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Abstract 

Paediatric pneumonia is a respiratory infection that affects infants and young children under the age of 3. This disease 
is the leading cause of infant and child mortality in developing countries because of the weak immune system of 
young children. The difficulty and length of time required to identify the pathogen and causative agent are the main 
reasons for this high mortality rate. In addition, the identification of certain causative agents is particularly important 
for the treatment of paediatric pneumonia. In this study, we explored the possible mechanisms by which pathogenic 
Enterococcus faecalis induced pneumonia in vivo. The potential virulence factors of bacteria isolated from the intes-
tines of paediatric pneumonia patients were determined. Taken together, the results suggested that lysophosphatidic 
acid (LTA) from pathogenic E. faecalis decreases the expression of platelet-activating factor receptor (PAFR), which 
in turn disrupts the function of intestinal tight junctions (Occ and Ccldn1), leading to the entry of LE-LTA into the 
bloodstream because of the disruption of the intestinal barrier. Although LTA can enter circulation, it cannot directly 
infiltrate the lungs, which indicates that lung inflammation in mice is not caused by the direct entry of LE-LTA into the 
lungs. We further found that LTA activates immune cells, such as CD8 + T cells and type 2 innate lymphocytes, in vivo. 
Interleukin-6 and interleukin-17 can produce large amounts of inflammatory factors and thus promote the develop-
ment of pneumonia. In conclusion, our findings demonstrate that the LTA of pathogenic E. faecalis in the intestine is 
a virulence factor that can cause paediatric pneumonia. This study found that intestinal bacterial virulence factors can 
induce immune responses in the lungs and blood. These findings could provide further insight into the mechanism of 
infectious diseases in the lung that are caused by bacteria in the intestine.
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Introduction
Bacteria in the intestinal tract have evolved over a long 
period of coexistence with humans, which has led them 
to not only stimulate adaptive immunity and aid in nutri-
ent digestion and absorption, but also cause fatal dis-
eases [1]. Enterococcus faecalis is a typical gram-positive 

coccus whose main potential virulence factors are its 
surface proteins (SPs), secreted lysophosphatidic acid 
(LTA), and extracellular products (ECPs) [2]. LTA is the 
most widely studied virulence factor that exists between 
the wall and membrane of E. faecalis; furthermore, LTA 
has many overlapping layers and induces the body to 
produce inflammatory factors such as interleukin (IL)-6 
and IL-1β, resulting in a strong inflammatory response 
[3]. SP is a cell wall anchoring protein covalently bound 
to peptidoglycans, which are strong immunogenic mol-
ecules that disrupt the host cell’s innate and adaptive 
immune responses. Indeed, SPs can be recognized by the 
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C1 complex that then triggers the classical complement 
pathway and C3-converting enzymes, causing massive 
proliferation of neutrophils, macrophages, and natural 
killer (NK) cells in vivo and activating organism-specific 
immunity [4]. ECPs, also known as exotoxins, are sub-
stances secreted during the life of bacteria that promote 
substantial tissue damage and cause various inflamma-
tory and injurious biological activities close to the infec-
tion site [5].

Approximately 70% of the immune cells in the body are 
present in the intestines, and these cells are responsible 
for most of the immune activation and surveillance func-
tions [6]. Intestinal immunity has become an active part 
in the host defence system, supporting mucosal immunity 
and potentially regulating systemic immunity [7]. The 
mammalian gut is colonized by trillions of microorgan-
isms that have a symbiotic relationship with their hosts. 
Nonetheless, the presence of large numbers of symbionts 
near the epithelial surface of the gut poses a great chal-
lenge to the host immune system, as it cannot initiate a 
deleterious inflammatory response to microbes while 
also maintaining its strong immune response to invading 
pathogens [8]. Intestinal immunity is closely associated 
with systemic bloodstream circulation, and numerous 
experimental studies have demonstrated that pathogenic 
substances produced by gut bacteria can cause lung dis-
eases [9]. Lung health is affected by the important cross-
talk between the gut microbiota and lungs, known as 
the “gut–lung axis” [6]. This means that toxins, includ-
ing microbial metabolites, can affect the lungs through 
the bloodstream, causing inflammation in the lungs [10]. 
Inflammatory bowel disease (IBD) and chronic obstruc-
tive pulmonary disease (COPD) are chronic inflamma-
tory diseases of the gastrointestinal tract and respiratory 
tract, respectively. The involved mucosal tissues are simi-
lar in embryology, structure, and physiology; therefore, 
there are similarities in the innate immune responses and 
the environmental risk factors associated with these dis-
eases. Recent studies have partially described the cross-
talk between the lung and the intestine and have revealed 
that microbial products and metabolites can be trans-
ferred from the intestine to the lungs through the blood, 
indicating this as a mechanism of communication [11].

Virulence factors produced by bacteria in the intestine 
interact with immune cells on the surface of the intesti-
nal mucosa and activate the innate immune response of 
the organism through the recruitment of macrophages, 
NK cells, and some effector T cells. It has been shown 
that inflammatory lung diseases are associated with 
immune processes mediated by type 2 innate lympho-
cytes (ILC-2  s) [12]. ILCs are a recently characterized 
population of lymphoid innate immune cells that are het-
erogeneous but developmentally related and lack specific 

antigen receptors. ILCs develop in the bone marrow or 
foetal liver from common lymphoid precursors, includ-
ing lymphoid progenitor cells [13]. In mice and humans, 
ILCs are relatively enriched in tissues with barrier func-
tions, such as the intestine, lung, and skin, as their main 
biological function is to respond rapidly to environmen-
tal and inflammatory signals [14]. ILC-2 cells develop 
into NILC-2-like cells to help expel parasites and control 
infection both in vitro and in vivo [15]. ILC-2 cells also 
have acquired the ability to produce interleukin (IL)-17 
[16]. Additionally, the regulation of adaptive immune 
cells mediated by ILCs is independent of IL-17a, IL-22, 
or IL-23 [17]. The activation of ILC-2 cells in vivo can be 
indirectly assessed by measuring IL-17 expression. The 
proinflammatory properties of IL-6 are well known and 
include several important physiological and anti-inflam-
matory functions. For example, the circulating concen-
tration of IL-6 increases during severe inflammation, 
such as in cases of sepsis and acute respiratory distress 
syndrome [18]. Thus, the level of IL-6 can be used as an 
indicator to directly evaluate the extent of the inflamma-
tory response.

Traditionally, paediatric pneumonia is thought to be 
caused by respiratory infections. However, insufficient 
understanding of the underlying causative mechanisms 
and limited knowledge of the causative factors have hin-
dered the development of targeted therapies and led to 
antibiotic abuse [19]. Hence, a better understanding of 
the potential role of ILC-2 s in the intestine and lungs of 
paediatric pneumonia patients may help close this gap 
in knowledge. In this study, pathogenic E. faecalis was 
investigated as a potential pathogenic mediator of pneu-
monia in  vivo. Notably, LTA from E. faecalis that was 
present in the intestine was found to contribute to the 
development of paediatric pneumonia, further demon-
strating that gut and lung immunity are linked through 
the important hub of the blood [20]. These findings will 
help elucidate the pathological mechanisms of paediatric 
pneumonia induced by pathogenic E. faecalis.

Materials and methods
Identification of strains by 16S sequencing
After pathogenic E. faecalis (LE) and non-pathogenic 
E. faecalis (NE) were amplified and cultured and their 
potential pathogenicity was eliminated, genomic DNA 
extraction was performed by picking a single colony 
and using the Ezup Columnar Bacterial Genomic DNA 
Extraction Kit according to the manufacturer’s instruc-
tions (Sangon, Shanghai, China). The extracted DNA 
was amplified in a PCR instrument (Thermo Fisher, 
USA), and the amplified product was purified using 
the SanPrep Column DNA J Gel Recovery Kit (Sangon, 
Shanghai, China) [21]. Plasmid ligation was performed 
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using the pMD®18-T Vector ligation kit (Takara, Japan), 
detected on a sequencer (Thermo Fisher, USA), and 
compared to the 16S rDNA sequences on the Ribosome 
Database (http://​rdp.​cme.​msu.​edu/​index.​jsp) [22].

Extraction of bacterial virulence factors
LE isolates were collected from the intestines of young 
children with paediatric pneumonia and NE isolates 
were collected from the intestines of healthy young 
children. These strains were provided by the Microbi-
ology Teaching and Research Department of Dalian 
Medical University (the collection and separation of the 
bacteria samples that were used was approved by the 
children’s guardians).

