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ABSTRACT
Objective Chronic obstructive pulmonary disease 
(COPD) is a global disease characterised by chronic 
obstruction of lung airflow interfering with normal 
breathing. Although the microbiota of respiratory 
tract is established to be associated with COPD, the 
causality of gut microbiota in COPD development is not 
yet established. We aimed to address the connection 
between gut microbiota composition and lung COPD 
development, and characterise bacteria and their derived 
active components for COPD amelioration.
Design A murine cigarette smoking (CS)- based model 
of COPD and strategies evaluating causal effects of 
microbiota were performed. Gut microbiota structure 
was analysed, followed by isolation of target bacterium. 
Single cell RNA sequencing, together with sera 
metabolomics analyses were performed to identify host 
responsive molecules. Bacteria derived active component 
was isolated, followed by functional assays.
Results Gut microbiota composition significantly 
affects CS- induced COPD development, and faecal 
microbiota transplantation restores COPD pathogenesis. 
A commensal bacterium Parabacteroides goldsteinii was 
isolated and shown to ameliorate COPD. Reduction of 
intestinal inflammation and enhancement of cellular 
mitochondrial and ribosomal activities in colon, 
systematic restoration of aberrant host amino acids 
metabolism in sera, and inhibition of lung inflammations 
act as the important COPD ameliorative mechanisms. 
Besides, the lipopolysaccharide derived from P. goldsteinii 
is anti- inflammatory, and significantly ameliorates 
COPD by acting as an antagonist of toll- like receptor 4 
signalling pathway.
Conclusion The gut microbiota–lung COPD axis was 
connected. A potentially benefial bacterial strain and its 
functional component may be developed and used as 
alternative agents for COPD prevention or treatment.

INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is 
a multidimensional progressive lung inflammatory 
disease, with pathological changes in the large and 
small airways.1 2 COPD has a huge global preva-
lence (251 million cases in 2016) and causes high 
mortality (3.17 million deaths in 2015), with a 
prediction of being the third leading cause of 

mortality in 2020.3–5 There are many measures 
for COPD management; however, persistent 
and progressive pulmonary inflammation is still 
common among patients.6 7

The roles of microbiota in development of host 
health are emphasised,8–10 some supporting the role 
of respiratory tract microbes towards the onset, 
progression, promotion and severity of COPD chro-
nicity.11 Emerging evidences indicate close interac-
tions between gut microbiota composition and lung 
immunity.12 However, the relationship between gut 
microbiota composition and COPD development is 
still to be well characterised.

We established the gut microbiota–lung COPD 
axis using a mouse cigarette smoking (CS) model, 

Significance of this study

What is already known on this subject?
 ► Although there were many previous studies, 
ways of management of chronic obstructive 
pulmonary disease (COPD) were still 
encountered with difficulty.

 ► The microbiota composition in the respiratory 
tract was shown to closely related to COPD 
severity and development. However, whether 
the gut microbiota–lung COPD axis also existed 
was not established.

 ► Furthermore, there were no microbiota derived 
agent(s) identified to effectively ameliorate 
COPD.

What are the new findings?
 ► The gut microbiota–lung COPD axis was 
established in this study.

 ► A bacterial strain that showed COPD 
amelioration effect was isolated.

 ► An anti- inflammatory lipopolysaccharide (LPS) 
molecule purified from this bacterium can 
ameliorate COPD.

How might it impact on clinical practice in the 
foreseeable future?

 ► The beneficial bacterial strain (Parabacteroides 
goldsteinii MTS01), together with its derived 
LPS (P. goldsteinii- LPS) may be developed as an 
agent for clinical practice in COPD.
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and strategy of faecal microbiota transplantation (FMT) and 
antibiotics (ABX) treatment. An intestinal commensal Parabac-
teroides goldsteinii (Pg) was highlighted to be significantly nega-
tively associated with severity of COPD. Oral administration of 
isolated Pg MTS01 on its own significantly ameliorated CS- in-
duced COPD syndromes, characterised by reducing inflamma-
tion and improving cellular ribosomal biogenesis activity and 
mitochondrial functions in intestine, systematically restoring 
aberrant amino acids metabolism in sera, and reducing lung 
tissue inflammations. The lipopolysaccharide (LPS) derived 
from Pg- LPS was subsequently characterised to act as an toll- 
like receptor 4 (TLR- 4) receptor antagonist and worked as an 
active component that ameliorated CS- induced COPD. Our 
study highlighted the important causality role of gut microbiota 
in COPD pathogenesis and established the gut- lung COPD axis. 
Furthermore, a potential probiotic bacterium whose LPS might 
work as a COPD ameliorating agent was reported.

METHODS
Model of CS-induced COPD
C57BL/6 mice (8–10 weeks old) were purchased from the 
National Laboratory Animal Center (Taipei, Taiwan) and kept 
under sterile conditions (following a 12 hours light/dark cycle), 
with 1- week acclimatisation period. Mice were fed with normal 
chow diet (Laboratory Autoclavable Rodent Diet 5010; LabDiet, 
USA) during the entire experiment.

The CS- induced COPD model used was modified from He et 
al.13 Briefly, mice were exposed to CS from 12 3R4F cigarettes 
(Kentucky University) twice a day (twenty- four cigarettes per 
day), 5 day- week for 12 weeks, with body weights being moni-
tored weekly. Pulmonary function was assessed by forced pulmo-
nary manoeuvre system (Buxco Research Systems, Wilmington, 
USA), and bronchoalveolar lavage fluid (BALF) and paraffin 
sections of the lungs were obtained in every mouse to confirm 
the COPD phenotypes. Detailed methods of animal experiments 
and measurements can be found in online supplemental methods.

Analysis of gut microbiota structure
We followed the protocol per our previous studies14–16 and 
detailed methods and workflow can be found in online supple-
mental methods and online supplemental figure S1. In brief, 
partial least squares discriminant analysis (PLS- DA) analysis was 
used to evaluate sample- species complexity (Beta diversity anal-
ysis). The statistically significant biomarkers (LDA score (log10) 
>4.0 with p<0.05) in CS mice were identified using the LEfSe 
analysis and also confirmed by using metagenomeSeq (q<0.05). 
Furthermore, bacterial species significantly altered by ABX 
treatment (q<0.05) or FMT (p<0.05) were identified by using 
metagenomeSeq.

Pg cultivation and genome sequencing
Pg MTS01 was isolated from faeces of mice in ABX experiments 
and grown at 37°C in anaerobic condition. Illumina and Pacbio 
platforms were used for Pg MTS01’s full- genome sequencing. 
Detailed methods of experiments can be found in online supple-
mental methods.

ScRNAseq analysis of colon and lung tissues and sera 
metabolomics analysis
The colon and lung tissues of CTL, CS and CS administered 
with Pg mice groups were collected after 12 weeks and subjected 
for 10 x Genomics Single Cell 3’ Gene Expression analysis. The 
sera metabolites were analysed by GC- MS and LC- MS. Detailed 

methods of experiments and analysis can be found in online 
supplemental methods.

Pg-LPS purification and its antagonistic effects
Pg- LPS were isolated by using the hot phenol- water extraction. 
The antagonistic effect was analysed on HEK- Blue- mTLR4 cells, 
mouse CD11c+ dendritic cells (DC) cells, human PBMC cells 
and mouse B cells treated with Escherichia coli O111:B4 LPS. 
Detailed methods of experiments can be found in online supple-
mental methods.

Statistical analysis
Data are shown as means±SD and medians±IQR for parametric 
and non- parametric analysis, respectively. Differences between 
two groups are assessed using unpaired two- tailed Student’s 
t- test. Data sets involving more than two groups are assessed 
by one- way analysis of variance, followed by non- parametric 
Kruskal- Wallis test with Newman- Keuls multiple comparison 
(see figure legends).

RESULTS
Evidence of gut microbiota involvement in COPD 
development
To see whether gut microbiota may contribute to CS induced 
COPD development, we used a murine CS model of chronic 
pulmonary inflammation (online supplemental figure S2). 
CS mice smoking for 12 weeks significantly lost body weight 
(online supplemental figure S2a, b), and increased infiltration 
of immune cells in BALF (online supplemental figure S2c). By 
contrast, weight gain and decreased infiltrated immune cells 
were observed in CS mice cohoused with control (CO- CTL) 
group (online supplemental figure S2a–c). Comparatively, 
control group cohoused with CS (CO- CS) group developed 
aberrant phenotypes (online supplemental figure S2a–c).

Concordantly, histological analysis of lung tissue sections 
revealed CS- exposed mice show peripheral emphysematous 
changes characterised by alveolar wall destruction and enlarge-
ment of airspace compared with CTL mice. By contrast, 
CO- CTL group restored the pathology, while CO- CS group 
exacerbated (online supplemental figure S2d, e). Concor-
dantly, similar phenomena on production of interleukin (IL)- 1β 
and tumour necrosis factor (TNF)-α in CD11C+ DCs, and 
F4/80+CD11b+macrophage cells (online supplemental figure 
S2f, g), IL- 17A production in CD4+NKP46+Th17 cells, and 
IL- 10 production in CD4+FoxP3+Treg cells were also observed 
(online supplemental figure S2h). Furthermore, assessment 
of pulmonary function also showed consistent results (online 
supplemental figure S2i–l). Although the gut microbiota was 
not determined, cohousing results speculated that beneficial and 
adverse gut bacteria may respectively exist in CTL and CS mice.

ABX treatment reduces CS-induced COPD pathogenesis
To determine the importance of gut microbiota composition in 
COPD development, individual (vancomycin (VAN), neomycin 
(NEO), metronidazole (MET) and ampicillin (AMP)) and combi-
national ABX17 were orally administrated to mice 2 weeks before 
CS. Aberrant phenotypes observed in CS mice (figure 1A–K) 
were significantly ameliorated in the ABX, AMP and VAN- 
treated groups. In contrast, oral NEO or MET treatment did 
not significantly affect COPD pathogenesis (figure 1A–K). Thus, 
commensal microbiota composition affect the inflammations 
and pathogenesis of CS- induced COPD and treatment with 
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optimal ABX predisposes the mice to reduced pathogenesis in 
the lung of COPD.

Gut microbiota composition plays a causal effect on COPD 
development
The beneficial effects of ABX treatment may be mediated 
through the changed gut microbiota composition. To see 

whether the changed gut microbiota structure may play a causal 
effect on COPD development, FMT experiment was performed. 
Donor faecal microbiota from CTL or CS mice treated by 
either ABX, NEO, AMP or VAN were transferred to CS- recip-
ient mice. Faecal microbiota from CTL, ABX- treated, AMP- 
treated or VAN- treated mice significantly ameliorated COPD 
syndromes (figure 1L–U). In contrast, microbiota derived from 

Figure 1 Establishment of the gut microbiota- COPD development relationship. Mice were orally administered with antibiotics (NEO, AMP, VAN, 
MET and ABX) to evaluate the effect of antibiotics treatment on COPD development in CS mice. Percentage of body weight change was measured 
throughout the 12- week period (A). Body weight change (B), BALF cellular composition (C), flow cytometry analysis on production of IL- 1β and TNF-α 
in F4/80+CD11b+ macrophages (D), IL- 17A in CD4 +NKp46+Th17 cells and IL- 10 in CD4 +FoxP3+Treg cells (E), histopathology in lung (F) and the 
mean linear intercept of lung tissue (G) and lung functions analyses including FRC (H), FVC (I), Cchord (J) and FEV100/FVC (K) were measured after 12 
weeks. Through use of the faeces microbiota of antibiotics- treated mice as the donor, FMT was performed to see their effects on COPD development 
in CS recipient mice. Percentage of body weight change was measured throughout the 12- week period (L). Body weight change (M), BALF cellular 
composition (M), flow cytometry analysis on production of IL- 1β in F4/80+CD11b+macrophages and IL- 17A in CD4 +NKp46+Th17 cells (O), lung 
histopathology (P) and the mean linear intercept of lung tissue (Q), and lung functions analyses including FRC (R), FVC (S), Cchord (T), and FEV100/
FVC (U) were measured after 12 weeks. For FMT, faeces microbiota of control (CTL), CS, ABX, NEO, AMP and VAN were collected, followed by oral 
administration to recipient CS mice. Except panels F and P, the data representing means±SD or medians±IQR were analysed using the Newman- Keuls 
multiple comparison post hoc one- way ANOVA analysis (n=6–12 for panel a- j and n=5–6 for panel k- s). *p<0.05; **p<0.01; ***p<0.001. ANOVA, 
analysis of variance; ABX, antibiotics; AMP, ampicillin; BALF, bronchoalveolar lavage fluid; CS, cigarette smoking; COPD, chronic obstructive pulmonary 
disease; FMT, faecal microbiota transplantation; IL- 1β, interleukin 1β; MET, metronidazole; NS, not significant; TNF-α, tumour necrosis factor α; VAN, 
vancomycin.
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CS or NEO- treated mice failed to reverse COPD traits of CS 
recipients (figure 1L–U). Briefly, the COPD ameliorative effects 
produced by treatment of CS mice with ABX, AMP or VAN are 
transferrable through gut microbiota transplantation. Therefore, 
the changed gut microbiota structure may play a causal effect on 
COPD pathogenesis.

