generally increased.*® The enrichment of Streptococcus is closely associated with increased abundance of glucosyl-
transferases and LPXTG-anchored adhesive domains, suggesting that enhanced adhesive capacity is a key factor driving
the increase in abundance. This adhesion ability is related to specific features of Streptococcus, such as the auxiliary
secretion proteins Aspl-3, which are part of the SecA2/Y2 secretion system. These glycoproteins, rich in serine, are
involved in the adhesion process.®® Therefore, it can be inferred that the enrichment of Streptococcus in the respiratory
tract and its involvement in amino acid metabolism may play an important role in the regulation of COPD. This further
supports the close relationship between Streptococcus and COPD patients.

Interactions Between COPD Patients and Lactobacillus

Lactobacillus is a genus of non-spore-forming, Gram-positive rods under the Firmicutes phylum, known for its strong
ability to metabolize carbohydrates and produce acids. Lactobacillus species are commonly found in various mucosal
sites, including the respiratory tract, and have been shown to play a role in maintaining gut and lung health. In the context
of COPD, Lactobacillus is believed to have potential beneficial effects by modulating the respiratory microbiome and
immune responses.

International Journal of Chronic Obstructive Pulmonary Disease 2026:2| https: 9



Jia et al

Yadava et al, in their study using inhaled lipopolysaccharides and elastase to induce chronic pulmonary inflammation
in mice, found that the abundance of Prevotella decreased, while the abundance of Pseudomonas and Lactobacillus
increased in the affected mice.** Lactobacillus, a Gram-positive bacterium under the Firmicutes phylum, is known for its
strong metabolic ability to produce acids from carbohydrates. Regarding the relationship between Lactobacillus in the
respiratory tract and COPD, Zhengzheng Yan and others, through multi-omics analysis, demonstrated that the reduction
of Lactobacillus in the respiratory tract led to a higher proportion of bacterial transport systems and amino acid synthesis
in neutrophilic COPD patients. The depletion of tryptophan degradation metabolism in the respiratory microbiome
caused a reduction in indole-3-acetic acid (IAA) production by Lactobacillus, which in turn increased the inflammatory
response, epithelial cell apoptosis, and worsened lung function. They also found that the administration of Lactobacillus
and Lactobacillus salivarius to mice, along with Pseudomonas aeruginosa, significantly increased IAA in the mice’s
bronchoalveolar lavage fluid, alleviating lung function decline, tissue damage, and cell apoptosis, while reducing the
levels of IL-1B, IL-6, and IL-17A. These changes were observed in neutrophilic COPD patients, suggesting that the
respiratory host-microbiome correlation is stronger in this patient type and that Lactobacillus colonization in the
respiratory tract has a positive impact on neutrophilic COPD patients.*’

At the same time, Xue Q et al conducted a study on the lung microbiome and cytokine profiles under different COPD
disease states, discovering that Lactobacillus was enriched in treatment-related phenotypes, possibly exerting a potential
probiotic effect.** While some studies suggest that the enrichment of lung microbiota and the increased concentrations of
microbial metabolites (such as arachidonic acid, palmitic acid, glycerol, and 4-hydroxybenzoate) can reduce alveolar

4346 these findings highlight the potential adverse

macrophage TLR4 responses, leading to impaired infection clearance,
effects of certain microbial metabolites on the respiratory tract. However, the research on Lactobacillus in the respiratory
tract underscores the positive effects of microbial products on COPD patients, providing an encouraging response to the

regulation of the respiratory microbiome for these patients.

Interactions Between COPD Patients and Haemophilus
Haemophilus is a type of Gram-negative short rod-shaped bacterium belonging to the class Gammaproteobacteria within the
phylum Proteobacteria. It is widely present in the human respiratory tract and includes both non-pathogenic species and
important pathogens such as Haemophilus influenzae. Haemophilus is a common pathogen in COPD patients, especially in
neutrophil-dominant inflammatory phenotypes. Studies have found that the respiratory microbiome in neutrophil-dominant
COPD patients is heterogeneous, with two major community types primarily dominated by Haemophilus. It has been
reported that IL-1B in sputum is a reliable biomarker for predicting bacterial acute exacerbation with neutrophil increase.*®
In a multi-cohort longitudinal analysis by Wang et al, they observed that in COPD patients with neutrophil proportions
>61% and eosinophil proportions <3%, excessive expression of Haemophilus was associated with reduced microbial
diversity, regardless of whether the patient was in a stable or acute exacerbation phase, and this was accompanied by
elevated sputum and serum IL-17A levels.'® IL-17A further induces the production of serum amyloid A (SAA), and SAA
promotes the upregulation of IL-17A and Thl7-related cytokines (such as IL-6), enhancing the recruitment and activation of
neutrophils. Another study further found that in sputum samples from acute exacerbation patients, not only was the relative
abundance of Firmicutes altered, but the relative abundance of species within the Gammaproteobacteria class also changed
significantly. This was closely related to an increase in the proportion of neutrophils in the sputum and elevated IL-1p levels
in the bronchi, and this pattern was accompanied by increased serum C-reactive protein (CRP) levels and a significant decline
in lung function.*’ These findings highlight the important role of Haemophilus in regulating the host-respiratory microbiome
interaction through inflammatory factors, playing a crucial role in the pathogenesis and progression of COPD.