(1) For the extraction of bacterial SPs, bacteria 
were cultured and centrifuged. Then, bacteria were 
incubated with PBS (Seven Biotech, Beijing, China) 
containing lysozyme (2  g/mL; Vazyme, Nanjing, 
China) [23] for 1  h at 37  °C. After centrifugation, 
and the precipitates were mixed with 4  mol/mL 
lithium chloride solution and incubated for 12 h at 
37 °C. After centrifugation, dialysis was performed 
in PBS at 4 °C, and freeze-drying was performed at 
the end of the dialysis [24].
(2) For bacterial LTA extraction, the bacteria were 
then mixed with 65 °C-preheated 90% phenol solu-
tion with rapid stirring for 30 min, cooled at 4 °C, 
and then centrifuged [25]. The upper aqueous 
phase was again collected and mixed with 65  °C 
sterile ultrapure water 3 times. DNA, RNA hydro-
lase, and protease K (Solarbio, Beijing, China) 
were added and the samples were incubated for 
45  min. Finally, the aqueous phase was placed in 
a dialysis bag (Solarbio, Beijing, China) for dialy-
sis in sterile water to remove the residual phenol 
until the liquid and FeCl3 no longer produced a 
black precipitate. The liquid was then removed and 
freeze-dried [26].
(3) For bacterial ECP extraction, sterile PBS 
was added to the bacterial precipitate to make a 
1 × 106  CFU/ml bacterial culture. High-pressure 
cellophane (Sorlarbio, Beijing, China) was placed 
on Enterococcus agar plate [27]. The bacterial solu-
tion was coated on the cellophane, and the plate 
was cultured at 37  °C for 24  h. The cellophane was 
then washed with sterile precooled PBS. The product 
was collected, and the sample centrifuged (8000 × g, 
−  4  °C) to collect all the supernatant. Any residual 
E. faecalis was killed by adding a 10 mg/ml solution 
of phenyllactic acid (Yuanye, Shanghai, China) [28]. 
Then, the product was freeze-dried.

Experimental design and animals
Male BALB/c mice (3  weeks old, 20–22  g) with stable 
health and reduced experimental contingency (environ-
mental and life factors) were purchased from Liaoning 
Changsheng Biotechnology Co. (Shenyang, China). All 
mice were housed in the specific-pathogen-free Animal 
Center of Dalian Medical University and were fed under 
specific pathogen-free conditions, with free access to 
sterilized pure water and food. The mice were housed at 
room temperature (25 °C) for at least 1 week for acclima-
tization before the start of the experiments. All experi-
mental animals were kept in a healthy and active state, 
with normal water intake, normal food intake and no dis-
ease manifestations.

After feeding for a week, 56 mice were randomly 
divided into the following 7 groups consisting of 8 mice 
each: control untreated mice, LE-SP, LE-LTA, and LE-
ECP, which were immunized with one of the virulence 
factors (2  mg/kg intraperitoneally, daily) of LE; NE-SP, 
NE-LTA, and NE-ECP, which were immunized with one 
of the virulence factors (calculated using the half lethal 
method, by which 2  mg/kg through a daily intraperi-
toneal injection is the most effective infection dose) of 
NE‒E. faecalis. NE‒E. faecalis isolated from the intes-
tine of healthy children was used as an experimental 
control to demonstrate the specific pathogenic ability of 
LE-E. faecalis and to exclude the presence of widespread 
antigenicity [1]. Because this experiment is a patho-
genic model, we did not include recovery treatment. The 
experimental treatments lasted for a total of 3 days, after 
which the animals were euthanized and blood, lung, and 
colon samples were collected.

Haematoxylin‑eosin tissue staining
The colon and lungs of mice were collected and fixed in 
4% paraformaldehyde (Seven, Beijing, China). Then, the 
organs underwent gradient dehydration, liquid paraf-
fin wax wrapping, and wax pourer embedding. Tissue 
sections were cut using a microtome (Thermo Fisher 
Scientific, Waltham, MA; USA), and the tissue sec-
tion thickness was 3–5 µm [29]. Before staining, the tis-
sue samples were dried in an oven (Lichen Technology, 
Shanghai, China) at 60 °C for 2 h. The tissue slices were 
dewaxed, stained with haematoxylin and eosin (Solar-
bio), gradient dehydrated, and sealed using neutral gum 
(Solarbio).

Immunohistochemistry
Antigen repair of sectioned tissues was performed using 
sodium citrate (Seven) antigen repair solution. The sam-
ples were then incubated with a peroxidase suppressor 
(Zhongshan Jinqiao, Beijing, China) for 20 min and goat 
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serum (Zhongshan Jinqiao) for 45 min. Next, the samples 
were incubated at 4 °C with a goat anti-rabbit Muc-2 anti-
body (1:100 dilution; Proteintech, Rosemont, USA), and 
biotin-labelled goat anti-mouse/rabbit IgG (Zhongshan 
Jinqiao) was used as a secondary antibody. The samples 
were the incubated with horseradish enzyme-labelled 
streptavidin working solution for 20 min. DAB develop-
ing solution (Zhongshan Jinqiao) was prepared to fully 
cover the tissues, and haematoxylin staining solution was 
used again for nuclear staining. Finally, gradient dehydra-
tion and sealing of the slices were performed and ImageJ 
software was used for quantitative analysis. A total of 56 
lung and intestinal tissue sections were analysed, and the 
positive area was automatically calculated based on the 
threshold. GraphPad 8.0 was used for the analysis of vari-
ance (ANOVA).

Enzyme‑linked immunosorbent assay (ELISA)
The concentration of LTA in the serum and tissue 
homogenates (diluted 2–5 times) was measured using the 
Mouse LTA Quantification ELISA Kit (Kexing, Shanghai, 
China) according to the manufacturer’s instructions. IL-6 
and IL-17 levels were also measured using ELISA kits 
(Enzyme Biolabs, Jiangsu, China) according to the manu-
facturer’s instructions. The sensitivity of the mouse LTA 
quantification kit was 10 ng/L, whereas that of the IL-6 
and IL-17 quantification kits ranged between 3.75  pg/
ml–120  pg/ml and 15  pg/ml–400  pg/mL, respectively. 
GraphPad 8.0 was used for the ANOVA.

Quantitative real‑time polymerase chain reaction (RT‑PCR)
Total mouse lung tissue RNA was extracted using TRIzol 
(TaKaRa, Japan) according to the manufacturer’s instruc-
tions. The RNA quantity and quality were measured 
using a Nanodrop spectrophotometer (Thermo Fisher 
Scientific) with a 260/280 ratio of 1.8–2.0. cDNA was 
reverse-transcribed using the HiScriptII Q RT SuperMix 
qPCR kit (Vazyme, Jiangsu, China) according to the man-
ufacturer’s instructions. The RNA samples were digested 
by DNAase (Solarbio) and then reverse-transcribed in 
a total PCR volume of 20  µl. Gene expression analysis 
was performed on a Bioer LineGene 9660 Plus system 
(Bioer, Hangzhou, China) using ChameQ Universal SYBY 
qPCR Master Mix (Vazyme Jiangsu, China). The relative 
amounts of each gene were normalized to that of ACTB 
(as a housekeeping gene with stable and continuous tran-
scription) [30] and analysed using the 2−ΔΔCt method. The 
amplification procedure was as follows: pre-denaturation 
at 95 °C for 30 s, denaturation at 95 °C for 10 s, anneal-
ing at 60 °C for 30 s, and extension at 72 °C for 1 min for 
40 cycles. The primer sequences are as follows, ACTB:3′-
AAC​GAC​CCC​TTC​ATT​GAC​ (Tm = 52.0),CCA​CGA​
CAT​ACT​CAG​CAC​-5′ (Tm = 53.1),IL-6:3′-TGT​GCA​

ATG​GCA​ATT​CTG​AT (Tm = 57.8), GGT​ACT​CCA​GAA​
GAC​CAG​AGGA-5′ (Tm = 59.3),IL-10:3′-CTA​TGC​TGC​
CTG​CTC​TTA​CTGAC (Tm = 52.2),GAG​TCG​GTT​AGC​
AGA​TGT​TGT​CCA​G-5′ (Tm = 57.9) (All chemically syn-
thesized by Songon Biotech (Shanghai) Co.,Ltd.)