The gut microbiota compositions in each mice group were 
determined using 16S microbiota ribosomal DNA sequencing 
(figure 2A). Relative abundance of Erysipelotrichaceae, Bacte-
roidales and Ruminococcaceae were significantly reduced, while 
those of Lachnospiriaceae were increased in the faeces of CS 
mice in contrast to the CTL mice (online supplemental figure 
S3a–c). ABX treatment and FMT both affects the composition 
of gut microbiota in CS mice (figure 2a and online supplemental 
figure S3d, e). Seventeen bacterial species significantly altered by 
antibiotics (ABX, NEO, AMP and VAN) in comparison with the 
CS group were identified by using metagenomeSeq (figure 2B) 

and the correlation between the 17 identified bacterial species 
and COPD traits was further analysed (figure 2C). P. goldsteinii 
and E. coli were significantly negatively correlated with the 
COPD severity (figure 2C), and the relative abundance of Pg 
and E. coli in 16S sequencing data was mostly consistent with 
those validated by qPCR, except that the relative abundance 
of Pg in the AMP group was not significantly altered in qPCR 
data (online supplemental figure S3f–i). Furthermore, bacterial 
species significantly altered by FMT between any two groups 
indicated only Pg was increased by trend in ABX, VAN and AMP 
treated mice groups (figure 2D and online supplemental figure 
S3j). Additionally, a positive correlation between COPD severity 
and Lachnospiriaceae which was significantly increased in CS 
mice was observed (figure 2C and online supplemental figure 
S3k). Therefore, together with all the data obtained, Pg was 
selected for subsequent studies.

Figure 2 Negative association of Parabacteroides goldsteinii with COPD severity in different mice groups. The top 10 most abundant faecal 
microbiota bacterial families of CTL, CS, ABX, NEO, AMP and VAN treated mice groups were shown in (A). Bacterial species significantly altered by 
antibiotics (ABX, NEO, AMP and VAN) in comparison with the CS group (q<0.05) were shown in the heatmap (B). Spearman’s correlation analysis 
between the 17 identified bacterial species and COPD traits (C). The p values were corrected for multiple comparisons by using Benjamini and 
Hochberg (BH) method. (+p<0.05; ++p<0.01; #adjusted p<0.05; ##adjusted p<0.01). bacterial species significantly altered by FMT (CTL- CS, CS- CS, 
ABX- CS, NEO- CS, AMP- CS and VAN- CS) between any two groups (p<0.05) were shown in the heatmap (D). The values of the heatmap (B, D) are 
based on the row scaling (z- scores) of the relative abundance. ABX, antibiotics; AMP, ampicillin; CS, cigarette smoking; COPD, chronic obstructive 
pulmonary disease; CTL, control; FEV, forced expiratory volume; FMT, faecal microbiota transplantation; FVC, forced vital capacity; NEO, neomycin; 
VAN, vancomycin.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-322599 on 9 M

arch 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
https://dx.doi.org/10.1136/gutjnl-2020-322599
http://gut.bmj.com/


313Lai H- C, et al. Gut 2022;71:309–321. doi:10.1136/gutjnl-2020-322599

Gut microbiota

Pg MTS01 ameliorates COPD
A Pg bacterial strain MTS01 (online supplemental figure S4a) 
was subsequently isolated from ABX- treated faecal microbiota 
samples. Full- length sequencing of 16S rRNA gene of Pg MTS01 
showed 99.9% identity to that of Pg JCM13446.14 Oral treat-
ment of Pg MTS01 (2×108 colony- forming units per day per 
mouse) significantly increased body weight gain (by 7.4%) and 
ameliorated COPD phenotypes (figure 3A–J). In parallel, the 
expression of lung ZO- 1 and Occludin mRNA- linked with the 
respiratory tract integrity was also increased (online supple-
mental figure S4b, c).

CS has been shown as a risk factor of intestinal mucosal 
damages.18 In colon, Pg MTS01 treatment reduced expression 
of proinflammatory cytokines such as IL- 1β and TNF-α (online 
supplemental figure S4d), and increased expression of ZO- 1 
and Occludin (online supplemental figure S4e, f) in CS mice. Pg 
MTS01 further restored TNF-α-induced increase of cell layer 
TEER permeability in a Caco- 2- cells in vitro model (online 
supplemental figure S4g). Effects of Pg MTS01 on body weight 
change, histopathology in lung and liver, serum GPT and BUN 
levels revealed that Pg MTS01 has no adverse effect on healthy 
mice (online supplemental figure S4h–l).

Pg MTS01 reduces intestinal inflammation and enhances 
cellular ribosomal and mitochondrial activity in CS mice
Pg MTS01 administration reduced pro- inflammatory cytokines 
production and increased intestinal integrity in colon (online 
supplemental figure S4d–g). To further characterise the effects 
of Pg MTS01 administration on physiology of colon cells, 

single- cell RNA sequencing (scRNAseq) and analyses of colon 
tissue- derived cells of CS mice with/without Pg MTS01 treat-
ment were conducted (figure 4A,B). Specifically, in CS compared 
with CTL mice, an increased expression of genes involved in 
fatty acid/eicosanoids metabolism, membrane microvillus forma-
tion and endopeptidase activity, while reduced expression of 
genes involving ribosomal biogenesis and mitochondrial activity 
were observed (online supplemental dataset 1 and figure S5a, b). 
By contrast, Pg MTS01 administration significantly upregulated 
genes of cellular antioxidants, redox processes, antibacterials, 
mitochondrial depolarisation, ribosomal activity and mucin 
production in CS mice (figure 4C,D and online supplemental 
dataset 2). Expression levels of Mptx1 (mucosal pentraxin 1), 
Ang4 (angiogenin, ribonuclease A family, member 4) and Muc2 
(mucin 2) (online supplemental figure S5c–e), RNR1 (mitochon-
dria encoded 12S rRNA), RNR2 (mitochondria encoded 16S 
rRNA), Cytb (mitochondria encoded cytochrome B), PGC- 1α 
(peroxisome proliferator- activated receptor γ coactivator 1α), 
ND- 5 (mitochondria encoded NADH- ubiquinone oxidoreduc-
tase chain 5 protein) and mitochondria encoded Transcription 
Factor A genes related to oxidative stresses and ribosomal/mito-
chondrial activities, were further validated by qPCR (online 
supplementary table S1 and figure S5f–k). By contrast, Pg 
MTS01 did not significantly downregulate any GO pathway in 
CS mice.

In COPD, reduced ribosomal biogenesis activity is linked 
to mitochondria dysfunction.19 The oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR) linked to 
oxidative phosphorylation and non- mitochondria glycolysis 

Figure 3 Parabacteroides goldsteinii MTS01 ameliorates COPD. Live P. goldsteinii (Pg) MTS01 at the colony- forming units of 2×108 were orally 
administered to CS mice to evaluate their effects on COPD development. Percentage of body weight change was measured throughout the 12- week 
period (A). Body weight change (B), BALF cellular composition (C), RNA expression of IL- 1β and TNF-α in lung (D), histopathology in lung (E) and the 
mean linear intercept of lung tissue (F), and lung functions analyses including FRC (G), FVC (H), Cchord (I) and FEV100/FVC (J) were measured after 
12 weeks. Except panel E, the data representing means±SD or medians±IQR (n=5–17) were analysed using the Newman- Keuls multiple comparison 
post hoc one- way ANOVA analysis. *p<0.05; **p<0.01, ***p<0.001. ANOVA, analysis of variance; BALF, bronchoalveolar lavage fluid; COPD, chronic 
obstructive pulmonary disease; CS, cigarette smoking; CTL, control; IL- 1β, interleukin 1β; NS, not significant; TNF-α, tumour necrosis factor α.
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Figure 4 Single cell RNA sequencing (scRNAseq) analyses of colon intestinal epithelial cells (IEC) and lung tissue of CTL, CS and CS administered 
with Parabacteroides goldsteinii MTS01 mice groups. For colon IEC, the results of t- SNE analysis (A) and proportion of cell type (B) determined by 
SingleR, heatmap of differentially expressed genes between CS and CS+Pg group (C), as well as GO enrichment pathways analysis (D) were shown. 
for lung tissues, the results of t- SNE analysis (E) and proportion of cell type (F) determined by SingleR, heatmap of differentially expressed genes 
between CS and CS+Pg group (G), as well as GO enrichment analysis (H, I) were shown. DC, dendritic cells; CS, cigarette smoking; CTL, control
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function, respectively, were measured. Pg MTS01 increased the 
aberrant OCR activity, and reduced ECAR in CS mice (online 
supplemental figure S5l, m). Pg MTS01 may therefore reduce 
inflammations and restore the abrogated cellular ribosomal and 
mitochondrial activity in colon of CS mice.

Pg MTS01 systematically restores aberrant amino acid-
metabolism in Cs mice
The phenomenon that oral administration of Pg MTS01 amelio-
rated COPD lung pathogenesis might be related to restoration 
of systematic aberrant metabolism in blood. To further charac-
terise whether any metabolomics in mice sera were affected by 
Pg MTS01 treatment, non- targeted positively and negatively 
charged metabolite- analyses were analysed. Ingenuity canonical 
pathways analyses on sera metabolites indicated that Pg MTS01 
administration most significantly improved aberrant amino acid- 
related metabolism and tRNA- amino acid charging activities 
in CS mice, including increased biosynthesis of citrulline and 
proline, degradation of phenylalanine and glycine, and turnover 
of arginine (online supplemental figure S6a–d). Pg MTS01 may 
therefore enhance amino acids metabolism related to cellular 
ribosomal and mitochondrial activities and urea cycle turnover 
(online supplemental figure S6c).

Pg MTS01 reduces lung inflammations in Cs mice
Administration of Pg MTS01 enhanced lung integrity (online 
supplemental figure S4b, c) and reduced inflammations in COPD 
lung (figure 3D). Further lung tissue single- cell RNA sequencing 
analyses indicated that CS also increased viable counts of B cells, 
macrophages as well as reduced T cells and neutrophils counts, 
which were reversed by Pg MTS01 administration (figure 4E,F). 
Furthermore, Pg MTS01 significantly restored the aberrant 
gene expression patterns identified in CS mice. Especially, genes 
involved in antigen processing and presentation via MHCII, 
and B cell receptor signalling pathway in B cells were reduced 
(figure 4G–I, online supplemental dataset 3, 4 and figure S7a, 
b). By contrast, genes involving antioxidant activity, eicosanoid- 
binding activities, fatty acids synthesis and immune responses 
were upregulated (figure 4G–I, online supplemental dataset 3- 4 
and figure S7a, b). Among these, expression of Scgb1a1 that 
played important functions in anti- inflammatory properties was 
most significantly upregulated by Pg MTS0120 21 (online supple-
mental figure S7c). However, Pg MTS01 did not significantly 
reduce sera IgG level in CS mice (online supplemental figure 
S7d). Briefly, Pg MTS01 reduced overinflammatory immune 
responses, including those related to B cells receptor signalling 
in lung tissues.

Pg MTS01 LPS (Pg-LPS) antagonises E. coli LPS-induced 
inflammations
The proinflammatory LPS has been associated with increased 
oxidative stress, production of proinflammatory cytokines and 
COPD pathogenesis.22 As shown in figure 5A,B, LPS activi-
ties measured in the sera and lung BALF were all significantly 
increased in CS mice compared with CTL mice. By contrast, Pg 
MTS01 administration significantly reduced these LPS activities 
detected.

A BLAST analysis of whole genome sequence of Pg MTS01 
(figure 5C) highlighted genes involved in lipid A synthesis 
resembled those identified in Bacteroides dorei (figure 5D,E) and 
Bacteroides thetaiotaomicron.23 Bacteroides species- derived LPS 
subtypes exhibited significantly lower endotoxicity and immune- 
stimulatory responses relative to enteric bacteria- isolated 

proinflammatory LPS.24 25 E. coli normally produced a lipid A 
molecule with six acyl chains.26 By contrast, Pg MTS01 lacked 
LpxM, one ortholog of the acyltransferases genes, and was 
expected to produce lipid A with five acyl chains (figure 5D,E).

