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Abstract 

Background  Pulmonary Rehabilitation (PR) is one of the most cost-effective therapies for chronic obstructive pul‑
monary disease (COPD) management. There are, however, people who do not respond to PR and reasons for non-
response are mostly unknown. PR is likely to change the airway microbiota and this could play a role in its respon‑
siveness. In this study we have explored the association between PR effectiveness and specific alterations in oral 
microbiota and inflammation.

Methods  A prospective longitudinal study was conducted. Data on exercise capacity, dyspnoea, impact of disease 
and 418 saliva samples were collected from 76 patients, half of whom participated in a 12-weeks PR programme. 
Responders and non-responders to PR (dyspnoea, exercise-capacity and impact of disease) were defined based on 
minimal clinically important differences.

Results  Changes in microbiota, including Prevotella melaninogenica and Streptococcus were observed upon PR. 
Prevotella, previously found to be depleted in severe COPD, increased during the first month of PR in responders. This 
increase was negatively correlated with Streptococcus and Lautropia, known to be enriched in severe cases of COPD. 
Simultaneously, an anti-inflammatory commensal of the respiratory tract, Rothia, correlated strongly and negatively 
with several pro-inflammatory markers, whose levels were generally boosted by PR. Conversely, in non-responders, 
the observed decline in Prevotella correlated negatively with Streptococcus and Lautropia whose fluctuations co-
occurred with several pro-inflammatory markers.

Conclusions  PR is associated with changes in oral microbiota. Specifically, PR increases salivary Prevotella melani-
nogenica and avoids the decline in Rothia and the increase in Streptococcus and Lautropia in responders, which may 
contribute to the benefits of PR.
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Introduction
Chronic obstructive pulmonary disease (COPD) is het-
erogenous and complex and therefore, difficult to treat 
and manage. Pulmonary rehabilitation (PR) is a grade A 
non-pharmacological therapy and one of the most cost-
effective approaches for the management of COPD [1]. 
Compared to pharmacological treatment, PR is three to 
five times more effective in improving exercise capac-
ity, dyspnoea, and quality of life [2]. Response to PR is 
however multidimensional and heterogeneous, which 
means that for the same outcome patients are not equally 
responsive [3]. Reasons behind non-response are mostly 
unknown [3, 4].

An association between the airway microbiota, includ-
ing the oral microbiota [5], and disease severity has been 
extensively established in people with COPD [6–8]. 
However, the impact of PR on the airway microbiota 
has not yet been investigated, mainly because of the dif-
ficulty in collecting airway samples, such as sputum and 
bronchoalveolar lavage (BAL), routinely. Considering 
that only around 30% of people with COPD have produc-
tive cough [1], inducing sputum production becomes the 
only viable alternative. Unfortunately, this is challenging 
to collect outside the hospital context and requires both 
specialized personnel and equipment. The acquisition 
of BAL samples is even more challenging, as it is limited 
to hospital centres and bronchoscopy in patients with 
COPD carries a significantly higher risk of complications 
such as pneumonia, respiratory failure and desaturation 
compared with those with normal lung function [9]. In 
this scenario, saliva emerges as a viable non-invasive 
alternative to sampling the airway microbiota, which 
collection is simple and can be performed in different 
settings, namely at-home. Moreover, the oral and lower 
airway microbiotas are highly correlated [10], given the 
topological continuity between the niches, implying oral 
bacteria as the major colonizers of the lungs through 
aspiration [10–12].

An additional reason to choose saliva to evaluate 
the effect of PR in the airway microbiota, is the role of 
oral bacteria in nitrate metabolism. Exercise training, 
one of the main components of PR, stimulates the syn-
thesis of nitric oxide by the human body, which is a key 
regulator of skeletal muscle blood flow, contractility, and 
mitochondrial function [13]. Oral microbiota has been 
strongly implicated in exercise performance, mainly due 
to its essential role in nitrate-nitrite-nitric oxide pathway 
[14, 15], with recent studies showing nitrate oral sup-
plementation to enhance PR effectiveness [16]. The oral 
microbiota although acknowledged as essential for this 
positive effect, was never studied.

On the other hand, microbiota modifications are fre-
quently connected with an inflammatory response, 

which is well known to be modulated by exercise [17] 
and affected by PR, although with inconsistent results 
[18–20].

Here, we have explored the association between PR 
and changes in oral microbiota and inflammatory mark-
ers of people with COPD to propose that PR effectiveness 
could be related, at least partially, with bacterial-driven 
immune regulation.

Methods
A prospective longitudinal cohort study was conducted. 
Ethical approvals were obtained from Administração 
Regional de Saúde Centro (64/2016), Centro Hospitalar 
do Baixo Vouga (including Estarreja’s Hospital; 08-03-
17) and Agrupamento dos Centros de Saúde do Baixo 
Vouga. Written informed consent was obtained from all 
participants.