Western blotting
Total proteins were extracted from intestinal tissues or 
cell lysates using RIPA buffer containing phosphatase 
inhibitors (Solarbio), and protein quantification was per-
formed using the Kormas G-250 kit (Solarbio). Protein 
lysates were separated by 10% sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis (Beyotime, Beijing, 
China) and then transferred onto polyethylene fluoro-
ethylene membranes (Millipore, Burlington, MA, USA). 
The membranes were blocked for 30  min at 25  °C with 
a blocking buffer consisting of 5 × fast blocking solu-
tion (Beyotime) in Tris-buffered saline and 0.1% Tween-
20. The membranes were then incubated overnight at 
4 °C with the primary antibody and then incubated with 
horseradish peroxidase-conjugated secondary antibody 
(Proteintech). Proteins were visualized using an electro-
chemiluminescence kit (Keygen Biotech, Nanjing, China) 
and a chemiluminescence imaging system (Bio-Rad, Her-
cules, CA, USA). The following primary antibodies were 
used: β-actin (1:2000 dilution, RRID = AB_2687938),anti-
Occ (1:3000 dilution, RRID = AB_2880820), anti-CLDN1 
(1:4000 dilution, RRID = AB_2079881), and anti-PAFH 
(1:3000 dilution, RRID = AB_2878146) (all from Protein-
tech). The experiments were performed in triplicate. The 
grey bands were calculated using ImageJ, and GraphPad 
8.0 was used for ANOVA.

Immunofluorescence
Paraffin sections of lung and colon tissue were dewaxed, 
rehydrated, and subjected to antigen heat retrieval 
in citrate buffer, followed by blocking with 10% goat 
serum for 30 min at 25 °C. Next, the samples were incu-
bated with mouse antibodies against ST-2 and CD8 
(RRID = AB_2264785 and AB_2882970, 1:100 dilu-
tion; Proteintech, USA) overnight at 4  °C. After wash-
ing 3 times with PBS, the sections were stained with the 
goat anti-mouse lgG(H + L),HRP conjugate fluorescent 
secondary antibody (RRID = AB_2264785, 1:100 dilu-
tion; Proteintech) for 1 h at room temperature. Sections 
were washed 3 times and stained with 4′,6-diamidino-
2-phenylindole (Seven) for 10 min at room temperature. 
Images were captured using an inverted fluorescence 
microscope (Olympus, Shinjuku, Japan). A quantitative 
method was used to calculate the positive areas in the 
tissue using ImageJ. The total number of tissue areas was 
2,217,984, using the threshold automatic calculation of 
positive areas. GraphPad 8.0 was used for the ANOVA.
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Infrared spectrometry
After the NE-LTA and LE-LTA were completely dried, 
a small amount was placed on the optical platform of 
an infrared spectrometer (Thermo Fisher Nicolet iS50, 
USA). Then, potassium bromide blanks and sample 
pressed tablets were prepared. The pressed potassium 
bromide blanks (empty potassium bromide tablets with-
out sample) were placed in the sample holder in the sam-
ple compartment of the spectrometer. The background 
was measured, the spectrum was named, and the acqui-
sition of the reference background spectrum was con-
firmed. After the spectrum was acquired, the sample to 
be measured was placed in the spectrometer, and the 
software performed various analytical processes on the 
spectrum as required. Then, the report with the spec-
trum in different forms was printed [31]. The spectra 
were compared using Origin 2018.

Purification of LTA was measured by UV spectroscopy
The purification of lipoteichoic acid was measured by 
UV spectrophotometry (Nondrop 2000, Thermo, USA). 
First, pure water was used to zero the instrument (usu-
ally repeated three times), the sample (LTA and standard) 
was put into the detection arm, and then A260 nm and 
A280 nm wavelengths were selected for measurement. 
The instrument provided the value after the detection 
was complete [32]. By comparing with the LTA stand-
ard of Staphylococcus aureus (Sigma, USA), we were 
able to determine whether the extracted substance was 
lipoteichoic acid. Through continuous UV detection 
[33], the absorption peaks of nucleic acid and protein 
at A260 nm and A280  nm were detected, and the resi-
dues of nucleic acid and protein in the test substance was 
detected. This also allowed measurement of the charac-
teristic absorption peak of lipoteichoic acid at A300 nm.

LTA‑SDS PAGE silver staining
The extracted and purified NE-LTA and NE-LTA were 
electrophoresed using a 12% SDS PAGE gel plate. The 
gels were fixed 50% formaldehyde and 50% acetic acid for 
10  min, washed with water overnight, stained with 1% 
AgNO3 for 10 min, and washed twice with water. Devel-
oping solution (3% NaCO3 + 0.03% formaldehyde) was 
added to develop the gel until the bands were clear, and 
a small amount of terminating solution (5% acetic acid) 
was added, which allowed further processing for pictures 
[34]. After fixation, the gels were stained with a silver 

staining kit (Solarbio) and photographed in a gel imager 
(Thermo). The main macro amphiphiles were lipoteichoic 
acids (LTA), which are found in most low G + C bacteria 
(Firmicutes). LTA is composed of a lipid anchor linked to 
a chain of poly-glycerol or poly-ribitol units that is sepa-
rated by a phosphate group [35].

Statistical analysis
The experimental results presented here were repeated in 
triplicate. The data were statistically analysed using Prism 
8.0 (GraphPad Software, San Diego, CA, USA). Multiple 
groups were evaluated by ANOVA. A P value < 0.05 was 
considered statistically significant. Experimental results 
were performed with biological replicates for statistical 
purposes.

Results
LTA from E. faecalis induces pathological changes 
in the intestine and lungs
First, we explored the effects that NE and LE-E. faecalis 
extracts had on the intestine and lungs of mice. Analy-
sis of tissue samples confirmed that LE-LTA-exposed 
mice had significantly atrophied lungs compared with 
those in the control (untreated) group, and a large num-
ber of ulcerated nodules appeared on the intestines of the 
LE-LTA mice (Fig. 1A, B). In particular, mice in the LE-
LTA group showed alveolar collapse, unclear lung septal 
boundaries, and a large number of neutrophil aggregates, 
whereas the lungs of mice in the other groups showed 
structures similar to those in the control group (Fig. 1C). 
Moreover, analysis of the colon further showed that 
only mice in the LE-LTA group had severe intestinal villi 
breakage and intestinal gland atrophy, whereas those in 
the other groups did not (Fig. 1D). These results suggest 
that LTA from LE-E. faecalis causes severe intestinal and 
pulmonary damage in mice.

LTA from pathological E. faecalis disrupts the intestinal 
barrier
To clarify whether the inflammation in the lungs was 
related to the damage in the intestine, the levels of the 
intestinal tight junction proteins occludin (Occ) and 
claudin-1 (Cldn1) were evaluated by immunoblotting. 
The expression of Occ and Cldn1 was reduced in LE-
LTA mice compared with the other groups, which all 
showed similar levels (Fig. 2I). These results suggest that 
lung injury in mice is associated with intestinal barrier 

Fig. 1  Intestinal and lung tissues collected from mice exposed to virulence factors from NE- or LE-E. faecalis. A Intestine and lungs collected 
from control (green) and LE-LTA-exposed (blue) mice. B Intestine tissues from LE-LTA-exposed mice depicting ulcerated nodules on the surface 
(red circles). C, D Haematoxylin-eosin staining of lung and intestine tissue samples. Red boxes indicate C collapsed alveoli and loss of the lung 
septum, as well as D cleaved and broken intestinal villi, with a reduced number of cupped cells. Scale bar: 200 × magnification. Abbreviations: ECP, 
extracellular product; LE, pathological; LTA, lipophosphatidic acid; NE, normal; SP, surface protein

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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disruption. Previous studies have demonstrated that 
decreased expression of intestinal tight junction proteins 
is closely related to decreased expression of intestinal 
platelet-activating factor receptor (PAFR) [36]. Therefore, 
we next evaluated whether LE-LTA exposure disrupted 
the intestinal barrier of mice by evaluating the amount 
of PAFR in the intestine. In agreement with the previous 
findings, intestinal PAFR levels were reduced in LE-LTA 
mice compared with the other groups, which all showed 
similar levels (Fig. 2II). Hence, the disruption of the intes-
tinal barrier in mice exposed to LE-LTA is directly related 
to the decreased expression of PAFR.