To see whether Pg MTS01 and E. coli exhibited subtype- 
specific LPS immunogenicity differences, their effects on cellular 
activation were measured. The NF- kB activations in HEK- Blue- 
mTLR4 reporter cells that specifically measured the proinflam-
matory LPS activity were used. While LPS derived from E. coli 
O111.B4 (EC- LPS) started to activate NF- kB activity at the 
concentration of 1 ng/mL, Pg- LPS at the concentration of 1000 ng/
mL still failed in activation (figure 5F). Pg- LPS further showed 
antagonistic effects on EC- LPS activity. Under the concentration 
ratio of 1:1, the NF- kB activity activated by EC- LPS was reduced 
up to 80% by addition of Pg- LPS (figure 5G). Further studies 
indicated that Pg- LPS competed with EC- LPS for TLR4 receptor 
binding in a dose- dependent manner (figure 5H).

Whether the phenomenon of EC- LPS and Pg- LPS interaction 
also occurs in other immune cells was next addressed. Expres-
sion of CD86 and proliferation of CD19+ B cells by EC- LPS 
were antagonised by Pg- LPS (figure 5I,J). Concordantly, over-
production of TNF-α in CD11c+ bone marrow derived DCs 
(figure 5K), and IL- 1β in human peripheral mononuclear cells 
(figure 5L) by EC- LPS treatment was also dose- dependently 
reduced by Pg- LPS administration, respectively. No cytotoxicity 
revealed in cell treated with Pg- LPS (online supplemental figure 
S8a). Briefly, Pg- LPS competes with EC- LPS and antagonises its 
proinflammatory activity.

Pg-LPS ameliorates CS-induced COPD syndromes
Pg- LPS was subsequently investigated to see its potentiality in 
ameliorating CS- induced COPD pathogenesis. As intraperi-
toneal (i.p.) administration of proinflammatory LPS enhanced 
emphysema development in COPD,27 we tested the effect of i.p. 
treatment of Pg- LPS in CS mice. CS mice with or without i.p. 
treatment of Pg- LPS (0.2 or 2 µg in 100 µL saline for each mice) 
twice per week were phenotyped for COPD. Contrary to the 
CS mice, Pg- LPS treatment significantly increased body weight 
gain by 18% and 13.9% in low and high doses, respectively 
(figure 6A,B), reduced BALF cellular- infiltration (figure 6C), and 
normalised lung pathology and functions (figure 6D–I). Further-
more, Pg- LPS reduced over- expression of proinflammatory cyto-
kines such as IL- 1β and TNF-α in lung tissues (figure 6J,K) and 
colon (figure 6L,M) in COPD mice. Concordantly, increased 
LPS concentration and activity in the BALF (figure 6N) and 
sera (figure 6O) of COPD mice were all significantly reduced 
by Pg- LPS. Further study indicated that control mice treated 
with Pg- LPS had normal liver and kidney functions (online 
supplemental figure S8b, c). Therefore, LPS of Pg MTS01 origin 
ameliorated CS- induced COPD in mice.

DISCUSSION
This study highlighted that gut microbiota dysbiosis plays a 
causal effect influencing the severity of CS- induced COPD 
pathogenesis. Therefore, the potential axis between gut micro-
biota composition and lung COPD can be established. A recent 
human study also found bacterial species differ between the 
faecal microbiome of COPD patients and healthy controls.28 
Current evidences strongly indicated that not only respiratory 
tract, but also gut microbiota structure may both be involved 
in controlling COPD development. The composition of micro-
biota in BALF of CTL, CS and ABX mice groups was deter-
mined using 16S microbiota ribosomal DNA sequencing (online 
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Figure 5 LPS purified from Parabacteroides goldsteinii (Pg) MTS01 (Pg- LPS) antagonises the inflammation elicited by Escherichia coli O111.B4 LPS 
(EC- LPS). The proinflammatory LPS activities in BALF (A) and sera (B) among CTL, CS and CS+Pg groups detected by HEK- Blue- mTLR4 reporter cells 
were shown. The circular genome map of Pg MTS01 was shown in (C). The biosynthesis pathway of kdo2- lipidA in EC was shown in (D), indicating 
LpxL and LpxM are responsible for adding the fifth and sixth acyl chains to EC lipid A. The putative genes for Kdo2- lipid a synthesis of Pg MTS01 were 
identified by blast searches using the EC MG1655 lipid A biosynthesis genes as queries. The gene ID and locations as well as identities in comparison 
with those in EC MG1655 and Bacteroides dorei DSM17855 were indicated (E). Effects of different doses of LPS derived from EC O111.B4 (EC- LPS) or 
Pg MTS01 (Pg- LPS) on NF- kB activations in HEK- Blue- mTLR4 reporter cells were shown in (F). The antagonistic results of Pg- LPS on EC- LPS induced 
NF- kB activations in HEK- Blue- mTLR4 cells were shown in (G). The competition of Pg- LPS on FITC- EC- LPS binding on HEK- Blue- mTLR4 cells were 
shown in (H). Effects of EC- LPS or Pg- LPS in single or in combination administration on expression of CD86 and proliferation of B cells were analysed 
by flow cytometry and shown in (I) and (J), respectively. The antagonistic results of Pg- LPS on EC- LPS induced TNF-α in CD11c+ bone marrow 
derived dendritic cells and IL- 1β in human peripheral mononuclear cells were shown in (K) and (L), respectively. Cytokine levels were expressed as 
relative percentage in comparison with the level induced by EC- LPS (grey BAR). The data represent means±SD analysed using the Newman- Keuls 
multiple comparison post hoc one- way ANOVA analysis. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. B cell proliferation indicated by halving 
of CFSE, a green fluorescence dye, which is partitioned approximately equally between the progeny on division. ANOVA, analysis of variance; BALF, 
bronchoalveolar lavage fluid; CS, cigarette smoking; CTL, control; IL- 1β, interleukin 1β; LPS, lipopolysaccharide; NS, not significant.
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supplemental figure S9), indicating that CS or ABX treatment 
affect the composition of BALF microbiota. The ameliorative 
effect of ABX treatment in CS mice may also be partly due to 
changes of the lung microbiota composition. Based on these 
results, to maintain microbiota homeostasis in both colon and the 
respiratory tract has to be taken into consideration in designing 
an effective strategy for prevention/treatment of COPD.

During the process of 12 weeks’ smoke exposure and 
co- housing experiment, control group cohoused with CS 

(CO- CS) group developed aberrant phenotypes, as shown in 
online supplemental figure S2. Even so, we could not come 
to solid conclusion that CS- induced abnormal gut microbiota 
composition plays a causing effect on aberrant COPD- related 
phenotypes in control mice. Part of the reasons is that not only 
uptake each other’s faeces bacteria, cohoused mice may also lick 
each other’s skin fur and expose to cigarette- derived substances 
that could be adhered to the bedding and walls of the cage due 
to smoke exposure. Therefore, the aberrant COPD- related 

Figure 6 Pg- LPS ameliorates COPD development in CS mice. After i.p. treatment of Pg- LPS, the body weight change (A, B), BALF cellular composition 
(C), lung histopathology (D), the mean linear intercept of lung tissue (E), lung functions analyses including FRC (F), FVC (G), Cchord (H) and FEV100/
FVC (I), mRNA expression level analysis of IL- 1β and TNF-α in lung tissue (J, K) and colon (L, M), respectively, and endotoxin activity in BALF (N), 
and sera (O) were shown. LPS- L, and H: Pg- LPS administered at 0.2 and 2 µg/twice per week, for 3 months. Except panel D, statistical analysis was 
performed using the Newman- Keuls multiple comparison post hoc one- way ANOVA analysis (n=3–6). *p<0.05; **p<0.01; ***p<0.001. ANOVA, 
analysis of variance; BALF, bronchoalveolar lavage fluid; CS, cigarette smoking; COPD, chronic obstructive pulmonary disease; CTL, control; FEV, forced 
expiratory volume; FVC, forced vital capacity; IL- 1β, interleukin 1β; i.p., intraperitoneal; LPS, lipopolysaccharide; TNF-α, tumour necrosis factor α.
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phenotypes observed in the control mice might only partially 
be due to transfer of abnormal gut microbiota bacteria from the 
smoke- exposed mice. Besides faeces microbiota, other factors 
may also participate in affecting COPD- related phenotypes. 
We, therefore, did not determine gut microbiota composition 
in this scenario. To confirm the possibility of gut microbiota- 
COPD axis, FMT was subsequently performed to establish the 
relationship.

Among the gut microbiota bacteria affected, increased abun-
dance in Lachnospiraceae (online supplemental figure S3a–c, 
k) might be one of the contributing factors leading to aberrant 
inflammations and reduction of cellular physiological activities 
in colon. Consistently, increased abundance of Lachnospiriaceae 
was also reported in many other chronic inflammations related 
diseases such as inflammatory bowel disease, irritable bowel 
syndrome with diarrhoea, obesity and after stress.29 A recent 
human study also reported multiple members of the family 
Lachnospiraceae correlate with reduced lung function.28 On 
the other hand, FMT from ABX- treated mice reduced intestinal 
inflammation, promoted intestinal integrity, and ameliorated 
lung COPD pathogenesis, which was positively correlated with 
Pg abundance (figure 2B–D and online supplemental figure S3f, 
h, j). An assumption was developed that optimal depletion of 
potentially harmful bacteria and/or enrichment of beneficial 
bacteria in gut may be considered as an alternative strategy for 
amelioration of COPD. Subsequent studies using the isolated Pg 
MTS01 as the sole bacterium for oral administration validated 
its effect on COPD amelioration, thus attracting the investiga-
tion of the underlying mechanism by which orally- administered 
Pg MTS01 ameliorated COPD.

A recent study found that Pg was significantly decreased in 
patients of chronic kidney disease which was also a chronic 
inflammatory disease.30 There seemed to be not many reports 
related to Pg abundance. One of the reasons may be that growth 
of Pg was heavily and selectively affected by some sugars and 
polysaccharides. For example, those derived from traditional 
Chinese medicinal (TCM) fungi, such as Ganoderma lucidum 
and Hirsutella sinensis stimulated the growth (Lai et al, unpub-
lished). Larger scale human investigation, especially those related 
to TCM polysaccharides administration, will be necessary to 
provide more in- depth information.

Previous can lead to intestinal inflammations and severe 
colitis,31 closely connected to impaired intestinal ribosomal- 
biogenesis.32 Furthermore, CS- related deregulated ribosomal 
biogenesis has also been linked to cellular senescence pheno-
types33 and ageing, such as progeria and the Hutchinson- Gilford 
progeria syndrome.34 On the other hand, inhibition of mito-
chondrial respiratory activity was associated with pathogenesis 
of COPD,19 34 and might be the key mechanism of lung CS 
toxicity. Specifically, the mitochondrial dysfunction is linked 
to loss of RNA Pol I transcription, thus, compromising trans-
lational fidelity, and causing endoplasmic reticulum stress and 
apoptosis.34 Additionally, CS has been linked to subcutaneous fat 
losses that might lead to weight loss in CS mice35 (figure 1A,B), 
cachexia,36 atherosclerosis, alopecia, osteoporosis, and cata-
racts.37 Therefore, Pg MTS01 perturbation or restoration of 
aberrant colon ribosomal biogenesis and mitochondrial activity 
by CS- induced chronic inflammations may be more detrimental.

CS also systematically manifested aberrant amino acid- 
metabolism, including decreased protein anabolism and increased 
protein catabolism38 (online supplemental figure S6). Notably, 
Pg MTS01 systematically promoted amino acids turnovers, 
especially those involved in upregulated urea cycle, nitric oxide- 
biosynthesis and TCA cycle activities (online supplemental figure 

S6). The decreased metabolic turnovers of L- arginine and L- ci-
trulline involved in mitochondrial TCA, argino- succinate shunt 
and urea cycle, and nitric oxide- biosynthesis activities (online 
supplemental figure S6) were restored by Pg MTS01 administra-
tion. While the Pg MTS01 effects on restoration of amino acids 
metabolism might be related to the enhanced cellular ribosomal 
and mitochondrial activities, more detailed molecular mecha-
nistic studies are warranted.