The study was reported following the “Strengthening 
the Reporting of Observational Studies in Epidemiol-
ogy” statement [21]. Participants were identified and ref-
erenced by clinicians who briefly explained the purposes 
of the study. Participants were eligible if diagnosed with 
COPD according to the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) criteria [1] and stable 
with no acute exacerbations in the month prior to enrol-
ment. Exclusion criteria were presence of severe cardiac, 
musculoskeletal, or neuromuscular diseases, signs of cog-
nitive impairment, active neoplasia or immune diseases, 
that could hinder their participation in PR.

The opportunity to be integrated in the PR programme 
was offered to all participants. Those who did not accept 
to participate in the intervention but agreed with being 
monitored during the 5-month period were included 
in the control group. The intervention group (n = 38) 
undertook a 12-week community-based PR program, 
whereas the control group (n = 38) did not.

Sociodemographic (age, sex), anthropometric (height 
and weight) and general clinical (smoking habits; medi-
cation, long-term oxygen use; number of acute exac-
erbations and hospitalizations in the past year and 
comorbidities—Charlson Comorbidity Index) data were 
collected with a structured questionnaire. Lung function 
was assessed with spirometry as recommended. Exer-
cise capacity was assessed with the six-minute walk test 
(6MWT), a self-paced test of walking capacity. Impact 
of the disease was assessed with the COPD assessment 
test (CAT), a 8-item questionnaire, each assessed with a 
6-point Likert scale. Dyspnoea at rest was assessed with 
the modified Borg Scale (mBorg), a 10-item scale. Clini-
cal data (pre-post PR for the intervention group and 
M0-M3 for the control group) was collected with a struc-
tured protocol adapted from the team published work 
[22].
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Saliva samples were collected monthly with the pas-
sive drool method. Prior to sample collection, patients 
were advised to drink a glass of water (especially if they 
had recently drunk coffee or citrus juice) and to provide 
3–4 mL of saliva using a labelled sample collection cup. 
Subsequently, the sample was transported in a cooler to 
the lab as quickly as possible and preserved at − 80  °C 
until DNA extraction and/or inflammatory markers’ 
quantification (stored at − 80  °C for 1 to 6  months).
Response/non-response to PR was determined based 
on published minimal clinical importance differences 
(MCIDs), i.e., − 1 point for mBorg [23]; 25 m for 6MWT 
[24] and − 2 points for CAT [25].

Deep sequencing of the V4 hypervariable region of 
16S rRNA gene (F515/R806 primer pair) was performed 
for all samples. The bead assay LEGENDplex™ Human 
Inflammation Panel 1 (13-plex) (BioLegend, San Diego, 
CA, USA) was used to quantify inflammatory markers 
(IL-1β, IFN-α2, IFN-γ, TNF-α, MCP-1, IL-6, IL-8, IL-10, 
IL-12p70, IL-17A, IL-18, IL-23, and IL-33) in both groups 
in three timepoints, M0, M1 and M3. QIIME2 2020.8 
[26, 27] was used to perform microbiota analyses. All 
statistical analyses were performed in GraphPad Prism 
8 [28] and R software v 3.6.1 [29]. Longitudinal models 
(lme4 package [30]) and repeated-measures correlations 
(rmcorr package [31]) were performed in R software v 
3.6.1 [29]. The full description of the methodology used, 
including all steps of data collection, processing,  data 
analyses and metadata, are available in Additional files 1, 
2 and 3).

Results
Cohort characterisation
Seventy-six individuals with COPD were included in 
this study, 38 (29 male, 72 ± 9y, BMI: 26 ± 4  kg/m2, 
FEV1pp 49.2 ± 16% predicted, GOLD A-8, B-20, C-0, 
D-10) in the intervention group and the remaining 38 
patients (31 male, 70 ± 8y, BMI: 26.4 ± 4.8 kg/m2, FEV1pp 
52.3 ± 19.8% predicted, GOLD A-17, B-12, C-1, D-8) in 
the control group. Table 1 summarizes the baseline char-
acteristics of the two groups. No significant differences 
were found between groups (see Table 1), and therefore, 
no adjustment for confounding factors was performed.

Oral microbiota was similar between groups, being 
composed by two major phyla, Firmicutes (~ 43%) and 
Bacteroidetes (~ 24%), followed by Proteobacteria, Fuso-
bacteria, Actinobacteria and ten low abundant phyla 
(< 2%) (Additional file 1: Fig. S1).

Changes in oral microbiota and inflammatory response are 
associated with PR
We followed the temporal dynamics of beta-diver-
sity (global rate of change (grc) of Weighted-Unifrac 

distance) in patients for a period of 5 months, includ-
ing the 12  weeks of PR, to understand the impact of 
PR in microbiota composition. As a control for steady-
state microbiota fluctuations, an independent cohort of 
patients who did not undergo PR, was surveyed for an 
equivalent amount of time.

The dynamics of microbiota composition was signifi-
cantly different between patients undergoing PR and con-
trols (Fig. 1A) (lmer on Weighted-Unifrac distance (grc), 
Group:Time-point, F = 7.58, p < 0.001).