LTA from pathological E. faecalis decreases mucus synthesis 
in the lungs and intestine
The lungs and intestines are the primary places where 
microorganisms live in the body, and their physiologi-
cal structures have many similarities. For example, they 
both contain mechanical barriers based on tight junction 
proteins and mucins that specifically secrete mucus [37]. 
The detection of tight junction proteins and mucin in 
the intestines and lungs can help determine their patho-
logical changes in models of disease. Therefore, we then 
explored whether virulence factors extracted from E. fae-
calis could affect mucus production. The levels of mucin 
2 (Muc-2), which is a major component of mucus that is 
mostly secreted by cupped cells in the colon, small intes-
tine, and respiratory tract, were evaluated by immuno-
histochemistry of the lungs and colon of mice. Notably, 
Muc-2 plays an important role in maintaining mucosal 

immunity by isolating microorganisms from host epithe-
lial and immune cells. Overall, Muc-2 was significantly 
reduced in the intestine and lungs of LE-LTA mice com-
pared with the control group (Fig. 3A). No significant dif-
ferences were observed between the control group and 
the NE‒E. faecalis, LE-SP, and LE-ECP groups (Fig. 3B). 
Taken together, these results demonstrate that LTA from 
LE-E. faecalis decreases mucus synthesis in the lungs and 
intestine, which may increase the possibility of the direct 
contact of LTA with immune cells in these tissues. The 
ANOVA showed P < 0.05 (Fig. 3C).

Immunofluorescence study on the localization of immune 
cells in mice
To verify whether ILC-2  s and CD8+ T cells facilitated 
interactions between the intestine and lungs through 
the blood, immunofluorescence was used to detect these 
cells in each organ. More ILC-2 s and CD8+ T cells were 
detected in the intestine and lungs of mice in the LE-
LTA group than in the other groups (Fig. 4). In particu-
lar, CD8+ T cells showed a diffuse distribution within 
the lung tissue, but it was concentrated at the tips of the 
intestinal villi. Notably, we found that a large number of 
ILC-2  s were present in the alveolar collapse site and, 
importantly, in the myenteric vessels in LE-LTA-exposed 
mice. These results indicate that LE-LTA activates 
ILC-2  s, which in turn can travel throughout the body 
through the blood, with a high affinity for intestinal and 
lung tissues. Hence, ILC-2 s may be important mediators 
of pneumonia caused by LE-E. faecalis in the intestine.

Fig. 2  The level of tight junction proteins (Occ and Cldn1) and PAFR in the intestine (n = 8). I Tissue homogenates were evaluated by Western 
blotting. II-A–C Abbreviations: Cldn1, claudin-1; ECP, extracellular product; LE, pathological; LTA, lipophosphatidic acid; NC, negative control; NE, 
normal; Occ, occludin; PAFR, platelet-activating factor receptor; SP, surface protein. **P < 0.05

Fig. 3  Immunohistochemical detection of Mucin-2 in the A intestine and B lungs of mice upon exposure to various virulence factors from E. 
faecalis. C Quantification of Mucin-2 levels in the organs using ImageJ (https://​imagej.​nih.​gov/​ij/). ***P < 0.001 for the LE-LTA group compared with 
the control. Abbreviations: ECP, extracellular product; LE, pathological; LTA, lipophosphatidic acid; NC, negative control; NE, normal; SP, surface 
protein

(See figure on next page.)

https://imagej.nih.gov/ij/
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Fig. 3  (See legend on previous page.)
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Fig. 4  Immunofluorescence detection of ILC-2 and CD8+ T cells in the A, C intestine and B, D lungs of mice. E, F Fluorescence quantification was 
performed using ImageJ software (https://​imagej.​nih.​gov/​ij/). ****P < 0.001 and **P < 0.01. Abbreviations: ECP, extracellular product; ILC-2, innate 
lymphocyte type 2; LE, pathological; LTA, lipophosphatidic acid; NC, negative control; NE, normal; SP, surface protein

https://imagej.nih.gov/ij/
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ELISA
Activation of immune cells produces large amounts of 
active signalling molecules. Therefore, the correlation 
between pneumonia and the production of interleukins 
mediated by ILC-2 and CD8+ T cells was investigated. 
Interestingly, the relative mRNA levels of Il-6 and Il-17 
were much higher in the lungs of LE-LTA mice than in 
the lungs of the other groups (Fig. 5A, B). The ANOVA 
showed P < 0.05 (Fig. 5). These results indicate that LE-E. 
faecalis causes pneumonia in mice due to the activation 
of ILC-2 and CD8+ T cells, which, in turn, produce large 
amounts of proinflammatory IL-17 and IL-6 in the lungs.

Finally, we evaluated the levels of LE-LTA in the 
serum, lungs, and intestine of exposed mice and com-
pared them with those of the controls. The data con-
firmed that LE-LTA enters the circulation through the 
blood (P < 0.01), but it cannot effectively infiltrate the 
lungs and intestine (P > 0.05; Fig.  5C). Hence, LE-LTA 
may activate immune cells in the blood and thus medi-
ate the development of pneumonia. In agreement with 
this hypothesis, the concentrations of IL-6 and IL-17 

in the blood of the LE-LTA-exposed mice were found 
to be much higher than those of mice in the control 
group, whereas no significant changes were observed in 
the other experimental groups (Fig. 5C) P < 0.05. These 
findings were also consistent with the abovementioned 
increased number of CD8+ T and ILC-2 cells in the 
intestine and lungs of mice exposed to LE-LTA.

Detection of IL‑6 and IL‑17 levels in mouse lungs by RT‒
PCR
We measured the expression of IL-6 and IL-17 mRNA 
in mice lungs. Compared with the control group, the 
experimental results showed that the LE-LTA group 
had increased expression of IL-6 and IL-17 in the lungs 
of mice (P < 0.05; Fig. 6A, B). Thus, the expression levels 
of IL-6 and IL-17 in the lungs and blood of mice showed 
a consistent upwards trend, indicating that LE-LTA can 
activate immune cells in the lungs and blood and cause 
the release of a large number of immune factors.

Fig. 4  continued
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Different substance structures measured by infrared 
spectroscopy
The above experimental results all indicate that LE-LTA 
is the virulence factor of E. faecium, and the infrared 
spectrum was used to determine the structural differ-
ences of pure substances based on the different degrees 
of light absorption of the substances. As shown in 
Fig.  7, the peaks of LE-LTA and NE-LTA are different 

at wavelengths within 2000 nm, and this band was the 
decisive wavelength of different material structures. 
Thus, the material structures of NE-LTA and LE-LTA 
were distinct, and this may be related to the unique 
pathogenicity of LE-LTA.

UV spectrogram of LTA detection
At A260 and A280 nm, the peaks of NE-LTA, LE-LTA 
and the standard are close to 0. This indicates that there 
is no nucleic acid or protein residue; furthermore, NE-
LTA and LE-LTA have the same single peak as the stand-
ard at A300 nm (Fig. 8), indicating that the extracted LTA 
is a pure substance.

SDS‒PAGE silver staining
SDS‒PAGE silver staining analysis revealed the apparent 
molecular weights of NE-LTA and LE-LTA (Fig. 9) migra-
tion modes (as broadband) to be approximately 20 kDa.

16S sequencing
In Fig. 10, after 16S full-length sequencing, it was deter-
mined that NE and LE belonged to the same genus, and 
they were identified as Enterococcus and Enterococcus 
faecalis, respectively.

Discussion
In past studies, paediatric pneumonia has been consid-
ered to be an infectious disease of the respiratory sys-
tem. However, our data demonstrate for the first time 
that pathogenic E. faecalis (isolated from the intestines 
of paediatric pneumonia patients) can trigger proinflam-
matory immune responses in the lungs, thus potentially 

Fig. 5  Quantification of the proinflammatory proteins (A) IL-6 and (B) IL-17 and the virulence factor (C) LTA in mice. **P < 0.01, ***P < 0.001, and 
****P < 0.001. Abbreviations: ECP, extracellular product; IL, interleukin; ILC-2, innate lymphocyte type 2; LE, pathological; LTA, lipophosphatidic acid; 
NC, negative control; NE, normal; SP, surface protein

Fig. 6  Relative mRNA expression of inflammatory factors (IL-6 and 
IL-17) in the lungs of mice. **P < 0.01 and ***P < 0.001. As can be seen 
from Figure 6, IL-6 and IL-17 genes were significantly expressed in 
the lungs of mice in the LE-LTA group and were obviously higher 
than those in the untreated group NC), indicating that these two 
inflammatory factors were produced in large amounts in the lungs of 
mice in the LE-LTA group, further contributing to the development of 
pneumonia. Abbreviations: ECP, extracellular product; IL, interleukin; 
LE, pathological; LTA, lipophosphatidic acid; NC, negative control; NE, 
normal; SP, surface protein
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representing an important element of the lung–gut axis. 
Moreover, we identified LTA as the most likely virulence 
factor of this bacterium that gives it the ability to cause 
pneumonia.