Previous studies also have shown that the amount of IgG1 
isotypes antibodies positively correlated with COPD pathogen-
esis and severity.39 Pg MTS01 administration did not significantly 
reduce the total IgG level in sera of COPD mice, although a weak 
trend was observed (online supplemental figure S7d). Effect of 
Pg MTS01 on other isotypes needs further investigations. At the 
same time, Pg MTS01 significantly reduced the expression level 
of scgb1a1 (online supplemental figure S7c) where bronchiolar 
cells derived from Scgb1a1- expressing progenitors function as 
major sentinel cells of the airway, responsible for controlling 
immune responses. Besides, concerning COPD- pathogenesis, 
particularly emphysema that was developed as the later stage 
of COPD, the role of B cells and B cell- rich lymphoid follicles 
have been highlighted.40 Specifically, increased IgA1- production 
B- cell counts were observed in lung lymphoid- follicles within 
distal lung parenchyma of COPD subjects.41 Apart from DCs 
and macrophages, B cells can internalise, process and present the 
antigen to responding T cells.40 Results shown in this study indi-
cated that the over- activated B cells signalling pathways observed 
in lung of CS mice were significantly reduced by Pg MTS01 
(figure 4G–I). Besides, expression levels of CD86 and prolifera-
tion in the B cells induced by EC- LPS were also antagonised by 
Pg- LPS (figure 5I,J). These results indicated the restoring effects 
of Pg MTS01 might be, at least in part, through modulation 
of B cells activities, and Pg- LPS may play some direct regula-
tory role on B cells. Whether the ameliorative mechanism of Pg 
MTS01/Pg- LPS in COPD lung may be dependent on interactions 
between B and T cells, and even other immune cells remains to 
be further determined.

Unexpectedly, scRNAseq analysis of lung of COPD animals 
revealed reductions in number of neutrophils and T cells relative 
to the control group (figure 4F), different from those obtained 
from cellular analysis (figure 1C). Neutrophils are central in 
COPD pathogenesis, with NETosis enriched in neutrophil- 
dominant refractory lung diseases as a cell death indicator.42 
On the other hand, T cells also play important role in COPD 
inflammations,43 and a mean 103% increase in apoptosis in 
T- lymphocyte was found in COPD patients in contrast to 
normal population.43 Since scRNAseq mainly analysed live and 
intact cells, our observed phenomena might suggest that CS 
induced NETosis42 and apoptosis of T cells,44 leading to subse-
quent inflammations development. Treatment with Pg MTS01 
increased the number of viable neutrophils and T cells, which 
may be closely related to its ameliorative effects.

The proinflammatory LPS mainly produced from Gram- 
negative Proteobacteria has been closely implicated in COPD 
development.45 Furthermore, cigarettes often contain proin-
flammatory LPS contaminants.46 The increased release of proin-
flammatory LPS in sera and BALF of CS mice may initiate and 
proceed with COPD development (figure 5A,B), and suggested 
the level of proinflammatory LPS activity is closely correlated 
with the inflammation severity. Pg- LPS reduced LPS activities in 
sera and BALF and downregulated genes involving CS- induced, 
and LPS- related inflammations, leading to alleviation of COPD- 
pathogenesis (figure 6J–O). Subsequent studies indicated that 
Pg- LPS did not significantly enhance cellular activation activity, 
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and even antagonised the E. coli LPS induced activation activ-
ities (figure 5F–L). These results indicated the development 
of a potential new strategy on COPD treatment by using the 
anti- inflammatory LPS as therapeutic agents.25 The ameliora-
tive effect of Pg- LPS was also examined in another CS COPD 
model of BALB/c mice which have been reported to have a 
very different composition of gut microbiome compared with 
C57BL/6 mice.47 The result revealed that Pg- LPS also amelio-
rates COPD development in CS BALB/c mice (online supple-
mental figure S10). Therefore, effects of Pg- LPS are not specific 
to C57BL/6 mice. While the underlying ameliorative mechanism 
of Pg- LPS might be through competing with EC- LPS for TLR4 
receptor, further studies on modification of Pg- LPS to improve 
its anti- inflammatory efficacy are essential.

The general effects of hypoacylated lipid A on inhibition of 
immune activity have been reported before.25 Through genome 
comparison, the lpxM that might encode an acyltransferase 

during the processes of lipid A synthesis was found to be absent 
in Pg MTS01 genome (figure 5D,E). Therefore it was predicted 
that the structure of lipid A in Pg MTS01 was similar to those 
identified in Bacteroides spp such as Bacteroides thetaiotaomi-
cron, Bacteroides dorei, Bacteroides fragilis, Bacteroides ovatus, 
Rhodobacter capsulatus and Rhodobacter sphaeroides, which is 
penta- acylated rather than hexa- acylated25 48 (figure 5E). These 
anti- inflammatory LPSs are generally characterised by showing 
no potent agonist activity, and even presenting antagonistic effects 
to E. coli derived proinflammatory LPS.23–25 For example, LPS 
derived from Rhodobacter demonstrated potent antagonism of 
proinflammatory LPS- mediated cellular activation and protected 
mice from proinflammatory LPS- induced death.49 50 Among 
these, E5564 developed form Rhodobacter sphaeroides was 
shown to prevent chronic airway hyperreactivity and inflamma-
tion caused by inhaled LPS. In addition, B. fragilis and B. ovatus 
also alleviated LPS- induced inflammation in mice,51 while B. 

Figure 7 Hypothetic working model of the ameliorative effects Parabacteroides goldsteinii (Pg) MTS01 and Pg- LPS on CS- induced COPD. In CS- 
induced COPD model, pathogenesis enhancement in lung such as increased infiltration of proinflammatory cells, increased release of proinflammatory 
cytokines and pulmonary function deterioration was observed (1). Increased pro- inflammatory LPS in systematic circulation was evident (2). These 
were closely related to aberrant systematic immune (TLR4 overactivation) and metabolic (amino acids metabolism disturbance) activities in the host. 
besides, CS also resulted in pathogenesis deterioration in colon, including reduced ribosome biogenesis, mitochondrial activities, and reduced ZO- 
1 and occludin production (3). Furthermore, microbiota changes were correlated with pathogenesis of COPD (abundance of Lachnospiraceae was 
positively correlated with disease severity, while abundance of Pg was negative correlated) (3). Interventions by administration of Pg MTS01 or its 
derived LPS (Pg- LPS) restored the pathogenesis in colon (4). Pg MTS01 might, at least in part, use its LPS by acting as an antagonist of TLR4 signalling 
pathway to restore the aberrant inflammatory and metabolic phenotypes (5). Consequently, amelioration of lung chronic inflammation, leading to 
reduced COPD pathogenesis was achieved (6). P- LPS, pro- inflammatory LPS. COPD, chronic obstructive pulmonary disease; CS, cigarette smoking; LPS, 
lipopolysaccharide; TLR4, toll- like receptor 4.
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vulgatus and B. dorei ameliorated endotoxaemia, decreased gut 
microbial LPS production, and suppressed proinflammatory 
immune responses.52 Recently, anti- inflammatory properties of 
weak agonistic LPS derived from Bacteroides spp were attributed 
to endotoxin tolerance induction via the MD- 2/TLR4 receptor 
complex axis in intestinal lamina propria CD11c+ cells.53 
Pg- LPS may, therefore, belong to a family of hypoacylated LPS 
that generally show anti- inflammatory functions.

In conclusion, Pg MTS01 and Pg- LPS are potential therapeutic 
agents that may be developed into functional probiotics10 25 54 55 
and postbiotics,25 respectively, to ameliorate COPD (figure 7).
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Supplementary Materials 

 

Supplementary methods 

Animal experiments 

For co-housing experiments, age-matched female mice were either left untreated or 

treated with CS inhalation two times daily, and kept in: isolated cages [control (CTL) 

and CS); or cohoused [CO-CS (CTL cohoused with CS) and CO-CTL (CS cohoused 

with CTL)] at a 1:1 ratio for 12 weeks. CS mice were put into a smoking chamber and 

treated with smoking, while CTL group was only put into chambers without smoking. 

For antibiotics treatment, a modified protocol from Wu et al.[1] was used. Mice were 

either orally treated with PBS (CTL), antibiotic cocktail (ABX: 0.5 g/l ampicillin, 0.5 

g/l metronidazole, 0.5 g/l neomycin sulfate and 0.25 g/l vancomycin; Sigma, St. Louis, 

USA), VAN, AMP, NEO, or MET at the same concentration in sterile drinking water. 

Antibiotics treatments were performed for two weeks before CS inhalation and 

continued for the entire experimental duration. 

For FMT experiments, donor mice (8-week old, female) were either untreated, or 

treated with CS inhalation, and with/without ABX/ single antibiotic by drinking water 

for 12 weeks. Between week 10 -12 (15 days), fecal matter of each mice was collected 

daily (150–180 mg), pooled, stored in sterile tubes and homogenized in 1 ml of PBS. 

After centrifugation (2,000g at 4°C for 1 min), bacteria-enriched supernatants were 

collected and centrifuged (5 min at 15,000g). Bacterial pellets were washed twice with 

PBS, resuspended in 700 µl of saline with 20% (v/v) glycerol, and stored at –80°C. CS 

mice were treated daily with fecal microbiota transplants (ca. 1x 108 CFU in 100 µl 

PBS) from each donor group (8-week old, female) via oral gavage for 12 weeks. 

For P. goldsteinii MTS01 experiments, mice were divided into three groups. The control 

group with PBS oral gavage once per day, comprised mice exposed to room air for 
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twelve weeks. Two CS groups were exposed to smoke for twelve weeks. Each group 

was once per day, either orally gavaged with 2x108 CFU P. goldsteinii MTS01 or PBS, 

respectively. 

For evaluation of LPS ameliorative effect, CTL or CS mice were intraperitoneal (i.p.). 

injected with 100 µl PBS or high (100 µg/kg)/ low (10 µg/kg) dose of LPS isolated 

from P. goldsteinii MTS01 (Pg-LPS). At prior-indicated timepoints, mice were 

euthanized and sacrificed for characterization. 

 

Bronchoalveolar lavage 

BAL fluid (BALF) was obtained using a 20 G intravenous catheter inserted into the 

trachea (with 1 ml PBS). The fluid was centrifuged (1,000g for 3 min) and pellets were 

resuspended in 1 ml PBS. Total and differential cell-counts were determined using a 

hemocytometer and a Diff-Quick staining kit (Sysmex, Kobe, Japan). 

 

Flow cytometry analysis 

We followed Wu et al.’s protocol [1] using the following antibodies purchased from BD 

Pharmingen (USA): CD11c-PE (HL3), F4/80-PE (BM9), Ly6G-PE (1A8), Ly6C-FITC 

(AL-21), CD19-PE (1D3), CD4-PE (GK1.5), γδ TCR-FITC (GL3), TNF-α-APC (MP6-

XT22), FoxP3-FITC (FJK-16s), and IL-17A-Alexa Fluor647 (TC11-18H10); IL-10-

APC (JES5-16E3) from eBioscience (San Diego, USA); IL-1β-APC from R&D 

Systems (Minneapolis, USA); and Rabbit IgG-FITC from Beckman Coulter (Brea, 

USA). For cell surface staining, single cell suspensions were stained with antibodies 

(1:100), washed once with cold PBS containing 2% FBS and resuspended in cold PBS. 

For surface and intracellular staining, cells were incubated in RPMI-1640 medium 

containing phorbol 12-myristate 13-acetate (PMA, 25 ng/ml, Sigma) and ionomycin (1 

μg/ml, Sigma) for 1 h, followed by GolgiPlug (BD Pharmingen) addition and 3 h-
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incubation at 37°C under 5% CO2. Stimulated cells were surface antibody-stained 

(1:100) and fixed and permeabilized using the Cytofix/Cytoperm kit (BD Pharmingen) 

following manufacturer’s instructions, followed by intracellular staining (1:50). All 

stained cells were analyzed using FACS Calibur (BD, USA). Data were analyzed using 

Kaluza (v1.5, Beckman Coulter, USA) or FlowJo (v10.4, USA). 

 

Histological analysis 

Lungs were formalin-fixed and paraffin-embedded. Tissue sections were stained with 

hematoxylin and eosin (H&E) and examined under a light microscope (Olympus, 

Tokyo, Japan). Histological images were analyzed using the Image J software (National 

Institutes of Health, Bethesda, USA). Two randomly-selected fields from each 10–15 

sections were analyzed. 