Principal coordinate analysis of pairwise distances 
(Weighted Unifrac) between groups in each timepoint 
showed significant differences in microbiota composi-
tion between groups upon 1 month of PR (Fig. 1B) (PER-
MANOVA, F = 2.3, p = 0.038). The top four amplicon 
sequence variants (ASVs) responsible for individual’s 
separation after the first month of PR were identified as 
Veillonella, Prevotella melaninogenica, Haemophilus 
parainfluenzae and Streptococcus.

Regarding microbiota diversity within individuals 
(alpha diversity), no significant changes were observed 
upon PR (Fig. 1C) (Wilcoxon test on phylogenetic diver-
sity: W = − 85. p = 0.48; Wilcoxon test on Shannon diver-
sity: W = − 1. p > 0.99).

Next, we compared the microbiota composition of 
the intervention group at baseline with that at M1, M2 
and M3, to identify which taxa could have been affected 
by PR. PERMANOVA (M0vsM1: F = 0.6, padjust > 0.99; 
M0vsM2: F = 1.3, padjust > 0.99; M0vsM3: F = 1.2, pad-

just > 0.99; M0vsM4: F = 1, padjust > 0.99; M0vsM5: F = 1.4, 
padjust =  > 0.99), ANCOM and LEfSe detected no signifi-
cant differences between pre- and post-PR microbiota 
composition. This is compatible with the inherent corre-
lation among the groups (composed by the same individ-
uals) being stronger than differences introduced by PR.

To overcome this limitation, given the longitudinal 
design of the experiment, we next tested for differences 
in taxa dynamics between the intervention and control 
group. This was performed using linear mixed-effect 
models. The temporal dynamics of the phylum Fuso-
bacteria (lmer, Group:Time-point, F = 5.9, p = 0.02) and 
several oral genera, such as Fusobacterium, Streptococ-
cus, Dialister and Selenomonas were observed to be asso-
ciated with PR (Table 2). Target testing for the top four 
ASVs distinguishing patients on M1 was also performed. 
Remarkably, significant alterations in the relative abun-
dances of Prevotella melaninogenica and Streptococcus, 
two ASVs previously associated with disease severity in 
people with COPD [5], were also found (lmer, P. mel-
aninogenica: Group:Time-point, F = 4.34, p = 0.04; lmer, 
Streprococcus: Group:Time-point, F = 4.96, p = 0.03).

Considering that changes in microbiota are expected 
to be related with the inflammatory response, we further 
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quantified a panel of 13 cytokines in three time points: 
M0, M1 and M3 in both intervention and control groups 
(Fig. 2 and Additional file 1: Fig. S2). Significant changes 
in the inflammatory profile of patients undergoing PR 
were observed (Fig.  2). Specifically, upon one month of 

PR (M1) significant increases in the amounts of IL-10 
and IL-18 were observed (Wilcoxon signed-rank: IL-10, 
W = 163 padjust = 0.038; IL-18, W = 165 padjust = 0.035). 
No significant changes were observed in the same period 
in control group. After three months of PR (M3), TNF-α, 

Table 1  Sociodemographic, anthropometric, and clinical characteristics of individuals with chronic obstructive pulmonary disease at 
beginning of the study (n = 76)

SD: standard deviation, n (%): absolute and relative frequency, respectively; BMI: body mass index, FEV1pp: forced expiratory volume in 1 s percent predicted, CCI: 
charlson comorbidity index; GOLD: global initiative for chronic obstructive lung disease; ICS: inhaled corticosteroids; LABA: long-acting beta agonists, LAMA: long-
acting muscarinic agonists, LTRA: leukotriene receptor antagonists, SABA: short-acting beta agonists; SAMA: short-acting muscarinic agonists; ap-value obtained with 
Mann Whitney U-test; b p-value obtained with Chi-square test; c p-value obtained with unpaired t-test with Welch’s correction; dp-value obtained with Fisher’s exact 
test

Characteristics Intervention group (n = 38) Control group (n = 38) p-value

Age (years), mean ± SD 72 ± 9 70 ± 7.60 0.19a

Gender, n (%) 0.57b

 Male 29 (76%) 31 (82%)

 Female 9 (24%) 7 (18%)

BMI (kg/m2), mean ± SD 26 ± 4 26.4 ± 4.8 0.72c

FEV1PP, mean ± SD 49.2 ± 16.0 52.3 ± 19.8 0.53a

FVCPP, mean ± SD 77.8 ± 17.3 76.9 ± 27.9 0.68a

Pack-years, mean ± SD 42.4 ± 43.0 53.0 ± 51.2 0.27a

Comorbidities (CCI), mean ± SD 4.2 ± 1.4 3.8 ± 1.3 0.10a

GOLD grade, n (%) 0.22d

 1 3 (8%) 6 (16%)

 2 14 (37%) 12 (32%)

 3 20 (53%) 15 (39%)

 4 1 (3%) 5 (13%)

GOLD group, n (%) 0.069d

 A 8 (21%) 17 (45%)

 B 20 (53%) 12 (32%)

 C 0 (0%) 1 (3%)

 D 10 (26%) 8 (21%)

Medication, n (%)