The intestines are the largest part of the immune sys-
tem; they are constantly exposed to antigens and immu-
nomodulators from the diet and commensal microbiota, 
but they also represent a port of entry for many clinically 
important pathogens. Increasing evidence also suggests 
that gut immune processes are also associated with the 
prevention of diseases affecting other body parts [38]. 
Based on this premise, we used changes in the gut bacte-
ria of paediatric pneumonia patients as a starting point to 
uncover the aetiology of paediatric pneumonia.

As an important opportunistic pathogen that coex-
ists with humans, E. faecalis has been associated with 
the formation of biofilms and with oral diseases, includ-
ing recurrent root canal failure [39]. It is also the most 
common nosocomial infectious bacterium, causing 
endocarditis, urinary tract infections, wounds, surgical 
site infections, and medical device-related infections, 
which often become chronic after biofilm formation [40]. 
In  vivo studies have demonstrated that LTA has strong 
inflammatory properties, similar to those of lipopolysac-
charides, and that target-bound LTA can interact with 
circulating antibodies and activate complement cas-
cade reactions, thus inducing a passive immune killing 

phenomenon. LTA also triggers the release of reactive 
oxygen and nitrogen species, acid hydrolases, highly 
cationic proteases, bactericidal cationic peptides, growth 
factors, and cytotoxic cytokines from neutrophils and 
macrophages, which can act synergistically to amplify 
cellular injury [41]. It has also been shown that massive 
cellular damage can lead to the development of systemic 
inflammatory response syndrome by producing a micro-
bial pathogen-associated molecular pattern that activates 
natural immune cells through pattern recognition recep-
tors [42]. Moreover, inflammation was shown to lead 
to a rapid accumulation of neutrophils, resulting in sig-
nificant inflammatory lung injury [43]. These inflamma-
tory injury responses and natural immune cell activation 
events are consistent with the findings of this study in the 
blood, intestinal tissues, and lung tissues.

The most important component of the intestinal bar-
rier is the intestinal mucosa, which not only resists the 
penetration of the intestinal contents, but also impor-
tantly prevents the invasion of exogenous antigens. The 
intestinal mucosa serves as both a conduit for the uptake 
of food-derived nutrients and microbiome-derived 
metabolites, and as a barrier against microbial inva-
sion into tissues and to inhibit inflammatory responses 
to the bulk contents of the lumen [44]. An increasing 
number of studies have shown that disruption of the 
intestinal mucosal barrier is associated with various 

Fig. 7  NE-LTA (A) and LE-LTA (B) have very distinct peaks within the 2000 band; their transmittance was not significantly different
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diseases. For example, increased intestinal permeability 
has been observed in patients and mouse models of car-
diovascular disease, and this increased intestinal perme-
ability enhances systemic inflammation, alters intestinal 
immune function, and has been shown to predict adverse 

cardiovascular disease [45]. The gut microbiota, which is 
part of the brain–gut axis, may play a significant role in 
the connection between the common pathological mech-
anisms of multiple sclerosis and gastrointestinal disor-
ders, in which gut barrier disruption has been associated 
with central nervous system demyelination and with gut 
microbiota entering circulation, ultimately affecting cen-
tral nervous system microglial function [46].

Numerous studies have shown that the mucosal barrier 
plays an important role in maintaining the stability of the 
intestinal environment [47]. This physical barrier consists 
mainly of tightly connected intestinal monolayer epithe-
lial cells, including stem cells, enterocytes, cupped cells, 
and Paneth cells, which in turn will maintain the balance 
between nutrient absorption and intestinal immunity by 
secreting mucus and blocking cellular gaps [48]. In par-
ticular, PAFR was shown to play a key role in the regula-
tion of the pulmonary infection response in diseases such 
as COPD and asthma [49]. PAFR was evaluated in dex-
tran sodium sulfate exposed mice and anti-CD40 colitis 
mice, and the results showed that mice in both IBD mod-
els had increased levels of neutrophils and a downwards 

Fig. 8  In the UV detection of LTA purity results, NE-LTA and LE-LTA had no values at A260 and A280 nm, and the standard LTA had the same 
absorption value at A300 nm

Fig. 9  SDS‒PAGE analysis of macromolecular amphiphilic 
polysaccharide of E. faecalis. Lane 1, non-pathogenic E. faecalis 
lipoteichoic acid (NE-LTA); Lane 2, pathogenic lipoteichoic acid 
(LE-LTA shown by periodic acidic silver nitrate staining
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trend in PAFR expression (50). In this study, we exam-
ined 2 intestinal tight junction proteins (Cldn1 and Occ), 
as well as PAFR and mucus secretion-related mucin-2. 
Overall, mice exposed to LE-LTA showed decreased 
expression of tight junction proteins, PAFR, and mucin-
2, while also showing pathological manifestations of 
lung inflammation. Hence, the pathogenic mechanisms 
observed herein were very similar to those previously 
described, suggesting that LE-LTA leads to the disruption 
of the intestinal barrier, which in turn leads to the devel-
opment of pneumonia in mice.

Several studies have shown that CD8+ T lymphocytes 
have specific functions in response to antigenic stimuli 
[51]. Concerning infections and tumours, CD8+ T cells 
are converted into cytotoxic T cells that specifically kill 
target cells; hence, cytotoxic CD8+ T cells play a key role 
in eliminating intracellular infections and malignant cells, 
and they can provide long-term protective immunity 
[52]. Recent studies have also shown that CD8+ T cells 
are important for the maintenance of immune homeosta-
sis in lung tissue through memory function, and that the 
occurrence of lower respiratory sensitization in immu-
nocompromised children is associated with high CD8+ 
T-cell expression. Interestingly, lung antigen-specific dys-
function was found in primary and secondary bacterial 

infections that produced CD8+ T cells with longer-last-
ing memory recall responses [53]. Indeed, neutraliza-
tion of IL-6 with monoclonal antibodies or mice lacking 
mature IL-6, MyD88, or IL-6 receptors showed impaired 
recovery of the CD8+ T-cell subset [54]. These findings 
suggest a positive correlation between IL-6 expression 
and the number of CD8+ T cells. Recently, numerous 
studies have demonstrated that respiratory inflammatory 
diseases are associated with the expression of ILC-2  s, 
which promote leukocyte chemotaxis through the pro-
duction of IL-17, further activating innate immune pro-
cesses to promote respiratory inflammatory responses 
[55]. In our experiments, we measured the expression of 
IL-6 and IL-17 in the lungs of mice and the distribution of 
ILC-2 s and CD8+ T cells in the intestine and lungs. The 
results showed that high expression of ILC-2 s and CD8+ 
T cells in the intestine and lungs of mice in the LE-LTA 
group was accompanied by an increase in the expression 
of IL-6 and IL-17 in the lungs. This finding indicates that 
LE-LTA increases immune cell reactivity in mouse intes-
tinal and lung tissues and produces large amounts of ILs 
to promote lung inflammation. The results of the infrared 
spectrum preliminarily showed differences in the LTA 
structure between NE and LE bacteria, which may be 
related to the specific pathogenicity of LE-LTA; however, 

Fig. 10  A Detection sequence results of NE‒E. B Detection sequence results of LE-E 
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it remains unclear why this difference leads to a change in 
virulence. Therefore, we hypothesize that in children with 
intestinal pneumonia, LE-LTA enters the blood and leads 
to intestinal barrier damage, leading to immune cell acti-
vation and immune factor recruitment, resulting in lung 
inflammation. Future studies should clarify the binding 
mechanism between LE-LTA and PAFR, and work to 
address the questions of why LE-LTA only attacks lung 
tissue and why LE-LTA activates ILC-2 cells. These ques-
tions still need to be addressed in the future.