 

Assessment of pulmonary functions 

We used Vanoirbeek et al.[2] protocols, involving mice whole-body plethysmography, 

anesthetization, tracheostomization, and placement in a forced pulmonary maneuver 

system (Buxco Research Systems). The anesthetized animals were induced to have 100 

breaths/min on average. Quasistatic PV maneuvering was performed to measure chord 

compliance (Cchord). 

 

Microbiota library construction and Illumina MiSeq sequencing 

Feces samples were snap-frozen in liquid nitrogen and stored at –80°C. DNA was 

extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). BALF 

samples were centrifuged at 5,000g for 10 minutes to collect the pellet and DNA was 

extracted using a QIAamp DNA mini kit (Qiagen, Hilden, Germany). V3-V4 regions 

in the 16S rRNA gene were amplified by using primers listed in supplementary table 
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S1, purified and sequenced using the MiSeq Illumina pyrosequencer platform following 

manufacturer’s instructions. 

 

16S rDNA-based metagenomics analysis pipeline 

We used a protocol modified from our previous studies [1, 3, 4] where V3-V4 regions 

of 16S rDNA amplicon (forward primer 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAYGGGRBGCASCAG-3’; 

reverse primer 5’- 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNNGGGTATCTA

AT-3’) sequencing was performed using 250 bp paired-end raw reads and the entire 

paired-end reads were assembled using FLASH v.1.2.11. Low-quality reads (Q score 

<20) were discarded in QIIME 1.9.1 pipeline. If three consecutive bases were <Q20, 

the read was truncated, and the resulting read was retained for data at least 75% of the 

original length (QIIME script split_libraries_fastq.py). Sequences were chimera-

checked using UCHIME and filtered from the data set before OTU (operational 

taxonomy units) picking of 97% sequence identity using USEARCH v.7 pipeline 

(UPARSE function). For each representative sequence, the Silva Database v128 was 

used based on RDP classifier (v.2.2) algorithm to annotate taxonomy classification, 

which was performed with an 80% minimum confidence threshold to record an 

assignment. Any singleton-sequences were filtered out. 

Sample-species complexity was evaluated by Beta diversity analysis. Supervised 

partial-least-squares discriminant analysis (PLS-DA)—R package mixOmics—was 

used to evaluate and visualize variance based on OTUs level of gut microbiota 

composition among the groups. 

Statistical significance analysis for all species among various taxonomic levels was 

determined by differential abundance analysis with a zero-inflated Gussian (ZIG) log-
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normal model as implemented in the Bioconductor metagenomeSeq package’s 

“fitFeatureModel” function [5]. Only bacterial family with relative abundance 0.1% 

and bacterial species with relative abundance 0.01% in at least two samples were 

retained. Statistically significant biomarkers were identified using the LEfSe (Linear 

discriminant analysis (LDA) Effect Size) analysis-an algorithm-based approach that 

performs the non-parametric Kruskal-Wallis test and Wilcoxon rank-sum test to 

identify bacterial taxa whose relative abundance is significantly different relative to the 

control [6]. LEfSe applies LDA to bacterial taxa identified as significantly different and 

assesses the effect size of each differentially abundant taxon. Taxa with LDA score 

(log10) > 4 was considered significant. 

 

P. goldsteinii cultivation 

P. goldsteinii MTS01 was isolated from feces of mice in ABX experiments. Bacteria 

were grown at 37 °C in a Whitley DG250 anaerobic chamber (Don Whitley, Bingley, 

UK) with mixed anaerobic gas (5% carbon dioxide, 5% hydrogen, 90% nitrogen). 

Anaerobic condition was confirmed using an anaerobic indicator (Oxoid, Hampshire, 

UK). P. goldsteinii MTS01 was cultivated on anaerobic blood agar (Creative, New 

Taipei city, Taiwan) and liquid thioglycollate medium (BD, Franklin Lakes, USA). 

 

Whole genome sequencing and analysis of P. goldsteinii MTS01 

Illumina and Pacbio platforms were used for P. goldsteinii MTS01’s full-genome 

sequencing by hybrid assembly. The main steps were as follows: Pacbio platform reads 

were first assembled by Canu [7]. The contigs were mapped by Pacbio reads using 

minimap2 [8] and corrected, then assembled by Racon [9]. Short reads were then 

mapped to the assembled contigs by BWA [10], and Pilon[11] was applied for sequence 

correction. Open reading frame was predicted by MetaGeneMark [12]. Predicted genes 
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were annotated by: KEGG [13], COG [14], NCBI-NR. Blast [15] search was performed 

against KEGG and NCBI-NR databases. COG database search was done by CD-search 

[16]. All software were processed in default. 

 

Sera metabolomics analysis 

The sera metabolites were analyzed by GC-MS and LC-MS. An Agilent 7890 gas 

chromatograph system coupled with a LECO Pegasus BT time-of-flight mass 

spectrometer was used for analysis. MS-DIALsoftware [17] and FiehnBinbase 

databases were used raw peak-extraction, baseline data  filtration and calibration, peak 

alignment, deconvolution analysis, peak-identification and peak-area integration [18]. 

For metabolites identification, both mass spectra and retention index matches were 

considered. We removed peaks detected in ≤50% of QC samples or <50% samples of 

every group except QC group or RSD＞30% in QC samples [19]. Meanwhile, extracted 

sera samples were analyzed by an UHPLC system (1290, Agilent Technologies) with a 

UPLC BEH Amide column (1.7μm 2.1*100mm, Waters) coupled to TripleTOF 6600 

(Q-TOF, AB Sciex). Peak annotation was done by R package CAMERA post-XCMS 

data processing an in-house MS2 database was applied for metabolites identification. 

Supervised Orthogonal Projections to Latent Structures Discriminate Analysis (OPLS-

DA) utilized three-dimensional data consisting peak number, sample name, and 

normalized peak area. Statistical-multivariate analyses (OLPS-DA) were performed by 

R package ropls to distinguish test-subjects and controls. The OPLS-DA model was 

applied for higher-level group separation and comprehension of variables responsible 

for classification. The model’s predictive ability was assessed by a 7-fold cross-

validation method. The classification parameters, R2Y (the goodness-of-fit) and Q2 

(goodness-of-prediction) intercept values (200 permutations) were 0.918 and 0.745 

(GC), 0.980 and 0.627 (LC-positive ion mode), 0.566 and 0.792 (LC-negative ion 
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mode), respectively, indicating the model’s robustness, a low over-fitting risk, and good 

reliability. For analysis refinement by first principal component of variable importance 

projection (VIP), the significantly different metabolites were only acquired on VIP > 1 

and Student's t-test p-value < 0.05 among the pairwise comparison groups. The 

significant metabolites were used to analyze canonical pathway enrichment analysis 

using Ingenuity Pathway Analysis (IPA, QIAGEN bioinformatics, Germany). 

 

scRNAseq analysis of colon and lung tissues 

The raw scRNA-Seq data were de-multiplexed, quantified and grouped by 10x 

Genomics’ Cell Ranger Single-Cell Software Suite. The quantified results were 

normalized by Seurat v3 [20] and individual cell types determined using SingleR[21]. 

The differentially expressed genes (adjusted p-value<0.05, average 

log(FoldChange)>0.4 >0.4 or <-0.4) were identified with 

(http://comphealth.ucsf.edu/SingleR), relying on default Seurat’s DEGs identification 

methods. Mouse annotation information was obtained from the org.Mm.eg.db package 

[22]. ClusterProfiler, ComplexHeatmap, and ggplot2 packages were used for pathway 

enrichment analysis, sub-setting cell types and heatmap-generation or pathway-

enrichment plots [23, 24]. We presented 15 most significant GO terms (adjusted p-

value<0.05). 

 

Cellular bioenergetic analysis 

Bioenergetic analysis was performed on intact cells using the XF24 analyzer (Seahorse 

Bioscience, Billerica, MA, USA). Real-time measurements for oxygen consumption 

rate (OCR)-mitochondrial-respiration indicator, and extracellular acidification rate 

(ECAR)-a glycolysis index, were taken on colon tissues from mice subjected to various 

treatments. 
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Genes expression levels 

Lung and colon tissues were harvested from the mice and total RNAs extracted using 

the Genezol TriRNA pure kit (Geneaid, New Taipei City, Taiwan). RNA was reversely-

transcribed using the Quant II fast reverse transcriptase kit (BioTools, New Taipei city, 

Taiwan). The resulting cDNA (1 μl) was used as template for qPCR and mixed with 1 μl 

of target gene primers (supplementary table S1), 5 μl of 2x qPCRBIO SyGreen Blue 

Mix Lo-ROX (PCR Biosystems, London, UK) and 3 μl double distilled water in each 

well. The GAPDH primers were used as the internal control for qPCR assay. The PCR 

conditions were as follows: initial pre-incubation-step at 95 °C for 3 min, 50 PCR cycles 

at 95 °C for 10 sec, 60 °C for 20 s, 72 °C for 5 s and one melting curve cycle. 

 

Lung immunoglobulin measurement 

Supernatants were collected from centrifuged (15,000g for 1 min) lung-tissue 

homogenates and IgG was quantified by ELISA kits following manufacturer’s 

instructions (R&D Systems). 

 

Endotoxin detection 

BALF and serum LPS were measured using a murine HEK-Blue™ LPS Detection Kit 

(InvivoGen, USA) based on the manufacturer’s instructions. 

 

P. goldsteinii LPS purification 

LPS were isolated by using the hot phenol-water extraction [25]. Bacterial pellet of 

1200 ml overnight culture were suspended in 30 ml of the warm water and added an 

equal volume of phenol, then stirred at 65°C for 30 minutes. After centrifugation, the 

aqueous layers were collected, and the organic layer were added an equal volume of 
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warm water to perform the extraction twice. The crude extract obtained after dialysis 

and lyophilization were treated with DNase, RNase and Proteinase K. Further dialysis 

and lyophilization were performed to obtain the purified LPS. 

 

Antagonistic effect in HEK-Blue-mTLR4 cells 

HEK-Blue-mTLR4 cells (InvivoGen, USA) were pretreated with Pg-LPS for 2 hours, 

followed by 20 h-EC-LPS (E. coli O111:B4 LPS purchased from Sigma) treatment. The 

NF-kB activation was determined by measurement of OD630. The binding competition 

of 0.6 g/ml FITC-EC-LPS (FITC-E. coli O111:B4 LPS purchased from Sigma) on 

HEK-Blue-mTLR4 cells with pretreatment of different amounts of Pg-LPS was 

analyzed by flow cytometry. 

 

Cell isolation and in vitro LPS treatment 

CD11c+ DC were isolated from GM-CSF-stimulated murine bone marrow cells using 

the EasySepTM mouse CD11c positive selection kit following supplier’s instructions 

(Stemcell Technologies, Vancouver, Canada). Human PBMC were isolated by SepMate 

PBMC isolation tube per instructions (Stemcell Technologies, Vancouver, Canada). 

Cells were maintained in RPMI Medium (Gibco, Waltham, USA) supplemented with 

10% FBS, and 1% antibiotic-antimycotic (Thermo Fisher Scientific, USA) at 37°C 

under 5% CO2. For LPS treatment, cells were seeded (CD11c+ DC: 2×105 cells, human 

PBMC: 1×106 cells) and pretreated with Pg-LPS for 2 hours, followed by 24 h-EC-LPS 

(E. coli ultrapure O111:B4 LPS purchased from InvivoGen) treatment. TNF-α or IL-1 

were detected by ELISA from supernatants. 

 

B-cell isolation 

B cells were isolated from spleen single cells using the EasySepTM mouse B-cell 
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isolation kit following supplier’s instructions (Stemcell Technologies, Vancouver, 

Canada). Flow-cytometry (FACSAria, BD) confirmed isolation recovery rate and B-

cell purity. B cells were resuspended (4107/ml) in flow cytometry staining buffer (PBS 

containing 2% FBS) and stained with a final concentration of 5 M 5-(and-6)-

carboxyfluorescein diacetate succinimidyl ester (CFDA-SE)(Molecular Probes, 

Eugene, USA) at 37C for 10 min. Following which cells were immediately washed 

three-times with cold flow cytometry staining buffer. Resuspended cells (in culture 

medium) were seeded in a 24-well plate (2106 cell/1 ml). LPS-stimulated cell 

proliferation was examined by flow cytometry after 48 hr. 