The Relationship Between Immune Inflammatory Phenotypes of COPD and the
Respiratory Microbiome

COPD is a highly heterogeneous disease, which can be classified into different pathological inflammatory types,
including eosinophil-predominant, neutrophil-predominant, mixed inflammatory, Thl-high activation, and Th2-
dominant types.*®** Among these, eosinophil-predominant and neutrophil-predominant types are more common.
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The bronchial microbiota is closely related to peripheral blood eosinophil levels. Studies have shown that patients
with higher peripheral blood eosinophil percentages tend to have higher respiratory microbiota diversity. In these
patients, the relative abundance of Bacteroidetes and Spirochaetes is significantly increased, while the relative abundance
of Streptococcus species is lower. This microbial feature is commonly seen in COPD patients with peripheral blood
eosinophil percentages >2%.%° The eosinophil-predominant phenotype is more common in COPD patients, and recent
research has increasingly revealed its association with respiratory microbiota.

For example, Ghebre et al proposed that the high relative abundance of Bacteroides species is closely related to
eosinophilic inflammation and increased Th2-mediated CCL13 and CCL17 levels in bronchial secretions.’® Meanwhile,
Xue et al found through analysis of lung microbiomes and cytokine profiles in different disease states that the abundance
of Pseudomonas and Klebsiella species is significantly positively correlated with eosinophil percentages.** Other studies
have also shown a specific association between eosinophils and the respiratory microbiota.*'** For example, some
studies found that the temporal changes in Campylobacter and Prevotella species in patients are associated with shifts in
inflammatory phenotypes, from neutrophil-predominant inflammation to eosinophil-predominant inflammation, which
corresponds with an increase in eosinophils in sputum.’’ However, Keir et al found that patients with eosinophil-
predominant acute exacerbations of COPD did not show significant changes in microbiota diversity or composition.>>
Perotin et al’s study also found no significant differences in the overall composition, bacterial count per sample, or a-
diversity of respiratory microbiota between patients with high and low peripheral blood eosinophil levels in 59 COPD
patients, and the distribution of dominant phyla (eg, Firmicutes) remained unchanged.>

In contrast, the host-microbiota correlation is more prominent in neutrophil-predominant COPD patients.>
Zhengzheng Yan et al found through multi-omics analysis that neutrophil-predominant COPD patients have a higher
proportion of bacteria associated with bacterial transport systems and amino acid synthesis.* Segal et al analyzed the
sputum of 510 COPD patients and found that neutrophil-predominant COPD was associated with two main respiratory
bacterial ecological patterns, both of which were dominated by Haemophilus species. The bacterial composition in
Haemophilus-dominated neutrophil-predominant COPD patients was relatively stable and correlated with elevated IL-1§
and TNF-a levels in sputum.>

In summary, neutrophil-predominant COPD has a stronger association with respiratory prokaryotic microbiota. Multi-
omics studies have revealed that Prevotella species from Bacteroidetes, Moraxella species from Proteobacteria,
Haemophilus species, and Streptococcus and Lactobacillus species from Firmicutes may participate in the onset and
progression of the disease in neutrophil-predominant COPD patients through various mechanisms. This provides
important clues for further research on host-microbiota interactions and their potential therapeutic targets.

Conclusion and Limits

For patients with severe conditions, up to 78% of the COPD population is affected by bacterial infections, viral
infections, or a combination of both. One of the characteristics of COPD is immune dysregulation related to bacterial
colonization and infection. The development of independent culturing techniques has provided new insights into the
relationship between bacterial ecology and health status, further expanding our understanding of the lung microbiome.
The respiratory microbiota plays an important role in the pathophysiological mechanisms of COPD, with the composition
and metabolic activities of different microbiota communities closely related to the patient’s inflammatory phenotype,
lung function status, and disease progression. Although differences in sampling methods may lead to variations in study
results, commonalities can still be observed in analyses at the phylum and genus levels. Research has focused on phyla
such as Firmicutes (eg, Streptococcus), Proteobacteria (eg, Moraxella, Haemophilus, Pseudomonas), and Bacteroidetes
(eg, Prevotella).