In summary, this study demonstrates that (1) LE-LTA 
causes intestinal gland atrophy, reduced cupped cells, 
collapsed alveoli, blurred lung septa in mice, and severely 
damaging pathological changes in both lung and intes-
tinal tissues; (2) LTA from pathogenic E. faecalis can 
disrupt intestinal tight junction protein blockade and 
decrease the expression of intestinal mucin, resulting 
in serious damage to the intestinal barrier in mice; (3) 
LE-LTA promotes the distribution of CD8+ T cells and 
ILC-2 s in the intestine and lungs of mice, which further 
increases the expression of IL-6 and IL-17 in the blood 
and lungs; (4) LE-LTA can break the intestinal barrier 
and enter the blood circulation but not the lungs; and (5) 
the difference in pathogenicity between NE and LE lies in 
the various configurations of the LTA. These data dem-
onstrate that the virulence factor of pathogenic E. faecalis 
is LTA. We believe that understanding the immune asso-
ciation between the intestines and lungs will not only be 
helpful for the treatment of paediatric pneumonia, but it 
will also advance the knowledge of infection and cellular 
immunity.

Abbreviations
SP: Surface protein; CLDN1: Claudin-1; ECP: Extracellular product; ILC: Innate 
lymphocyte; LTA: Lipoteichoic acid; NE: Normal; NK: Natural killer; Occ: Occlu-
din; PAFR: Platelet-activating factor receptor; PBS: Phosphate-buffered saline; 
PE: Pathogenic.

Author contributions
LW designed the study, ZYT drafted the manuscript, CM performed the 
experiments, TD analysed the data, and IKB and AUR revised the manuscript. 
All authors have made a substantial, direct, and intellectual contribution to the 
work and approved it for publication. All authors read and approved the final 
manuscript.

Funding
This study was funded by the National Natural Science Foundation of China 
[Grant Numbers 31600614 and 82072953]. Top young talents of Liaoning 
Provincial Government [Grant No.XLYC1907009], Dalian outstanding young 
scientific and technological talents [Grant No. 2021RJ12].

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study is applicable to human and animal research. Animal experiments 
and clinical specimens were approved by the Ethics Committee of Biotech-
nology Department of Dalian Medical University. The study was approved by 
the internal review committee of the Department of Biotechnology of Dalian 
Medical University. The application title is “Exploration of the Pathogenic 
Mechanism of Paediatric Pneumonia” (No. AEE22034).

Competing interests
The authors declare that this research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
competing interests.

Author details
1 Laboratory of Biochemistry and Molecular Biology, Department of Biotech-
nology, College of Basic Medicine, Dalian Medical University, Dalian, China. 
2 National Joint Engineering Laboratory, Regenerative Medicine Centre, Stem 
Cell Clinical Research Centre, The First Affiliated Hospital of Dalian Medical 
University, Dalian, China. 

Received: 5 September 2022   Accepted: 9 December 2022

References
	1.	 Gude S, Pince E, Taute KM, Seinen AB, Shimizu TS, Tans SJ. Bacte-

rial coexistence driven by motility and spatial competition. Nature. 
2020;578(7796):588–92. https://​doi.​org/​10.​1038/​s41586-​020-​2033-2.

	2.	 Lüthje P, Brauner A. Virulence factors of uropathogenic E. Coli and their 
interaction with the host. Adv Microb Physiol. 2014;65:337–72. https://​
doi.​org/​10.​1016/​bs.​ampbs.​2014.​08.​006.

	3.	 Erbs G, Newman M-A. The role of lipopolysaccharide and peptidogly-
can, two glycosylated bacterial microbe-associated molecular patterns 
(Mamps) in plant innate immunity. Mol Plant Pathol. 2012. https://​doi.​
org/​10.​1111/j.​1364-​3703.​2011.​00730.x.

	4.	 Foster TJ, Geoghegan JA, Ganesh VK, Hook M. Adhesion, invasion and 
evasion: the many functions of the surface proteins of staphylococcus 
aureus. Nat Rev Microbiol. 2014;12(1):49–62. https://​doi.​org/​10.​1038/​
nrmic​ro3161.

	5.	 Duport C, Alpha-Bazin B, Armengaud J. Advanced proteomics as a pow-
erful tool for studying toxins of human bacterial pathogens. Toxins. 2019. 
https://​doi.​org/​10.​3390/​toxin​s1110​0576.

	6.	 Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier func-
tion and immune homeostasis. Nat Rev Immunol. 2014;14(3):141–53. 
https://​doi.​org/​10.​1038/​nri36​08.

	7.	 Gillard J, van Schuppen E, Diavatopoulos DA. Functional programming 
of innate immune cells in response to bordetella pertussis infection and 
vaccination. Adv Exp Med Biol. 2019;1183:53–80. https://​doi.​org/​10.​1007/​
5584_​2019_​404.

	8.	 Caruso R, Lo BC, Núñez G. Host-microbiota interactions in inflammatory 
bowel disease. Nat Rev Immunol. 2020;20(7):411–26. https://​doi.​org/​10.​
1038/​s41577-​019-​0268-7.

	9.	 Chunxi L, Haiyue L, Yanxia L, Jianbing P, Jin S. The gut microbiota and 
respiratory diseases: new evidence. J Immunol Res. 2020;2020:2340670. 
https://​doi.​org/​10.​1155/​2020/​23406​70.

	10.	 Dhar D, Mohanty A. Gut microbiota and Covid-19-possible link and 
implications. Virus Res. 2020;285:198018. https://​doi.​org/​10.​1016/j.​virus​
res.​2020.​198018.

	11.	 Raftery AL, Tsantikos E, Harris NL, Hibbs ML. Links between inflammatory 
bowel disease and chronic obstructive pulmonary disease. Front Immu-
nol. 2020;11:2144. https://​doi.​org/​10.​3389/​fimmu.​2020.​02144.

	12.	 Xing Z, Afkhami S, Bavananthasivam J, Fritz DK, D’Agostino MR, 
Vaseghi-Shanjani M, et al. Innate immune memory of tissue-resident 

https://doi.org/10.1038/s41586-020-2033-2
https://doi.org/10.1016/bs.ampbs.2014.08.006
https://doi.org/10.1016/bs.ampbs.2014.08.006
https://doi.org/10.1111/j.1364-3703.2011.00730.x
https://doi.org/10.1111/j.1364-3703.2011.00730.x
https://doi.org/10.1038/nrmicro3161
https://doi.org/10.1038/nrmicro3161
https://doi.org/10.3390/toxins11100576
https://doi.org/10.1038/nri3608
https://doi.org/10.1007/5584_2019_404
https://doi.org/10.1007/5584_2019_404
https://doi.org/10.1038/s41577-019-0268-7
https://doi.org/10.1038/s41577-019-0268-7
https://doi.org/10.1155/2020/2340670
https://doi.org/10.1016/j.virusres.2020.198018
https://doi.org/10.1016/j.virusres.2020.198018
https://doi.org/10.3389/fimmu.2020.02144


Page 16 of 17Tian et al. Gut Pathogens            (2023) 15:2 

macrophages and trained innate immunity: re-vamping vaccine concept 
and strategies. J Leukoc Biol. 2020;108(3):825–34. https://​doi.​org/​10.​1002/​
JLB.​4MR02​20-​446R.

	13.	 Cautivo KM, Matatia PR, Lizama CO, Mroz NM, Dahlgren MW, Yu X, et al. 
Interferon gamma constrains type 2 lymphocyte niche boundaries dur-
ing mixed inflammation. Immunity. 2022;55(2):254-71.e7. https://​doi.​org/​
10.​1016/j.​immuni.​2021.​12.​014.

	14.	 Kindermann M, Knipfer L, Atreya I, Wirtz S. Ilc2s in infectious diseases 
and organ-specific fibrosis. Seminars immunopathol. 2018;40(4):379–92. 
https://​doi.​org/​10.​1007/​s00281-​018-​0677-x.

	15.	 Huang Y, Guo L, Qiu J, Chen X, Hu-Li J, Siebenlist U, et al. Il-25-responsive, 
lineage-negative Klrg1(Hi) cells are multipotential ‘inflammatory’ type 2 
innate lymphoid cells. Nat Immunol. 2015;16(2):161–9. https://​doi.​org/​10.​
1038/​ni.​3078.