 

Database deposition 

The 16S sequence reads of antibiotics- and FMT-treated mice groups have been 

deposited under NCBI BioProject numbers PRJNA679392 and PRJNA680828, 

respectively. The single cell sequence reads have been deposited under the NCBI 

BioProject number PRJNA680859. The genome sequences and annotation of P. 

goldsteinii MTS01 strain have been deposited at NCBI under the BioProject number 

PRJNA674720. 
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Supplementary Table S1. Primers used in this study. 

Target Primer sequence (5’–3’) Slope 
Efficiency 

(%) 
Y-intercept 

IL-1β 
Forward TTGAAGAAGAGCCCATCCTC 

-3.604 89.44 37.46 
Reverse CAGCTCATATGGGTCCGAC 

TNF-α 
Forward TAGCCAGGAGGGAGAACAGA 

-3.688 86.70 39.05 
Reverse TTTTCTGGAGGGAGATGTGG 

ZO-1 
Forward ACCCGAAACTGATGCTGTGGATAG 

-3.717 85.80 39.24 
Reverse AAATGGCCGGGCAGAACTTGTGTA 

Occludin 
Forward ATGTCCGGCCGATGCTCTC 

-3.178 106.38 35.68 
Reverse TTTGGCTGCTCTTGGGTCTGTAT 

Mptx1 
Forward CTCTGTTCTTTCAGGAAGTGTAGC 

-3.822 82.66 41.16 
Reverse CAGTGACTTCCTCACCTTCGGT 

Ang4 
Forward GGCACCAAGAAAAACATCAGGGC 

-3.423 95.95 36.56 
Reverse GTGCGTACAAGTGGTGATCTGG 

Muc2 
Forward CCCAGAAGGGACTGTGTATG 

-3.589 89.95 37.62 
Reverse TTGTGTTCGCTCTTGGTCAG 

RNR1 
Forward ACCGCGGTCATACGATTAAC 

-3.325 99.87 36.51 
Reverse CCCAGTTTGGGTCTTAGCTG 

RNR2 
Forward CCGCAAGGGAAAGATGAAAGAC 

-3.393 97.12 36.88 
Reverse TCGTTTGGTTTCGGGGTTTC 

Cytb 
Forward ATTCCTTGATGTCGGACGAG 

-3.106 109.87 35.41 
Reverse ACTGAGAAGCCCCCTGAAA 

PGC-1 
Forward TATGGAGTGACATAGAGTGTGCT 

-3.510 92.71 38.08 
Reverse CCACTTCAATCCACCCAGAAAG 

ND-5 
Forward AGCATTCGGAAGCATCTTG 

-3.333 99.54 36.43 
Reverse TTGTGAGGACTGGAATGCTG 

TFAM 
Forward CACCCAGATGCAAAACTTTCAG 

-3.433 95.56 36.89 
Reverse CTGCTCTTTATACTTGCTCACAG 

Scgb1a1 
Forward GGTTATGTGGCATCCCTGAAGC 

-3.306 100.67 36.46 
Reverse GCTTACACAGAGGACTTGTTAGG 

GAPDH 
Forward GCATCCACTGGTGCTGCC 

-3.372 97.95 38.63 
Reverse TCATCATACTTGGCAGGTTTC 

16S V3/V4 
Forward CCTACGGGNGGCWGCAG 

-3.757 84.57 40.30 
Reverse GACTACHVGGGTATCTAATCC 
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*Dimer formations of primers were predicted by using OligoEvaluator provided by 
Sigma-Aldrich (http://www.oligoevaluator.com/LoginServlet). The prediction revealed 
that no primer dimers were formed. 
  

PG 16S 
Forward GAATAAAGTGAGGAACGTGTT 

-3.621 88.87 38.66 
Reverse AACTTTCACCGCTGACTTAATTA 

EC 16S 
Forward GGAAGAAGCTTGCTTCTTTGCTGAC 

-3.741 85.06 38.44 
Reverse AGCCCGGGGATTTCACATCTGACTTA 
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Supplementary Figure S1. The workflow of 16S rDNA-based metagenomics 
analysis pipeline. The detailed methods can be found in supplementary methods. 
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Supplementary Figure S2. Effects of co-housing on development of COPD. To 
evaluate the effect of cohousing treatment on COPD development in CS mice, control 
(CTL) and CS mice were cohoused with CS (CO-CS) and control (CO-CTL) mice, 
respectively, following the protocols described. Percentage of body weight change was 
measured throughout the 12-week period (a). Body weight change (b), BALF cellular 
composition (c), histopathology in lung (d), the mean linear intercept of lung tissue (e), 
flow cytometry analysis on production of IL-1 and TNF- in CD11c+ cells (f), 
F4/80+CD11b+ macrophages (g), IL-17A in CD4+NKp46+ Th17 cells, and IL-10 in 
CD4+FoxP3+ Treg cells (h), and lung functions analyses including FRC (i), FVC (j), 
Cchord (k), and FEV100/FVC (l) were measured after 12 weeks. Except panel d, 
statistical analysis was performed using the one-way ANOVA followed by non-
parametric Kruskal-Wallis test with Newman-Keuls multiple comparison (n=6). *, 
P<0.05; **, P<0.01; ***, P<0.001. NS, not significant. 
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Supplementary Figure S3. In silico analysis of faeces microbiota from different 
mice groups. Faeces of different mice groups were collected, followed by DNA 
extraction, sequencing and bioinformatics analysis. The most significant differentially 
abundant taxa between CTL and CS groups were identified by LEfSe analysis (a). CTL-
enriched taxa were indicated with a positive logarithmic LDA score (green), and taxa 
enriched in CS group with a negative score (red). Only taxa meeting the criteria for 
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feature selection in LDA score (log10) > 4.0 with P < 0.05 were shown. A taxonomic 
cladogram representation of data was shown in panel (b). Red, CS-enriched taxa; green, 
taxa enriched in CTL group. The size of each dot is proportional to its relative 
abundance. The relative abundance of significantly different bacterial families between 
CTL and CS mice (q<0.05) analyzed by metagenomeSeq was also shown in (c). (d) The 
-diversity (expressed as PLS1 and PLS2) of microbiota bacteria taxa in CTL, CS, ABX, 
NEO, AMP and VAN groups analyzed by PLS-DA was shown. (NEO, neomycin, AMP, 
ampicillin, VAN, vancomycin, MET, metronidazole, ABX, combination of the four 
antibiotics.) (e) After FMT, the -diversity (expressed as PLS1 and PLS2) of microbiota 
bacteria in recipient groups of CTL-CS, CS-CS, ABX-CS, NEO-CS, AMP-CS and 
VAN-CS mice analyzed by PLS-DA was shown. Relative abundance of P. goldsteinii 
(f, h) and E. coli (g, i) in CTL, CS, antibiotics-treated groups of 16S sequencing data 
(**, q<0.01; NS, not significant) and qPCR validation (*, P<0.05; **, P<0.01; ***, 
P<0.001; ****, P<0.0001. NS, not significant) was shown. The relative abundance of 
P. goldsteinii (j) in FMT-treated groups of 16S sequencing data was shown (*, P<0.05). 
Relative abundance of Lachnospiraceae family (k) in CTL, CS, antibiotics-treated 
groups of 16S sequencing data was shown (*, q<0.05; **, q<0.01). 
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Supplementary Figure S4. Electron micrograph (EM) of P. goldsteinii MTS01 and 
its effect on CS and CTL mice. The EM morphology of P. goldsteinii MTS01 under 
the scale bar of 10 m was shown in (a). Effects of P. goldsteinii MTS01 administration 
on expression level of ZO-1 (b) and occludin (c) in lung, IL-1 and TNF- (d) in colon 
and ZO-1 (e) and occludin (f) in colon of CS mice were shown. The effects of P. 
goldsteinii MTS01 on TEER of Caco-2 cells under TNF- (10 ng/ml) treatment was 
shown in (g). Effects of P. goldsteinii MTS01 on body weight change (h, i), 
histopathology in lung and liver (j), serum GPT (k) and BUN (l) levels of control mice 
were shown. In panel b–g, statistical analysis was performed using the Newman-Keuls 
multiple comparison post hoc one-way ANOVA analysis (n=6-12). In panels h, i, k and 
l, data represent means ± standard deviation (SD) analyzed using the un-paired Student 
t test. *, P<0.05; **, P<0.01; ***, P<0.001. NS, not significant. 
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Supplementary Figure S5. Validation of results of single cell RNA sequencing 
(scRNAseq) analyses in colon of CTL, CS and CS mice treated with P. goldsteinii 
MTS01. Results of GO enrichment pathways derived from differentially expressed 
genes in colon between CTL and CS mice were shown in (a, b). The mRNA expression 
levels of Mptx1, Ang4, and Muc2 were shown in (c), (d) and (e), respectively. The 
mRNA expression levels of RNR1 (mitochondrial 12S) (f), RNR2 (mitochondrial 16S) 
(g), Cytb (h), PGC-1 (i), ND-5 (j) and TFAM (k) as well as oxygen consumption rate 
(OCR) (l) and extracellular acidification rate (ECAR) (m) measured by seahorse XF 
analyzers were shown. In panels c–m, statistical analysis was performed using the 
Newman-Keuls multiple comparison post hoc one-way ANOVA analysis (n=6). *, 
P<0.05; **, P<0.01; ***, P<0.001. NS, not significant. 
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Supplementary Figure S6. Serum metabolomic analysis of CTL, CS and CS 
administered with P. goldsteinii MTS01 mice groups. The top 10 canonical 
enrichment pathways derived from differentially expressed sera metabolites between 
CS and CS+Pg group (a) were analyzed by IPA. Heatmap of differentially expressed 
sera metabolites between CS and CS+Pg mice groups involved in the top 10 canonical 
pathways enrichment were shown in (b). The cellular activities most significantly 
affected by P. goldsteinii MTS01 administration, including ribosomal, mitochondrial 
and urea cycle activities were shown in (c). Results of tRNA charging pathways affected 
by P. goldsteinii MTS01 administration under CS treatment (d). Those highlighted with 
red circles indicated amino acids significantly involved in enhanced tRNA charging 
activity. 
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Supplementary Figure S7. Results of GO pathway enrichment analysis in lung of 
CTL and CS mice. Enriched pathways for upregulated and downregulated genes in CS 
were shown in (a) and (b), respectively. The scRNAseq results and mRNA expression 
level of Scgb1a1 were shown in (c). The IgG levels in lung homogenates among CTL, 
CS and CS+P. goldsteinii MTS01 were shown in (d). Quantitative of mRNA expression 
levels were analyzed using the Newman-Keuls multiple comparison post hoc one-way 
ANOVA analysis. *, P<0.05;***, P<0.001. MF, Molecular Function. CC, Cellular 
Component, BP, Biological Process. Pg, P. goldsteinii MTS01. 
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Supplementary Figure S8. Safety of Pg-LPS treatment in vitro and in vivo. The 
cytotoxicity measured by release of lactate dehydrogenase on HEK-mTLR4-blue cells 
after treatment of different doses of EC-LPS and Pg-LPS for 24 hours were shown in 
(a). Effects of Pg-LPS treatment on serum GPT (b) and BUN (c) levels in control mice 
were shown. In panels b and c, the data represent means ± standard deviation (SD) 
analyzed using the un-paired Student t test (n=5). NS, not significant. 
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Supplementary Figure S9. The composition of microbiota in BALF of CTL, CS, 
and ABX mice groups. The -diversity (expressed as PLS1 and PLS2) of BALF 
microbiota bacteria taxa in CTL, CS, and ABX groups analyzed by PLS-DA was shown 
in (a). The most significant differentially abundant taxa between CTL, CS and ABX 
groups were identified by LEfSe analysis (b). CTL-enriched taxa were indicated in blue, 
those in CS group were indicated in green and those in ABX group were indicated in 
red. Only taxa meeting the criteria for feature selection in LDA score (log10) > 4.0 with 
P < 0.05 were shown. A taxonomic cladogram representation of data was shown in panel 
(c). Red, ABX-enriched taxa; green, CS-enriched taxa; blue, taxa enriched in CTL 
group. The size of each dot is proportional to its relative abundance. 
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Supplementary Figure S10. Pg-LPS ameliorates COPD development in CS 
BALB/c mice. Pg-LPS was administered at 0.2 g/mouse twice per week for 3 months 
in CS BALB/c mice. After i.p. treatment of Pg-LPS, the body weight change (a, b), lung 
histopathology (c), the mean linear intercept of lung tissue (d), lung functions analyses 
including FRC (e), FVC (f), Cchord (g), and FEV100/FVC (h) were shown. Except 
panel c, statistical analysis was performed using the Newman-Keuls multiple 
comparison post hoc one-way ANOVA analysis (n=5). ***, P<0.001. 
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Supplementary dataset 1. 
Differentially expressed genes in the colon of CTL and CS mice. 