In these common phyla and genera, immune response, inflammatory response, and metabolic mechanisms are key
factors. A reduction in Prevotella species may exacerbate lung inflammation by affecting epithelial barrier function and
immune regulation, while the enrichment of Streptococcus and Haemophilus species is closely associated with neutro-
philic inflammation and acute exacerbations. Additionally, the respiratory microbiota characteristics in eosinophil-
predominant COPD patients suggest higher microbial diversity and are associated with increased abundance of
Bacteroidetes species.
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The correlation between respiratory prokaryotic microbiota and lung function in COPD patients is significant. The
relative abundance of Streptococcus, Prevotella, and Pseudomonas is closely related to lung function indicators such
as FEV1, FEV1/FVC, and FEV 1% predicted values. Pseudomonas is particularly associated with more severe airflow
limitation in COPD patients. These findings highlight the importance of monitoring the dynamic changes in these
microbial genera to better understand their relationship with lung function and address discrepancies in research
results.

The host-microbe interactions in COPD patients play a crucial role in the pathogenesis and progression of the disease.
Prevotella, Streptococcus, Pseudomonas, Lactobacillus, and Haemophilus are key microbial genera involved in these
interactions. Prevotella and Moraxella are significantly correlated with the host’s respiratory transcriptome profile,
especially genes involved in immune and inflammatory responses. Streptococcus may modulate the innate immune
system and regulate the pathological process of COPD. Lactobacillus has potential beneficial effects by modulating the
respiratory microbiome and immune responses. Haemophilus is a common pathogen in COPD patients, particularly in
neutrophil-dominant inflammatory phenotypes, and plays a crucial role in regulating host-respiratory microbiome
interactions through inflammatory factors.

However, there are still some limitations in existing research. First, the methods of sample collection vary widely.

Current studies mainly include nasal swabs, oropharyngeal swabs,>>>°

15,19,32,34,44 d 18,22,37
b

induced and spontaneous sputum
samples, and bronchoalveolar lavage flui each of which has its own advantages and disadvantages.
There are differences in microbiota composition between different sample types. Nasal and oropharyngeal swabs
primarily represent upper respiratory tract microbiota, sputum samples reflect both upper and lower respiratory tract
microbiota, while bronchoalveolar lavage and bronchial brushing allow for deeper sampling of lower respiratory tract
microbiota. The choice of sampling method should be based on the research focus, but sputum samples are ideal for
exploring the respiratory microbiota because they are easy to collect, non-invasive, well-accepted by patients, and can
cover a broad range of microorganisms. Second, factors such as smoking history, treatment regimens, and long-term
living environment differences may also affect microbiota diversity. Third, the sample sizes in current studies are
generally small, and larger sample sizes are needed to explore more universal mechanisms. Fourth, due to the lack of
long-term follow-up, the dynamic changes of the microbiota during COPD progression have not been explored in depth.
Finally, current microbiota research largely relies on 16S rRNA gene sequencing and a small amount of real-time
quantitative PCR, which typically only allows for analysis at the genus level, without precise species-level identification.
16S rRNA gene sequencing is a widely used and cost-effective method for detecting microbial diversity, but it can only
indirectly infer microbial functions. To further improve species detection accuracy, increase diversity, and predict gene
functions, metagenomic techniques, which do not require pre-culturing and can analyze microbiome resources, will
become key in future research. This technology can provide species-level accuracy, discover new genes, develop novel
microbial bioactive substances, reveal microbial community structure and functions, and is especially valuable in disease
mechanism research.

This review was conducted through keyword searches in PubMed, ScienceDirect, and Elsevier databases, using
keywords such as bacterial communication and chronic obstructive pulmonary disease. This is a narrative review, not
a systematic review, aiming to cover various aspects of COPD, including different stages of the disease, sample types,
lung function, and immune-inflammatory responses related to the disease. However, there are limitations to this review.
First, it is based on existing literature, and due to sample size limitations and differences between studies, it may not fully
reflect the comprehensive characteristics of the microbiota in COPD patients. Second, this review does not include long-
term follow-up data for COPD patients, so detailed analysis of microbiota dynamics during disease progression is not
provided. Finally, while metagenomic techniques offer higher accuracy for microbiota research, most studies still focus
on 16S rRNA gene sequencing, with limited use of other methods, restricting the in-depth exploration of microbiota
diversity and function.

Future research should focus on diverse sampling methods, expanding sample sizes, long-term follow-up, and the use
of metagenomic techniques, with the aim of providing more comprehensive microbiome data for precision treatment of

COPD and promoting the development of personalized intervention strategies based on the microbiota.
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