 ICS 21 (55%) 19 (50%) 0.8d

 LABA 33 (87%) 30 (79%) 0.36d

 LAMA 24 (63%) 25 (66%)  > 0.99

 LTRA​ 2 (5%) 2 (5%)  > 0.99d

 SABA 9 (24%) 5 (13%) 0.37d

 SAMA 2 (5%) 0 (5%) 0.49d

 Macrolides in stability 0 (0%) 0 (0%)  > 0.99

Number of exacerbations in the last year, n (%) 0.60b

 0 or 1 27 (71%) 29 (76%)

  ≥ 2 or 1 with a hospitalisation 11 (29%) 9 (24%)

Number of hospitalisations in the last year due to COPD, n (%) 0.67d

 0 32 (84%) 34 (89%)

 1 2 (5%) 3 (8%)

 2 3 (8%) 1 (3%)

 Missing values 1 (3%) 0 (0%)

mBORG, mean ± SD 0.8 ± 1.3 0.5 ± 1.0 0.3a

CAT, mean ± SD 17.1 ± 8.1 11.7 ± 7.4 0.003a

Walked distance in 6MWT, mean ± SD 389.0 ± 133.9 457.5 ± 82.8 0.045a
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IL-1β, IL-18, IL-10 and IL-6 were also significantly higher 
than at baseline (M0) (Wilcoxon signed-rank: IL-1β, 
W = 205 padjust = 0.016; TNF-α, W = 251 padjust = 0.002; 
IL-10, W = 263 padjust = 0.0008; IL-6, W = 189 pad-

just = 0.03; IL-18, W = 233 padjust = 0.004). IL-10 and IL-6 
also increased in the control group over the same time 
interval (Wilcoxon signed-rank: IL-10, W = 225 pad-

just = 0.018; IL-6, W = 224 padjust = 0.019), suggesting that 
these cytokines may be less stable.

Regarding comparisons between the groups, shifts in 
IL-10 and IL-18 were significantly higher after 1 month 
of PR than the equivalent shifts in the control group 

(Mann–Whitney U-test, IL-10, U = 180 p = 0.043; 
IL-18, U = 173 p = 0.03). Over 3 months of PR, TNF-α, 
IL-18 and IL-10 had significantly higher shifts in the 
intervention than in the control group (Mann–Whit-
ney U-test, TNF-α, U = 246 p = 0.04; IL-10, U = 196 
p = 0.0004; IL-18, U = 249 p = 0.046). No additional 
significant differences were found in both groups 
(Additional file 1: Fig. S2).

Interestingly, the variance associated with cytokine 
shifts over time was generally higher in the inter-
vention than in the control group (Additional file  1: 
Table  S2). This is compatible with PR generally influ-
encing cytokine levels.

Fig. 1  Pulmonary rehabilitation modulates the microbiota composition of people with COPD, but does not affect alpha diversity. A Global rate 
of change of beta diversity was estimated by subtraction of baseline values at all timepoints. Blue and grey loess lines were fitted over the data 
points representing beta-diversity relative to baseline along time in the intervention and control groups, respectively. The blue and grey areas 
represent the 0.95 confidence intervals. (M0 = immediately prior PR; M1, M2, M3 = 1, 2, 3 months after initiating PR; M4, M5 = 1 and 2 months 
after finishing PR). Intervention and control group presented different microbiota dynamics over the 5-month follow-up (LMER on Weighted 
Unifrac distance matrix, Group:Time-Point, p < 0.001). The grey rectangle indicates the time interval spanning PR. B Principal coordinate analysis 
of Weighted Unifrac distance between groups in each timepoint. (M0, M1, M2, M3, M4 and M5). Significant differences in microbiota composition 
between groups were observed in M1 (PERMANOVA, F = 2.27, p = 0.038). Blue and grey dots and ellipses represent intervention and control 
groups, respectively. The biplot represented in M1 show the top ASVs contributing for sample segregation (5608c3e6c9de9ceb79610e7786bd0ac4: 
Veillonella, d0b698c7298bf04110a6d2f220879bfb: Prevotella melaninogenica, e27680d4009f98f30248d823bc17fb8e: Haemophilus parainfluenzae, 
a5189f77a2cfeab3bc1602ff5c8ac3e9: Streptococcus). C No pre-post differences were observed in alpha diversity (Phylogenetic index and Shannon 
diversity index) in the Intervention group (Wilcoxon test: phylogenetic diversity: W = − 85. p = 0.48; Shannon diversity index: W = − 1 p > 0.99). 
*p < 0.05, **p < 0.01, ***p < 0.001
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Oral microbiota and inflammatory response vary 
differentially among responders and non‑responders 
during PR
PR improved all outcomes significantly (Wilcoxon test, 
p < 0.05), except for BMI (W = − 114, p = 0.31) and 

mBorg (W = 37, p = 0.5) (Additional file  1: Table  S3). 
Mean improvements only exceeded the MCID for exer-
cise capacity (6MWT, mean-diff: 45.43; Cohen’s d = 0.34) 
(Additional file  1: Table  S2). Additional file  1: Fig. S3 
represents the overlap between responders (R) and 