	16.	 Faust HJ, Zhang H, Han J, Wolf MT, Jeon OH, Sadtler K, et al. Il-17 and 
immunologically induced senescence regulate response to injury in 
osteoarthritis. J clin invest. 2020;130(10):5493–507. https://​doi.​org/​10.​
1172/​jci13​4091.

	17.	 Hepworth MR, Monticelli LA, Fung TC, Ziegler CG, Grunberg S, Sinha R, 
et al. Innate lymphoid cells regulate Cd4+ T-cell responses to intestinal 
commensal bacteria. Nature. 2013;498(7452):113–7. https://​doi.​org/​10.​
1038/​natur​e12240.

	18.	 McElvaney OJ, Curley GF, Rose-John S, McElvaney NG. Interleukin-6: 
obstacles to targeting a complex cytokine in critical illness. Lancet Respir 
Med. 2021;9(6):643–54. https://​doi.​org/​10.​1016/​s2213-​2600(21)​00103-x.

	19.	 Barcik W, Boutin RCT, Sokolowska M, Finlay BB. The role of lung and gut 
microbiota in the pathology of asthma. Immunity. 2020;52(2):241–55. 
https://​doi.​org/​10.​1016/j.​immuni.​2020.​01.​007.

	20.	 Pneumonia in Childhood. Lancet in 1988. PMID: 2895265. https://​doi.​org/​
10.​1016/​S0140-​6736(88)​91542-5.

	21.	 Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Rea-
gent and laboratory contamination can critically impact sequence-based 
microbiome analyses. BMC biol. 2014;12:87. https://​doi.​org/​10.​1186/​
s12915-​014-​0087-z.

	22.	 Watts GS, Youens-Clark K, Slepian MJ, Wolk DM, Oshiro MM, Metzger GS, 
et al. 16s rRNA gene sequencing on a benchtop sequencer: accuracy 
for identification of clinically important bacteria. J appl microbiol. 
2017;123(6):1584–96. https://​doi.​org/​10.​1111/​jam.​13590.

	23.	 Mamontov E, O’Neill H. Reentrant condensation of lysozyme: implica-
tions for studying dynamics of lysozyme in aqueous solutions of lithium 
chloride. Biopolymers. 2014;101(6):624–9. https://​doi.​org/​10.​1002/​bip.​
22430.

	24.	 Campistol JM, Argilés A. Dialysis-related amyloidosis: visceral involve-
ment and protein constituents. Nephrol Dial Transplant. 1996;11(Suppl 
3):142–5. https://​doi.​org/​10.​1093/​ndt/​11.​supp3.​142.

	25.	 Ofek I, Beachey EH, Jefferson W, Campbell GL. Cell membrane-binding 
properties of group a streptococcal lipoteichoic acid. J Exp Med. 
1975;141(5):990–1003. https://​doi.​org/​10.​1084/​jem.​141.5.​990.

	26.	 Wicken AJ, Knox KW. Characterization of group N streptococcus 
lipoteichoic acid. Infect Immun. 1975;11(5):973–81. https://​doi.​org/​10.​
1128/​iai.​11.5.​973-​981.​1975.

	27.	 Rafaeloff R, Pittenger GL, Barlow SW, Qin XF, Yan B, Rosenberg L, et al. 
Cloning and sequencing of the pancreatic islet neogenesis associated 
protein (INGAP) gene and its expression in islet neogenesis in hamsters. J 
clin invest. 1997;99(9):2100–9. https://​doi.​org/​10.​1172/​jci11​9383.

	28.	 Liu F, Sun Z, Wang F, Liu Y, Zhu Y, Du L, et al. Inhibition of biofilm forma-
tion and exopolysaccharide synthesis of enterococcus faecalis by phenyl-
lactic acid. Food microbiol. 2020;86:103344. https://​doi.​org/​10.​1016/j.​fm.​
2019.​103344.

	29.	 Wick MR. The hematoxylin and eosin stain in anatomic pathology-an 
often-neglected focus of quality assurance in the laboratory. Semin 
Diagn Pathol. 2019;36(5):303–11. https://​doi.​org/​10.​1053/j.​semdp.​2019.​
06.​003.

	30.	 Zhang S, Yang Z, Bao W, Liu L, You Y, Wang X, et al. SNX10 (Sorting Nexin 
10) inhibits colorectal cancer initiation and progression by controlling 
autophagic degradation of SRC. Autophagy. 2020;16(4):735–49. https://​
doi.​org/​10.​1080/​15548​627.​2019.​16321​22.

	31.	 Kyotani T, Sato K, Mizuno T, Kakui S, Aizawa M, Saito J, et al. Characteriza-
tion of zeolite NaA membrane by FTIR-ATR and Its application to the 
rapid evaluation of dehydration performance. Anal Sci. 2005;21(3):321–5. 
https://​doi.​org/​10.​2116/​anals​ci.​21.​321.

	32.	 Buchegger P, Lieberzeit PA, Preininger C. Thermo-nanoimprinted 
biomimetic probe for LPS and LTA immunosensing. Anal Chem. 
2014;86(3):1679–86. https://​doi.​org/​10.​1021/​ac403​460k.

	33.	 Yang HJ, Yang I, Choi JH, Kang D, Han MS, Kim SK. Determination of phos-
phorus impurity that directly affects quantification of microbial genomic 
DNA using inductively coupled plasma optical emission spectrometry. 
Anal Biochem. 2014;450:49–51. https://​doi.​org/​10.​1016/j.​ab.​2014.​01.​012.

	34.	 Kim HY, Kim AR, Seo HS, Baik JE, Ahn KB, Yun CH, et al. Lipoproteins in 
Streptococcus gordonii are critical in the infection and inflammatory 
responses. Mol immunol. 2018;101:574–84. https://​doi.​org/​10.​1016/j.​
molimm.​2018.​08.​023.

	35.	 Cot M, Ray A, Gilleron M, Vercellone A, Larrouy-Maumus G, Armau E, et al. 
Lipoteichoic acid in Streptomyces Hygroscopicus: structural model and 
immunomodulatory activities. PLoS ONE. 2011;6(10):e26316. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00263​16.

	36.	 Souza DG, Pinho V, Soares AC, Shimizu T, Ishii S, Teixeira MM. Role of PAF 
receptors during intestinal ischemia and reperfusion injury. a compara-
tive study between PAF receptor-deficient mice and PAF receptor 
antagonist treatment. Br j pharmacol. 2003;139(4):733–40. https://​doi.​
org/​10.​1038/​sj.​bjp.​07052​96.

	37.	 Mjösberg J, Rao A. Lung inflammation originating in the gut. Science. 
2018;359(6371):36–7. https://​doi.​org/​10.​1126/​scien​ce.​aar43​01.

	38.	 Mowat AM, Agace WW. Regional specialization within the intestinal 
immune system. Nat Rev Immunol. 2014;14(10):667–85. https://​doi.​org/​
10.​1038/​nri37​38.

	39.	 Chen L, Li X, Zhou X, Zeng J, Ren Z, Lei L, et al. Inhibition of enterococ-
cus faecalis growth and biofilm formation by molecule targeting cyclic 
di-AMP synthetase activity. J Endod. 2018;44(9):1381-8 e2. https://​doi.​org/​
10.​1016/j.​joen.​2018.​05.​008.

	40.	 Keogh D, Lam LN, Doyle LE, Matysik A, Pavagadhi S, Umashankar S, 
et al. Extracellular electron transfer powers Enterococcus Faecalis biofilm 
metabolism. mBio. 2018. https://​doi.​org/​10.​1128/​mBio.​00626-​17.

	41.	 Ginsburg I. Role of lipoteichoic acid in infection and inflammation. Lancet 
Infect Dis. 2002;2(3):171–9. https://​doi.​org/​10.​1016/​s1473-​3099(02)​
00226-8.

	42.	 Zindel J, Kubes P. DAMPs, PAMPs, and LAMPs in immunity and sterile 
inflammation. Annu Rev Pathol. 2020;15:493–518. https://​doi.​org/​10.​
1146/​annur​ev-​pathm​echdis-​012419-​032847.

	43.	 Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating 
mitochondrial damps cause inflammatory responses to injury. Nature. 
2010;464(7285):104–7. https://​doi.​org/​10.​1038/​natur​e08780.