Gene 

(upregulated) 

Average log 

(fold change) Adjusted P value 

Gene 

(downregulated) 

Average log 

(fold change) Adjusted P value 

Ifit1bl1 -1.175 0 Npc2 0.40119 1.234E-132 

Duoxa2 -0.9858 4.677E-175 2610528A11Rik 0.40252 5.50145E-39 

Clca4a -0.9432 2.7615E-286 Ndufa5 0.40305 5.2979E-143 

Duox2 -0.8403 1.0162E-175 Cox5b 0.40522 6.4175E-191 

Aqp8 -0.8228 0 Mpc2 0.40523 3.4393E-149 

mt-Nd3 -0.8177 1.6012E-168 Psma7 0.40656 1.9464E-147 

Clec2h -0.7382 3.9895E-198 Hint2 0.40695 4.3669E-167 

Ier5 -0.7131 1.7412E-145 Phb2 0.40729 2.2961E-140 

Slc9a2 -0.6839 2.6178E-169 Cox7a1 0.40846 9.9667E-120 

Prom1 -0.6713 2.5537E-144 Carhsp1 0.40914 5.7441E-157 

Cdhr2 -0.6632 3.0312E-231 Minos1 0.40982 1.6787E-142 

St14 -0.6588 3.8187E-167 Tomm7 0.41009 1.9898E-136 

2010109I03Rik -0.6541 8.8765E-236 Ndufv3 0.41058 1.087E-153 

Mep1a -0.6443 1.9258E-190 Sec11c 0.41081 2.199E-158 

Cd38 -0.6426 1.5406E-99 Cyba 0.41118 7.2836E-169 

mt-Atp8 -0.6367 7.1915E-130 H2afv 0.41142 3.3871E-138 

Ifngr1 -0.6236 5.385E-175 Ier2 0.41197 2.7578E-109 

Emp1 -0.6202 3.9469E-133 Tagln2 0.41392 2.3151E-148 

Tmigd1 -0.6163 1.7573E-106 Stard4 0.41468 2.19E-171 

2210407C18Rik -0.6077 5.13691E-55 0610011F06Rik 0.41544 1.4503E-175 

Neu1 -0.6026 9.6611E-152 Car2 0.41668 4.62956E-93 

Irf1 -0.5985 9.9983E-102 Ndufb2 0.41726 2.056E-151 

Krt20 -0.5948 4.3087E-189 Hspd1 0.41761 2.9049E-149 

Id3 -0.5927 1.51198E-60 Cox5a 0.41806 8.2287E-180 

Prss23 -0.5806 1.77581E-84 Rps27l 0.41924 4.1195E-135 

Ctss -0.5795 9.2505E-158 Krt18 0.41949 6.9484E-165 

Mall -0.5763 1.3663E-111 Ndufs2 0.41975 4.1512E-161 

4930539E08Rik -0.5702 1.0554E-102 Cox7a2 0.42036 1.3419E-180 

B3galt5 -0.5679 1.07463E-78 Plp2 0.42272 2.7473E-151 

1810065E05Rik -0.5641 2.2285E-181 Sepw1 0.42323 4.3651E-176 

Ptprr -0.5607 1.145E-125 Guk1 0.42379 4.7571E-180 

Ly6a -0.5604 2.51263E-81 Cyc1 0.42418 1.9469E-147 

Lhfpl2 -0.5589 2.81621E-94 Eef2 0.42431 2.27555E-94 
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Cyp2d34 -0.5534 6.7575E-162 Park7 0.42726 1.2553E-184 

Sgk1 -0.5532 2.05942E-88 Krt7 0.42815 1.4531E-147 

Hpgd -0.5497 1.0689E-66 Uqcrc1 0.42951 2.3731E-147 

Tmem140 -0.5459 2.48224E-92 Hsp90b1 0.43278 2.2496E-131 

St3gal4 -0.5455 1.6503E-109 Mrpl12 0.43284 3.6336E-166 

Sptlc2 -0.5346 9.62428E-83 Sec61g 0.43338 1.8982E-176 

Cyp2d10 -0.5293 1.17982E-58 Mrpl30 0.43613 1.0147E-180 

Efna1 -0.5266 2.68239E-67 Serbp1 0.43935 1.0939E-140 

Acox1 -0.5249 6.1694E-99 Snhg18 0.4401 6.4069E-190 

Gramd3 -0.5179 1.08658E-58 Ndufs5 0.44073 3.1015E-170 

Nuak2 -0.5177 2.84082E-69 Snrpd2 0.44165 2.0498E-174 

Cyp2d9 -0.5159 4.23141E-84 Fkbp2 0.4424 2.2005E-186 

Slc35f5 -0.5155 1.38765E-73 Fosb 0.4429 2.0465E-120 

Tinagl1 -0.5033 9.24281E-64 Ndufs8 0.44387 8.4369E-182 

Ctsl -0.503 1.10413E-88 Ndufb7 0.44505 3.5285E-176 

Ctsz -0.5026 4.21024E-76 Timm13 0.44639 2.2358E-175 

Ndrg1 -0.4976 3.06947E-38 Mrpl42 0.44775 9.7114E-185 

Fabp2 -0.4941 2.23626E-71 H2afj 0.44952 3.1744E-193 

Ceacam20 -0.4919 6.0444E-121 Clca1 0.45198 2.5477E-128 

Gcnt3 -0.4894 8.59474E-42 Sh3bgrl3 0.45281 4.1218E-212 

Stom -0.4857 2.3724E-74 Sat1 0.45383 3.7777E-168 

Fosl2 -0.4791 6.89295E-58 B3gnt7 0.45862 6.5074E-120 

Max -0.4772 5.60169E-88 Sox9 0.46313 1.5072E-189 

H2-Q2 -0.4734 2.19657E-60 Hspa8 0.46487 3.1438E-138 

Mep1b -0.4713 1.35878E-67 Eif3h 0.46558 1.8059E-145 

Sppl2a -0.4666 5.18949E-52 Nme1 0.46703 2.0733E-185 

Nxpe4 -0.4658 1.91427E-66 Mgst2 0.46766 4.6431E-182 

Clrn3 -0.4593 1.45452E-58 Mgst1 0.46769 3.3448E-167 

Sprr2a1 -0.4582 3.05833E-74 Eef1d 0.46962 1.089E-166 

Irf7 -0.4577 6.40962E-50 S100a1 0.46968 3.2507E-175 

Casp4 -0.4488 1.29922E-46 Hoxb13 0.47054 3.8334E-161 

Noct -0.4473 5.64986E-56 Psmb6 0.47153 9.0861E-196 

Sqstm1 -0.4434 1.12881E-57 Ndufb6 0.47206 1.0259E-185 

Ptprh -0.432 2.39966E-58 Ccnd2 0.4791 1.9829E-155 

Mxd1 -0.4316 1.6021E-132 Nfkbia 0.47965 3.34575E-69 

Atp12a -0.4312 2.45763E-13 Ndufs6 0.48022 5.6824E-190 

Adm -0.4262 1.74078E-28 Ndufc2 0.48313 4.2197E-165 

Ccng2 -0.4227 6.38759E-62 Atp5j2 0.48429 7.7502E-244 
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Tmem236 -0.4207 6.67841E-56 Zfos1 0.48581 8.6108E-179 

Sprr2a3 -0.4191 2.0109E-131 Ndufa12 0.48656 3.2823E-190 

Ppm1j -0.4188 1.62366E-57 Atp5d 0.48848 1.9808E-256 

Car4 -0.4171 1.0575E-143 Pfdn5 0.49069 4.0017E-219 

Pls1 -0.4158 1.88223E-54 Nt5c 0.49119 7.4369E-211 

Ncoa7 -0.4123 3.87549E-20 Ndufs7 0.49227 1.7794E-195 

Cables1 -0.4069 2.24515E-53 Gm10073 0.49309 1.7944E-163 

Ly6g -0.4036 1.32193E-23 Fau 0.49356 0 

Nt5e -0.4033 5.10341E-53 Ifitm2 0.49361 3.7085E-213 

Abhd2 -0.4026 6.2806E-28 Ppib 0.49372 5.0387E-189 

   Eif3k 0.49486 1.4716E-168 

   1110001J03Rik 0.50126 3.6841E-225 

   Oaz1 0.50229 1.5577E-238 

   Hsp90aa1 0.50441 3.1569E-136 

   Ndufc1 0.5049 1.6616E-180 

   Sult1a1 0.50992 7.9619E-198 

   Aqp4 0.50994 1.7697E-164 

   Tnni1 0.51029 3.1935E-157 

   Fcgbp 0.51039 9.2042E-168 

   S100a16 0.51285 5.7242E-227 

   Eif3i 0.51367 6.6366E-183 

   Pebp1 0.51402 8.9074E-167 

   Cd24a 0.5169 2.4151E-179 

   Ndufa11 0.51969 4.4535E-215 

   Uqcrq 0.52023 1.9583E-236 

   Gmds 0.52162 2.5329E-191 

   Pgls 0.52228 4.708E-220 

   Prdx2 0.52446 1.2384E-214 

   Serf2 0.52771 0 

   Cox6c 0.52933 1.9426E-262 

   Cela1 0.53013 7.9333E-188 

   Ndufa2 0.53846 1.601E-247 

   Gm10076 0.54094 1.0382E-199 

   Ppa1 0.5454 1.5551E-212 

   Cox7a2l 0.54868 2.5237E-199 

   Mgst3 0.54891 1.7919E-175 

   Hes1 0.55303 7.7981E-175 

   Arl4a 0.55582 7.2359E-209 
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   Ssr4 0.56074 1.0874E-213 

   Ptms 0.56275 1.3554E-241 

   Wbp5 0.56591 4.4411E-166 

   Egr1 0.57583 1.3523E-186 

   Rnf186 0.58545 2.9722E-202 

   Ndufb8 0.58587 4.3783E-251 

   Sec61b 0.59134 4.9213E-201 

   Stard10 0.59322 2.2869E-217 

   Hist1h2ap 0.59451 5.3452E-99 

   Eif3f 0.59583 1.6843E-179 

   Ndufb10 0.60295 3.7312E-266 

   Atp5c1 0.60338 3.5342E-238 

   Acta1 0.60519 1.7634E-157 

   Phlda1 0.60579 2.7428E-187 

   Ndufb11 0.61091 2.9188E-244 

   Ppp1r1b 0.61117 7.0388E-238 

   Rpl27 0.61228 2.656E-208 

   Rpl41 0.61435 0 

   Hint1 0.61767 0 

   Gpx1 0.61997 5.1391E-264 

   Ndufa13 0.6209 0 

   Atp5o 0.62232 0 

   Mrps24 0.63041 2.7236E-270 

   Npm1 0.63181 7.6327E-164 

   Hspe1 0.64688 7.7774E-210 

   Atp5l 0.64911 0 

   Krt19 0.65047 0 

   Ndufab1 0.65083 2.2422E-255 

   Mrpl52 0.65186 9.4515E-249 

   Ndufa7 0.65368 2.3008E-273 

   Hmgcs2 0.65576 4.6047E-243 

   Selm 0.65814 5.3699E-193 

   Smim6 0.66138 1.155E-255 

   Atp5h 0.66162 0 

   2410015M20Rik 0.66259 0 

   Ifrd1 0.66423 6.2041E-243 

   Tstd1 0.6643 1.4532E-239 

   Cyr61 0.66631 3.6798E-217 
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   Rps27 0.66873 0 

   Nupr1 0.67021 2.985E-228 

   Gsdmc4 0.67284 1.0793E-192 

   Klf5 0.67477 3.8234E-222 

   Ndufa4 0.67702 3.0896E-216 

   Ndufb5 0.67707 1.3145E-253 

   Zg16 0.68127 2.113E-229 

   Ndufb9 0.68296 0 

   Tppp3 0.6838 9.3389E-199 

   Chchd10 0.68384 0 

   Uqcr11 0.6894 0 

   Eef1g 0.6943 1.4072E-192 

   Wfdc2 0.69487 2.4778E-236 

   Hsd11b2 0.69522 9.6151E-167 

   Scd2 0.69668 8.2174E-275 

   Thbs1 0.69743 1.5433E-228 

   Atpif1 0.70176 0 

   Uqcr10 0.71142 0 

   Tpt1 0.71169 0 

   Cox4i1 0.71308 0 

   Hao2 0.71932 2.5011E-213 

   Nans 0.7217 1.5472E-269 

   Atp5e 0.72588 0 

   Glul 0.73071 0 

   Rps29 0.7407 0 

   Rpl36al 0.74486 3.4271E-251 

   Mat2a 0.74898 2.7673E-249 

   Uqcrh 0.75237 0 

   Rps25 0.76301 7.7979E-242 

   Naca 0.76375 2.8723E-259 

   Nr4a1 0.76554 2.9463E-228 

   Tff3 0.76588 0 

   Oit1 0.76678 0 

   Gdf15 0.77432 1.5844E-250 

   Ptma 0.77572 1.9942E-201 

   Rpl18 0.78183 0 

   Rpl24 0.79677 1.9309E-295 

   Rpl31 0.80078 1.7233E-286 
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   Rpl38 0.80263 0 