Table 2  Summary table of significant linear mixed effect models established to assess differences in microbiota dynamics between 
intervention and control groups

Models were produced based on the longitudinal relative frequencies of phyla, genera, and ASVs a5189f77a2cfeab3bc1602ff5c8ac3e9, 
d0b698c7298bf04110a6d2f220879bfb, e27680d4009f98f30248d823bc17fb8e and 5608c3e6c9de9ceb79610e7786bd0ac4. Data upon relative frequencies was transformed 
with arcsine and square root transformation. TP: time-point

OTUs/ASVs longitudinal dynamics Test’s statistics p-value 
(TP:Group)

Fusobacteria 5.86 0.016

Atopobium 5.51 0.019

Streptococcus 5.03 0.026

Dialister 6.39 0.012

Parvimonas 4.75 0.030

Fusobacterium 7.00 0.009

a5189f77a2cfeab3bc1602ff5c8ac3e9: Streptococcus 4.96 0.027

d0b698c7298bf04110a6d2f220879bfb: Prevotella melaninogenica 4.34 0.038

e27680d4009f98f30248d823bc17fb8e: Haemophilus parainfluenzae 0.18 0.673

5608c3e6c9de9ceb79610e7786bd0ac4: Veillonella 3.30 0.070

Fig. 2  The inflammatory profile of people with COPD changes upon pulmonary rehabilitation. Global rate of change represents the ratio between 
cytokine values measured at baseline and M1 or M3 (i.e. M1/M0 and M3/M0). Differences between M1 and the baseline and between M3 and the 
baseline were assessed by Wilcoxon signed-rank, in each group (intervention (blue) and control (grey)). Differences between groups at M1 and M3 
were assessed by Mann–Whitney U-test. p < 0.05, **p < 0.01, **p < 0.001. All cytokines for which a significant shift was observed are represented in 
this figure. Additional file 1: Fig. S2 shows the data for the remaining 8 cytokines



Page 7 of 14Melo‑Dias et al. Respiratory Research           (2023) 24:29 	

non-responders (NR) to PR in exercise capacity (6MWT), 
impact of disease (CAT) and dyspnoea (mBorg). From 38 
patients, 24% responded in dyspnoea, 63% responded in 
exercise capacity and 63% responded in the impact of 
disease. 16% of patients responded simultaneously to all 
three domains and 16% failed to respond to any domain.

We analysed differences in microbiota composition 
among R and NR at M0 to query for a possible relation-
ship between microbiota composition before PR and its 
effectiveness (Fig.  3A). Principal coordinate analysis of 
pairwise distances (Weighted-Unifrac) showed signifi-
cant differences between R and NR to dyspnoea (PER-
MANOVA p = 0.04) and captured 66% of total diversity 
(Fig. 3B). Furthermore, the ASV responsible for the big-
gest separation between individuals in this analysis, was 
P. melaninogenica, whose frequency was below average in 
75% of R. In accordance, the differential abundance anal-
ysis (LEfSe) showed that Prevotella (Fig. 3C) was signifi-
cantly enriched in NR to dyspnoea, with an effect-size of 
9. No significant differences were observed for the other 
domains.

Next, we used linear mixed effect models to compare 
the microbiota temporal dynamics between R and NR. 
Despite being differentially represented in R and NR (to 
dyspnoea) before PR, the frequency trajectory of P. mel-
aninogenica was not significantly different among the 
two sets of patients during the intervention. Instead, 
several other taxa were found to have significantly differ-
ent trajectories between the groups (Table  3 and Addi-
tional file 1: Fig. S4). Regarding the exercise capacity, the 

frequency trajectory of Lautropia (family Burkholde-
riaceae) was significantly different between R and NR 
(lmer, Group:Time-point, F = 2.9, p = 0.02), reaching 
higher values in NR by the end of PR (Additional file 1: 
Fig. S3). The dynamics of P. melaninogenica was dis-
tinct among R and NR (lmer, Group:Time-point, F = 2.6, 
p = 0.03) to impact of disease (Additional file 1: Fig. S4).

We compared the salivary levels of cytokines present 
in R and NR to question whether responsiveness to PR 
was related with the inflammatory response. Distinct pat-
terns of inflammatory response were observed between R 
and NR, in all domains (Additional file 1: Fig. S5). Signifi-
cant shifts during PR were always towards values higher 
than the baseline and occurred mainly in NR patients. 
Specifically, after PR, levels of TNFα, IL-1β, IL-18 and 
IL-10 were higher in NR of all domains, whereas only 
TNF-α and IL-10 showed significant changes in R 
patients (please see Additional file  1: Fig. S5 for details 
on the statistical tests results). Interestingly, the variance 
in cytokine shifts after PR was also mostly higher in NR 
than in R (Additional file 1: Tables S4–6).