	44.	 Talbot J, Hahn P, Kroehling L, Nguyen H, Li D, Littman DR. Feeding-
dependent VIP neuron-ILC3 circuit regulates the intestinal barrier. Nature. 
2020;579(7800):575–80. https://​doi.​org/​10.​1038/​s41586-​020-​2039-9.

	45.	 Tang WHW, Li DY, Hazen SL. Dietary metabolism, the gut microbiome, 
and heart failure. Nat Rev Cardiol. 2019;16(3):137–54. https://​doi.​org/​10.​
1038/​s41569-​018-​0108-7.

	46.	 Camara-Lemarroy CR, Metz L, Meddings JB, Sharkey KA, Wee Yong V. The 
intestinal barrier in multiple sclerosis: implications for pathophysiology 
and therapeutics. Brain. 2018;141(7):1900–16. https://​doi.​org/​10.​1093/​
brain/​awy131.

	47.	 Buckley A, Turner JR. Cell biology of tight junction barrier regulation and 
mucosal disease. Cold Spring Harb Perspect Biol. 2018. https://​doi.​org/​10.​
1101/​cshpe​rspect.​a0293​14.

	48.	 Wu Y, Tang L, Wang B, Sun Q, Zhao P, Li W. The role of autophagy in main-
taining intestinal mucosal barrier. J Cell Physiol. 2019;234(11):19406–19. 
https://​doi.​org/​10.​1002/​jcp.​28722.

	49.	 Kuitert L, Barnes NC. PAF and asthma-time for an appraisal? Clin Exp 
Allergy. 1995;25(12):1159–62. https://​doi.​org/​10.​1111/j.​1365-​2222.​1995.​
tb030​38.x.

	50.	 Liu G, Mateer SW, Hsu A, Goggins BJ, Tay H, Mathe A, et al. Platelet activat-
ing factor receptor regulates colitis-induced pulmonary inflammation 

https://doi.org/10.1002/JLB.4MR0220-446R
https://doi.org/10.1002/JLB.4MR0220-446R
https://doi.org/10.1016/j.immuni.2021.12.014
https://doi.org/10.1016/j.immuni.2021.12.014
https://doi.org/10.1007/s00281-018-0677-x
https://doi.org/10.1038/ni.3078
https://doi.org/10.1038/ni.3078
https://doi.org/10.1172/jci134091
https://doi.org/10.1172/jci134091
https://doi.org/10.1038/nature12240
https://doi.org/10.1038/nature12240
https://doi.org/10.1016/s2213-2600(21)00103-x
https://doi.org/10.1016/j.immuni.2020.01.007
https://doi.org/10.1016/S0140-6736(88)91542-5
https://doi.org/10.1016/S0140-6736(88)91542-5
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1111/jam.13590
https://doi.org/10.1002/bip.22430
https://doi.org/10.1002/bip.22430
https://doi.org/10.1093/ndt/11.supp3.142
https://doi.org/10.1084/jem.141.5.990
https://doi.org/10.1128/iai.11.5.973-981.1975
https://doi.org/10.1128/iai.11.5.973-981.1975
https://doi.org/10.1172/jci119383
https://doi.org/10.1016/j.fm.2019.103344
https://doi.org/10.1016/j.fm.2019.103344
https://doi.org/10.1053/j.semdp.2019.06.003
https://doi.org/10.1053/j.semdp.2019.06.003
https://doi.org/10.1080/15548627.2019.1632122
https://doi.org/10.1080/15548627.2019.1632122
https://doi.org/10.2116/analsci.21.321
https://doi.org/10.1021/ac403460k
https://doi.org/10.1016/j.ab.2014.01.012
https://doi.org/10.1016/j.molimm.2018.08.023
https://doi.org/10.1016/j.molimm.2018.08.023
https://doi.org/10.1371/journal.pone.0026316
https://doi.org/10.1371/journal.pone.0026316
https://doi.org/10.1038/sj.bjp.0705296
https://doi.org/10.1038/sj.bjp.0705296
https://doi.org/10.1126/science.aar4301
https://doi.org/10.1038/nri3738
https://doi.org/10.1038/nri3738
https://doi.org/10.1016/j.joen.2018.05.008
https://doi.org/10.1016/j.joen.2018.05.008
https://doi.org/10.1128/mBio.00626-17
https://doi.org/10.1016/s1473-3099(02)00226-8
https://doi.org/10.1016/s1473-3099(02)00226-8
https://doi.org/10.1146/annurev-pathmechdis-012419-032847
https://doi.org/10.1146/annurev-pathmechdis-012419-032847
https://doi.org/10.1038/nature08780
https://doi.org/10.1038/s41586-020-2039-9
https://doi.org/10.1038/s41569-018-0108-7
https://doi.org/10.1038/s41569-018-0108-7
https://doi.org/10.1093/brain/awy131
https://doi.org/10.1093/brain/awy131
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1002/jcp.28722
https://doi.org/10.1111/j.1365-2222.1995.tb03038.x
https://doi.org/10.1111/j.1365-2222.1995.tb03038.x


Page 17 of 17Tian et al. Gut Pathogens            (2023) 15:2 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

through the NLRP3 inflammasome. Mucosal Immunol. 2019;12(4):862–
73. https://​doi.​org/​10.​1038/​s41385-​019-​0163-3.

	51.	 Petrelli A, van Wijk F. Cd8(+) T cells in human autoimmune arthritis: the 
unusual suspects. Nat Rev Rheumatol. 2016;12(7):421–8. https://​doi.​org/​
10.​1038/​nrrhe​um.​2016.​74.

	52.	 Reina-Campos M, Scharping NE, Goldrath AW. Cd8(+) T cell metabolism 
in infection and cancer. Nat Rev Immunol. 2021;21(11):718–38. https://​
doi.​org/​10.​1038/​s41577-​021-​00537-8.

	53.	 Morris AB, Adams LE, Ford ML. Influence of T cell coinhibitory molecules 
on Cd8(+) recall responses. Front Immunol. 2018;9:1810. https://​doi.​org/​
10.​3389/​fimmu.​2018.​01810.

	54.	 Hasgur S, Fan R, Zwick DB, Fairchild RL, Valujskikh A. B cell-derived Il-1beta 
and Il-6 drive t cell reconstitution following lymphoablation. Am J Trans-
plant. 2020;20(10):2740–54. https://​doi.​org/​10.​1111/​ajt.​15960.

	55.	 Cai T, Qiu J, Ji Y, Li W, Ding Z, Suo C, et al. Il-17-producing ST2(+) group 
2 innate lymphoid cells play a pathogenic role in lung inflammation. J 
Allergy Clin Immunol. 2019;143(1):229-44 e9. https://​doi.​org/​10.​1016/j.​
jaci.​2018.​03.​007.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41385-019-0163-3
https://doi.org/10.1038/nrrheum.2016.74
https://doi.org/10.1038/nrrheum.2016.74
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.3389/fimmu.2018.01810
https://doi.org/10.3389/fimmu.2018.01810
https://doi.org/10.1111/ajt.15960
https://doi.org/10.1016/j.jaci.2018.03.007
https://doi.org/10.1016/j.jaci.2018.03.007

	Virulence factors and mechanisms of paediatric pneumonia caused by Enterococcus faecalis
	Abstract 
	Introduction
	Materials and methods
	Identification of strains by 16S sequencing
	Extraction of bacterial virulence factors
	Experimental design and animals
	Haematoxylin-eosin tissue staining
	Immunohistochemistry
	Enzyme-linked immunosorbent assay (ELISA)
	Quantitative real-time polymerase chain reaction (RT-PCR)
	Western blotting
	Immunofluorescence
	Infrared spectrometry
	Purification of LTA was measured by UV spectroscopy
	LTA-SDS PAGE silver staining
	Statistical analysis

	Results
	LTA from E. faecalis induces pathological changes in the intestine and lungs
	LTA from pathological E. faecalis disrupts the intestinal barrier
	LTA from pathological E. faecalis decreases mucus synthesis in the lungs and intestine
	Immunofluorescence study on the localization of immune cells in mice
	ELISA
	Detection of IL-6 and IL-17 levels in mouse lungs by RT‒PCR
	Different substance structures measured by infrared spectroscopy
	UV spectrogram of LTA detection
	SDS‒PAGE silver staining
	16S sequencing

	Discussion
	References