   Rpl30 0.80531 3.477E-252 

   Rpl15 0.80897 2.6877E-225 

   Uba52 0.8093 0 

   Atp5g2 0.81433 0 

   Hbegf 0.81765 1.7588E-297 

   Klk1 0.83037 6.9026E-300 

   Rpl37 0.83315 0 

   Csrp2 0.8414 1.2442E-286 

   Rpl22 0.84262 2.9237E-280 

   Rps21 0.87945 1.3048E-301 

   Rpl5 0.88043 2.7329E-254 

   Pycard 0.88484 0 

   Eef1b2 0.89384 1.3385E-264 

   Areg 0.89564 1.9164E-302 

   Rpl7 0.90133 5.1969E-298 

   Rpl19 0.90389 0 

   Rpl9 0.90454 0 

   Rpl4 0.91344 2.7824E-273 

   Rpl23a 0.91625 0 

   Rps28 0.91954 1.3633E-279 

   Rpl7a 0.92002 0 

   Rps20 0.92763 0 

   Rpl17 0.94891 0 

   Rpl29 0.95917 0 

   Rps13 0.96061 0 

   Rps16 0.96098 0 

   Rps26 0.96562 0 

   Rpl23 0.96642 0 

   Gpx2 0.96785 0 

   Rpl11 0.97381 0 

   Rpl28 0.97704 0 

   Rps10 0.98074 0 

   Atp5g1 0.98238 0 

   Atf3 0.98587 0 

   Rpl34 0.98693 0 

   Rpl35a 0.9871 0 

   Rps11 0.99213 0 
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   Rpl6 1.00015 0 

   Rpl18a 1.00206 0 

   Hsp90ab1 1.00502 1.0781E-300 

   Gnb2l1 1.024 1.1653E-298 

   Eef1a1 1.02895 0 

   Rpl8 1.03004 0 

   Rpl22l1 1.03265 0 

   Rps15a 1.03313 0 

   Rpl21 1.03335 0 

   Rpl13a 1.04495 0 

   Rpl12 1.04995 0 

   Rpl10 1.05107 0 

   Rps15 1.07035 0 

   Rps3a1 1.07942 0 

   Rpl27a 1.08931 0 

   Rps3 1.0894 0 

   Rplp2 1.09329 0 

   Rps23 1.09967 0 

   Rps17 1.1035 0 

   Ppia 1.10471 0 

   Rpsa 1.10491 0 

   Rpl37a 1.10502 0 

   Ccl6 1.11304 5.055E-252 

   Rps6 1.12028 0 

   Rps7 1.12571 0 

   Rpl36a 1.13601 0 

   Rpl39 1.14609 0 

   Rplp1 1.1558 0 

   Rpl14 1.16849 0 

   Rpl13 1.17374 0 

   Rps9 1.17521 0 

   Rps24 1.17981 0 

   Rps14 1.19664 0 

   Rpl26 1.23881 0 

   Rps12 1.24126 0 

   Rps27a 1.24184 0 

   Rps5 1.24987 0 

   Rpl36 1.25373 0 
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   Rpl3 1.2592 0 

   Rplp0 1.2714 0 

   Rps8 1.27706 0 

   Muc2 1.28174 0 

   Rpl35 1.28692 0 

   Rps4x 1.32447 0 

   Rps2 1.3387 0 

   Rps19 1.35505 0 

   Rps18 1.38048 0 

   Rpl32 1.40799 0 

   Sval1 1.43648 0 

   Rpl10a 1.45522 0 

   Reg4 1.50425 0 

   Agr2 1.97307 0 

   Spink4 2.2038 0 

   Mptx1 2.91614 0 
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Supplementary dataset 2.  

Differentially expressed genes in the colon of CS and CS+Pg mice. 
Gene 

(upregulated) 

Average log 

(fold change) Adjusted P value 

Gene 

(downregulated) 

Average log 

(fold change) Adjusted P value 

Hbb-bs -3.267233944 0 Prr15l 0.402527665 4.64943E-97 

Mptx1 -2.214149839 0 Tspan3 0.413094551 8.29438E-82 

Ang4 -1.463565786 0 Ddit4 0.4135868 9.98774E-46 

Gsdmc4 -1.362834016 0 Mep1a 0.424437353 1.1023E-100 

Plet1 -1.275291355 0 Nudt4 0.425405731 9.5047E-111 

Gsdmc2 -1.272086627 0 Cldn4 0.426168512 4.67471E-24 

Retnlb -1.228736262 0 Ugdh 0.474302378 3.6889E-111 

Spink4 -1.180058462 0 Dusp1 0.481313476 3.05854E-65 

Phlda1 -0.935554542 0 Sepp1 0.491244893 3.42E-174 

Duoxa2 -0.855883234 0 Tmem171 0.495882824 1.44812E-81 

Fcgbp -0.827350936 1.214E-273 Fam134b 0.49714498 8.7107E-100 

Duox2 -0.645098192 8.5088E-186 Max 0.518984765 1.9062E-122 

Clca1 -0.629445997 4.342E-177 Mkrn1 0.526623621 4.5849E-185 

Hk2 -0.569430978 3.8537E-156 Prss23 0.58344447 1.625E-105 

Agr2 -0.544803388 4.9527E-104 Ctss 0.584630804 1.001E-185 

Trim40 -0.5429663 3.2296E-171 Hpgd 0.65214054 4.1862E-132 

Tnip3 -0.540176983 3.8636E-154 Tgm3 0.761811001 7.6488E-188 

Ncoa7 -0.527796486 2.0558E-109 Mt1 0.92469553 7.77047E-85 

Rps24 -0.526010514 1.0906E-126 Sgk1 0.954893973 2.4675E-288 

Cd55 -0.524011985 1.021E-176    

Ccdc71l -0.496846841 6.9679E-127    

Sprr1a -0.483765703 1.3293E-100    

Rplp1 -0.481972953 4.5074E-125    

Rps12 -0.4801035 5.79768E-93    

Rpl10a -0.471483049 3.37E-113    

Rplp2 -0.467895971 8.4983E-116    

Slc6a14 -0.466924878 2.8476E-104    

Rpl39 -0.464562788 2.3016E-135    

Trim15 -0.461999597 1.478E-120    

Rpl32 -0.461551033 2.1693E-117    

Areg -0.459214439 2.2407E-100    

Pigr -0.457981981 1.4858E-170    

Atpif1 -0.444364373 6.4976E-137    

Rps18 -0.444006139 3.2123E-97    
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AY036118 -0.439897901 2.18E-146    

Rps15 -0.437589628 1.1387E-91    

Slc51b -0.43531282 8.6994E-112    

Rps14 -0.432033822 5.6372E-157    

Vmp1 -0.428841743 3.1142E-116    

Muc2 -0.428652553 4.01495E-93    

Rpl35 -0.425960426 2.80854E-86    

Rrbp1 -0.420205797 1.3887E-121    

Sptssb -0.416350119 1.0525E-82    

Rpl36 -0.413083169 2.22886E-97    

Rps2 -0.411612551 6.41015E-69    

Rps4x -0.410467469 1.27059E-82    

Rpl13a -0.409620636 4.40792E-76    

Tstd1 -0.405202906 1.0887E-104    

Rpl37a -0.40503853 4.1677E-117    

Rps15a -0.403839409 8.02576E-86    

Slc5a8 -0.400503152 5.2096E-103    
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Supplementary dataset 3. 
Differentially expressed genes in the lung of CTL and CS mice. 

Gene 

(upregulated) 

Average log 

(fold change) Adjusted P value 

Gene 

(downregulated) 

Average log 

(fold change) Adjusted P value 

Iglc2 -0.9118 5.7E-32 Prdx5 0.40833 1E-08 

Cd79a -0.9115 1.8E-55 Cd9 0.40956 0.00025 

Cd79b -0.8658 1.9E-52 Lmnb1 0.41513 3.7E-05 

Ighm -0.865 1.6E-39 Lst1 0.42051 3.7E-14 

Igkc -0.7647 9.9E-29 Fcer1g 0.42686 1.1E-20 

Cd74 -0.6977 2.3E-36 Pglyrp1 0.43044 5.5E-06 

H2-Ab1 -0.6949 7.8E-37 Ifitm3 0.45893 6.9E-14 

Ighd -0.6869 4.7E-43 Clec4d 0.46042 2.1E-15 

H2-DMb2 -0.6633 2.3E-40 Grina 0.46948 4.5E-09 

Ms4a1 -0.6504 2.8E-36 Ccl5 0.47609 5.6E-24 

Ly6d -0.6321 5.4E-27 Hbb-bs 0.48121 2.1E-49 

H2-Eb1 -0.6099 6.3E-34 S100a6 0.48431 2.4E-12 

Fcmr -0.6 3E-37 Cox17 0.48691 3.6E-07 

H2-Aa -0.5889 9.8E-33 Ifi27l2a 0.52876 1.3E-09 

Ebf1 -0.5093 7E-33 S100a8 0.54451 4.5E-93 

H2-DMa -0.4775 1.6E-26 Tyrobp 0.54703 2.7E-33 

Ly6e -0.4721 3.6E-24 Msrb1 0.54907 8.5E-11 

Scd1 -0.4522 2E-27 Slc7a11 0.55274 2.9E-15 

Id3 -0.4288 1.9E-20 Cebpb 0.56157 1.8E-20 

Mef2c -0.4182 2.6E-19 C5ar1 0.56475 4.7E-15 

Ptprcap -0.4155 2.8E-23 Hdc 0.59107 1E-16 

H2-Ob -0.4107 4.4E-19 S100a9 0.64289 9E-122 

   Ifitm2 0.65068 1.2E-34 

   Cd14 0.68076 1.1E-16 

   Il1r2 0.75909 2.8E-25 

   Scgb1a1 2.18708 1E-296 
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Supplementary dataset 4. 
Differentially expressed genes in the lung of CS and CS+Pg mice. 

Gene 

(upregulated) 

Average log 

(fold change) Adjusted P value 

Gene 

(downregulated) 

Average log 

(fold change) Adjusted P value 

Scgb1a1 -1.9779 5E-231 Cd37 0.4069 4.3E-19 

Wfdc17 -1.0097 4E-14 Ebf1 0.44106 5.3E-20 

Ifitm2 -0.8556 5.4E-23 H2-DMa 0.44354 1.5E-18 

Cd14 -0.8247 1.1E-14 Ly6e 0.45866 3.2E-22 

S100a9 -0.802 4.7E-62 Cd81 0.46265 3.1E-19 

Cebpb -0.8008 2.1E-37 Iglc2 0.50118 6E-13 

S100a8 -0.7995 2.1E-55 Igkc 0.52325 1.2E-17 

Ifitm3 -0.7125 7.2E-17 Fcmr 0.56835 1.4E-26 

Ifi27l2a -0.5776 2.4E-09 H2-DMb2 0.61811 1.6E-28 

Slpi -0.5647 9.4E-08 H2-Eb1 0.62076 1.1E-26 

Grina -0.5492 0.00013 Apoe 0.6447 3E-14 

Clec4d -0.4998 2E-11 H2-Aa 0.65503 7.4E-33 

Anxa1 -0.4732 1.1E-09 Cd79b 0.67693 2.1E-34 

Fcer1g -0.4496 1.4E-09 H2-Ab1 0.70707 8.2E-32 

S100a6 -0.4353 2.4E-06 Ighm 0.70757 2E-29 

Pglyrp1 -0.4332 0.04941 Cd74 0.71084 1.7E-38 

Il1r2 -0.4312 2.4E-07 Ighd 0.72306 6.5E-34 

Plek -0.4277 6.6E-05 Cd79a 0.7922 5.8E-36 

Tyrobp -0.4009 2.7E-08    
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