PR effectiveness is related with specific 
bacteria‑inflammation correlation signatures
Independent analyses revealed an association between 
PR effectiveness and either changes in oral microbiota or 
inflammatory markers. We explored the patterns of lon-
gitudinal correlation between the two to understand in 
what extent PR effectiveness is linked with specific bac-
teria-inflammation associations. Figure  4 represents the 

Fig. 3  Responders and non-responders present distinct microbiota profiles prior to pulmonary rehabilitation. A Mean frequency of phyla 
and genera of bacteria present in Responders (R) and non-responders (NR) to dyspnoea, exercise capacity and impact of the disease. 
B R and NR to dyspnoea showed distinct microbiota composition prior to PR (PERMANOVA, p = 0.04). PCoA analysis using Emperor on 
Weighted UniFrac distance. The biplot (grey arrows) represent the 3 most relevant ASVs for R and NR segregation. Prevotella melaninogenica 
(ASV: d0b698c7298bf04110a6d2f220879bfb) was the major contributor for segregation of R and NR followed by Veillonella dispar (ASV: 
5608c3e6c9de9ceb79610e7786bd0ac) and Haemophilus parainfluenzae (ASV: e27680d4009f98f30248d823bc17fb8e). In blue is represented the area 
where samples presented a mean frequency of P. melaninogenica below the average of the dataset. 78% of R showed reduced mean frequencies of 
P. melaninogenica prior to PR while only 37% of NR followed the same trend. C Cladogram highlighting differentially abundant genera between R 
and NR to dyspnoea prior to PR, inferred by linear discriminant analysis (LEfSe) at a significance cut-off of 3. Prevotella is significantly enriched in NR 
to dyspnoea, with an effect-size of 9
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network of significant correlations between inflamma-
tory markers and bacterial genera inferred for the three 
domains. Remarkably, R and NR presented distinct pat-
terns of bacteria-cytokine correlation (Fig. 4).

In all groups of NR, Lautropia showed a strong posi-
tive correlation with several pro-inflammatory cytokines, 
being the strongest with TNF-α in NR to exercise capac-
ity (rmcorr = 0.65, p = 0.002) and impact of the disease 
(rmcorr = 0.63, p = 0.002). Conversely, Rothia presented 
a negative correlation with several pro-inflammatory 
markers in all groups of R, with the strongest correla-
tion with TNF-α (rmcorr = − 0.73, p = 0.007). Further-
more, Gemellaceae, was also negatively correlated with 
several inflammatory markers (strongest with IL-8, 
rmcorr = − 0.69, p < 0.0001) in R to exercise capacity and 
impact of the disease. Strikingly, except for a positive 
correlation between Haemophilus and IFN-α2 in R to 
impact of the disease (rmcorr = 0.43, p = 0.03), all signifi-
cant correlations with Proteobacteria were found in NR.

We then performed a longitudinal correlation analy-
sis between bacterial frequencies to gain further insight 
on bacterial interactions that might be related with PR 

responsiveness but are not necessarily linked with the 
immune response (Fig. 5). In an effort to be conservative, 
since compositional data are intrinsically correlated, we 
chose a subset of taxa for this analysis. We included the 
major hubs found in the correlation between bacteria 
and inflammatory markers (Lautropia, Rothia, Gemel-
laceae and Kingella), plus five other oral taxa previously 
associated [5] with severity (Prevotella, P. melaninogen-
ica, Streptococcus, Streptococcus sp., Haemophilus and 
Porphyromonas).

In this analysis, Prevotella, whose frequency drops dur-
ing PR in all NR (Additional file 1: Fig. S6 A–C), was neg-
atively correlated with Haemophilus (rmcorr = − 0.46, 
p = 0.005), Streptococcus (rmcorr = − 0.37, p = 0.03) and 
Lautropia (rmcorr = − 0.41, p = 0.01) in NR to dysp-
noea and with Haemophilus (rmcorr = -0.73, p = 0.0004) 
in NR to exercise capacity. Conversely, during the 
first month of PR, the frequency of P. melaninogenica 
increased in all R (Additional file  1: Fig. S6A–C) and 
was negatively correlated with Kingella (R to dyspnoea, 
rmcorr = -0.59, p = 0.04), Lautropia (R to exercise capac-
ity, rmcorr = − 0.52, p = 0.004; R to impact of the disease, 

Table 3  Summary table of significant linear mixed effect models established to assess differences in microbiota dynamics between 
responders and non-responders to dyspnoea, exercise capacity and impact of the disease

Models were produced based on the longitudinal relative frequencies of phyla, genera, a5189f77a2cfeab3bc1602ff5c8ac3e9 and d0b698c7298bf04110a6d2f220879bfb. 
Data upon relative frequencies was transformed with arcsine and square root transformation. TP: time-point

OTUs/ASVs longitudinal dynamics Test’s statistics p-value 
(TP:Group)

Response to dyspnoea during exercise (Borg Modified Scale of Dyspnoea) MCID: − 1 point

 Spirochaetes 2.33 0.046

 TM7 5.40 0.000

 Oribacterium 2.68 0.024

 Dialister 2.69 0.023

 Schwartzia 2.55 0.036

 [Mogibacteriaceae] 2.45 0.036

 Bulleidia 3.08 0.011

 Treponema 2.33 0.046

Response to exercise capacity (6-min walk test) MCID: + 25 m

 Lautropia 2.87 0.017

Response to impact of the disease (COPD assessment test) MCID: -2 points

 d0b698c7298bf04110a6d2f220879bfb: Prevotella melaninogenica 2.58 0.029

(See figure on next page.)
Fig. 4  Responders and non-responders to dyspnoea, exercise capacity and impact of the disease present distinct patterns of longitudinal 
bacteria-inflammatory markers’ correlation. Correlation networks representing the repeated-measures correlations between bacteria and 
inflammatory markers in non-responders and responders to A dyspnoea (rmcorr: [− 0.75–0.52]) B exercise capacity (rmcorr: [− 0.73–0.66]) 
and C impact of the disease (rmcorr: [− 0.72–0.63]). Prior to the analysis, genera and ASVs: d0b698c7298bf04110a6d2f220879bfb and 
a5189f77a2cfeab3bc1602ff5c8ac3e9 relative frequencies were transformed with arcsine square root transformation and inflammatory markers’ 
concentration was transformed with log10. The diameter of the nodes is proportional to the number of connections. Bacterial nodes are coloured 
with the colour code of each bacterial phyla (Firmicutes: yellow, Bacteroidetes: blue; Proteobacteria: red; Fusobacteria: green Actinobacteria: pink; 
other phyla: grey). Inflammatory markers’ nodes are represented in beige. Positive correlations are represented in red, while negative correlations are 
represented in blue. The width of edges is proportional to the correlation coefficient
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Fig. 4  (See legend on previous page.)
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rmcorr = − 0.43, p = 0.03) and Streptococcus (R to impact 
of the disease, rmcorr = − 0.41, p = 0.04). Gemellaceae 

and Rothia were strongly positively correlated in all R 
(strongest in dyspnoea, rmcorr = 0.9, p < 0.0001).

Fig. 5  Responders and non-responders to dyspnoea, exercise capacity and impact of the disease present distinct patterns of longitudinal 
bacteria-bacteria correlation. Correlation networks representing the longitudinal correlations between a subset of bacterial genera and ASVs: 
d0b698c7298bf04110a6d2f220879bfb and a5189f77a2cfeab3bc1602ff5c8ac3e9 non-responders and responders to A dyspnoea (rmcorr: [ 0.6–0.9]), 
B exercise capacity (rmcorr: [− 0.73–0.46]), and C impact of the disease (rmcorr: [− 0.71–0.44]). Grey triangles highlight common patterns of 
bacterial correlations between domains. Empty blue and red circles represent cytokines with which the correspondent taxon negatively and 
positively correlates, respectively. These correlations were inferred through the correlation analysis between bacteria-inflammatory markers 
and are represented here to facilitate the interpretation of the bacteria-bacteria correlation network. Prior to the analysis, genera and ASVs: 
d0b698c7298bf04110a6d2f220879bfb and a5189f77a2cfeab3bc1602ff5c8ac3e9 relative frequencies were transformed with arcsine square root 
transformation. The diameter of the nodes is proportional to the number of connections. Bacterial nodes were coloured according to the colour 
code of each bacterial phyla (Firmicutes: yellow, Bacteroidetes: blue; Proteobacteria: red; Fusobacteria: green Actinobacteria: pink; other phyla: 
grey). Positive correlations were represented in red, while negative correlations were represented in blue. The width of edges is proportional to the 
correlation coefficient
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Discussion
We show, for the first time, that oral microbiota changes 
with PR and that shifts in specific taxa appear to be 
strongly related with its effectiveness. By tracking two 
independent groups of patients for almost half a year we 
were able to distinguish between steady-state microbiota 
fluctuations and those possibly induced by PR. Contrary 
to the simple expectation that a well-established therapy 
should positively impact on patients’ microbiota, a more 
complex reality was unravelled. Overall, PR was not able 
to boost microbiota diversity within patients, a hallmark 
of dysbiosis, causing only low magnitude changes in a few 
taxa, and elicited the secretion of several pro-inflamma-
tory cytokines.

However, when considering separately R and NR, taxa 
potentially related with responsiveness emerges and 
a differential inflammatory response becomes appar-
ent. Previously, we have observed that low frequency of 
Prevotella, and in particular P. melaninogenica, was asso-
ciated with a recent history of severe exacerbation [5]. 
Here we observed that in the first month of PR Prevo-
tella was boosted in R of all domains. We hypothesize 
that this boost could be directly or indirectly related with 
the ability to respond. For example, by directly induc-
ing the reduction of lung epithelial cell permeability (by 
modulating expression of tight junction proteins) [32], or 
indirectly by promoting lung innate immune responses, 
particularly against Streptococcus pneumoniae [33] and 
Lautropia, to which it was negatively correlated.

In fact, it has been recently observed that P. melani-
nogenica is able to promote S. pneumoniae rapid clear-
ance from the lung via TLR2 activation, recruitment of 
neutrophils and upregulation of TNFα and IL-10 [34]. 
Interestingly, it was also observed that the aspiration of a 
mixture of 3 species of human oral commensals in mice, 
including P. melaninogenica, decreased host´s suscepti-
bility to S. pneumoniae [33].

Supporting the hypothesis that, by counteracting Lau-
tropia, Prevotella could be positively associated with 
PR effectiveness, is the observation that Lautropia is 
enriched in the oral microbiota of more severe cases of 
COPD [5] and co-occur with high levels of inflammatory 
markers in the eosinophilic COPD [35], an endotype that 
has been suggested to be predictive of worse outcome 
upon PR [36].

Conversely, in NR to dyspnoea and exercise capac-
ity, the opposite scenario was observed, that is, a clear 
decline in Prevotella upon PR, negatively correlated 
with Haemophilus (exercise capacity) and with Strepto-
coccus and Lautropia (dyspnoea). A pro-inflammatory 
role in COPD has been repeatedly attributed to the 
first two taxa [37] which could likely contribute to the 
lack of response to this therapy. Besides this, Lautropia 

positively correlated with several pro-inflammatory 
markers in all groups of NR.

Another striking observation, possibly related with 
the success of PR across the three domains, was the 
co-occurrence of Rothia and Gemellacea (in R) and 
its negative correlation with several pro-inflammatory 
markers during PR. Rothia mucilaginosa (the most 
abundant species of Rothia genus in our dataset) has 
been identified as an anti-inflammatory bacterium 
when present in the lungs (even in low abundance) of 
people with chronic respiratory diseases [38]. This has 
been attributed to its ability to reduce the levels of sev-
eral pro-inflammatory cytokines and NF-kB activation 
in response to immune stimulation by pathogenic bac-
teria like Pseudomonas aeruginosa and Staphylococcus 
aureus [38].

Considering the impact of PR on individual species, 
this was significant on the longitudinal dynamics of two 
particular ASVs, P. melaninogenica and Streptococcus, 
previously suggested to be associated with COPD sever-
ity [5]. Moreover, the longitudinal dynamics of P. melani-
nogenica was distinct among R and NR to impact of the 
disease, supporting its importance to PR effectiveness.

Besides its immunomodulatory properties, P. melani-
nogenica could have an additional role in PR effective-
ness, since it belongs to the most prevalent genus of oral 
nitrate-reducing bacteria [39]. These are essential for the 
nitrate-nitrite-nitric oxide pathway which is implicated 
in exercise performance and recovery [14, 15]. Coher-
ently, it has been shown that nitrate oral supplementation 
increased the beneficial effects of PR [16].

Several inconsistencies have been reported regard-
ing the effects of PR in the inflammatory status of peo-
ple with COPD. Although it is unlikely that PR increases 
inflammation in the long-term, our findings corroborate 
the previous reported increase of TNF-α in plasma of 
people with COPD upon PR [23]. The observed increase 
of IL-10 suggest an attempt to counterbalance the rise of 
pro-inflammatory cytokines during PR, possibly via inhi-
bition of nuclear factor kappa B (NF-kB) and the synthe-
sis of pro-inflammatory cytokines [24].

Furthermore, it has been observed that an inflamma-
tory response (measured by an increase in serum levels 
of IL-1β, TNF-α and IL-10) is necessary for recovery 
from exercise-induced muscle damage [27, 28]. Given 
the overlap between inflammatory profiles of saliva and 
serum [25, 26], our results could reflect a similar process.

Some limitations of our study need to be acknowl-
edged. First, the use of saliva for COPD assessment is still 
exploratory. Although the microbiota of upper and lower 
airways is highly correlated, with oral bacteria being 
the major colonizers of the lungs through microaspira-
tion [10–12], more studies, besides Melo-Dias et  al. [5] 
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validating its biological relevance in the context of COPD 
are needed. Additionally, despite longitudinal studies 
including PR being very resource demanding, further 
works with similar design should be carried out, ideally 
including multicentric trials with larger cohorts to evalu-
ate the robustness of the findings. This is particularly 
important to assess the association between responsive-
ness and microbiota modulation. Second, clinical data 
collection was performed pre-post intervention and 
therefore it is not possible to adjust longitudinal models 
for multiple confounders such as occurrence of exacer-
bations, treatment with inhaled-corticosteroids and/or 
antibiotics.

Overall, besides responsiveness to PR being multi-
dimensional and heterogeneous, giving rise to a mod-
erate overlap in individuals response across domains, 
PR-induced changes in microbiota revealed surprisingly 
consistent patterns among R and NR. Furthermore, our 
findings suggest that PR effectiveness could be associated 
with a controlled inflammatory response to exercise, i.e., 
the inflammatory response to exercise occurs accompa-
nied by efficient regulatory mechanisms. These mecha-
nisms can be mediated by bacteria and could be tested 
in vitro.

Future studies should address the implications and sta-
bility of these findings, clarifying the role of oral micro-
biota both as a biomarker of PR responsiveness and as a 
therapeutic target.
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