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TC-driven exosomes were furthermore characterized 
for intercellular communication by which activated or 
non-activated TCs interacted with epithelia.
Results  Our results showed that TCs mainly pre-
vented from lung tissue edema and hemorrhage and 
decreased the levels of VEGF-A and MMP9 induced 
by LPS. Treatment with CAL101 (PI3K p110δ 
inhibitor) and LY294002 (PI3Kα/δ/β inhibitor) could 
inhibit TC movement and differentiation and increase 
the number of dead TCs. The expression of Mtor, 
Hif1α, Vegf-a, or Mmp9 mRNA increased in TCs 
challenged with LPS, while Mtor, Hif1α, and Vegf-a 
even more increased after adding CAL101 or Mtor 
after adding LY. The rate of epithelial cell prolif-
eration was higher in co-culture of human bronchial 
epithelial (HBE) and TCs than that in HBE alone 
under conditions with or without LPS challenge or 
when cells were treated with LPS and CAL101 or 
LY294002. The levels of mTOR, HIF1α, or VEGF-
A significantly increased in mono-cultured or co-
cultured cells, challenged with LPS as compared 
with those with vehicle. LPS-pretreated TC-derived 
exosomes upregulated the expression of AKT, 
p-AKT, HIF1α, and VEGF-A protein of HBE.
Conclusion  The present study demonstrated that 
intraperitoneal administration of TCs ameliorated 
the severity of lung tissue edema accompanied by 
elevated expression of VEGF-A. TCs could nourish 
airway epithelial cells through nutrients produced 
from TCs, increasing epithelial cell proliferation, 
and differentiation as well as cell sensitivity to LPS 
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challenge and PI3K p110δ and α/δ/β inhibitors, par-
tially through exosomes released from TCs.

Keywords  Acute lung injury · Telocytes · 
Exosomes · Phosphoinositide 3-kinase · Airway 
epithelial cells

Abbreviations 
ANOVA	� one-way analysis of variance.
ALI	� Acute lung injury
ARDS	� Acute respiratory distress syndrome
BALF	� bronchoalveolar lavage fluid.
CCK-8	� Cell Counting Kit-8.
DMEM/12	� Dulbecco’s modified Eagle’s medium/

F12.
ELISA	� enzyme-linked immunosorbent assay.
HBE	� Human bronchial epithelial
HE	� hematoxylin-eosin.
HIF	� hypoxia-inducible factor.
LPS	� lipopolysaccharide.
MMP	� matrix metalloproteinase.
MSCs	� mesenchymal stem cells.
mTOR	� mammalian target of rapamycin.
PI3K	� phosphoinositide 3-kinase.
SPSS	� Statistical Package for the Social 

Sciences.
TCs	� Telocytes
TEM	� transmission electron microscopy.
Tps	� telopodes.
VEGF	� vascular endothelial growth factor

Introduction

Acute lung injury (ALI) is an early phase of acute 
respiratory distress syndrome (ARDS), which is char-
acterized by lung tissue inflammation, epithelial and 
vascular barrier dysfunction, alveolar injury, and dys-
function of oxygen exchange (Alm et al., 2010; Chen 
et al., 2010; Fang et al., 2012). ALI is considered the 
first and critical organ damage during the develop-
ment of multiple organ dysfunction caused by many 
factors. For example, the occurrence of ALI was sug-
gested to be one of the most important risks and a 
decisive factor of mortality in patients with COVID-
19 (Li et  al., 2020a; Zhang et  al., 2020). Human 
bronchial epithelial cells, as one of the main defense 
barrier cells of the respiratory system, are widely 
involved in the regulation of airway inflammatory and 

immune responses. Airway epithelial cells can act as 
the primary receptor of local challenges (e.g., pollu-
tions, chemicals, toxins, and pathogens from the air), 
and as the initial activator to produce inflammatory 
mediators (e.g., chemokines and cytokines) and be 
damaged, leading to lung tissue injury and systemic 
inflammation (Wang et  al., 2007). Airway epithelial 
cells as the key player contribute to ALI/ARDS via 
the Toll-like receptor pathway, induce reactive oxy-
gen species levels, and cause imbalance between 
activity of protease and antiprotease. There are stud-
ies suggesting airway epithelial cell as a therapeutic 
target to cure ALI/ARDS, probably by transplantation 
of mesenchymal stem cells, development of target 
drugs, and local nutrition, although effects of those 
potentials are to be furthermore clarified.

Zhang et  al. (2020) tried to transplant telocytes 
(TCs), mesenchymal stem cells (MSCs), or combi-
nation intraperitoneally, intratracheally, and systemi-
cally and found that co-transplantation of MSCs and 
TCs could relieve the inflammation and edema of 
experimental acute lung injury, induced by lipopoly-
saccharide (LPS). This study provided the evidence 
that implanted TCs and MSCs by intraperitoneal 
injection could increase MSC migration, prolifera-
tion, and movement through osteopontin or epidermal 
growth factor–dominant networks. TCs are a newly 
defined type of interstitial cells, with own-spe-
cific phenomes characterized by global analyses of 
genomic and proteomic profiles (Sun et  al., 2014; 
Zheng et al., 2014a). TCs directly contact and inter-
act with multiple cells through paracrine small mol-
ecules released from telopodes (Tps) which are cel-
lular extensions about 20–200 nm wide and 100 μm 
length (Wollheim, 2016; Aleksandrovych et al., 2019; 
Faussone-Pellegrini & Gherghiceanu 2016; Wang 
& Cretoiu, 2016). TCs and stem cells could support 
epithelial cells directly through those Tps under the 
epithelium of the bronchioles and at the junction of 
the bronchoalveolar, to promote lung tissue develop-
ment and regeneration and to maintain the integrity of 
vascular basement membrane (Popescu et  al., 2011; 
Zheng et al., 2013).

Mammals have eight phosphoinositide 3-kinase 
(PI3K) subtypes, which are classified into Class I, 
Class II, and Class III. There are four class I PI3K 
catalytic subunits in mammals, and they are subdi-
vided into class IA (p110α, p110β, and p110δ) and 
class IB enzymes (p110γ) based on the differences 



453Cell Biol Toxicol (2023) 39:451–465	

1 3

in regulatory subunits (Bilanges et  al., 2019). LPS 
can activate the PI3K/ protein kinase B (Akt) path-
way through Toll-like receptor 4 in vitro and directly 
induce collagen secretion in mouse lung fibroblasts 
(He et al., 2009). Inhibition of PI3K-γ attenuates the 
pathological response induced by LPS by modulat-
ing inhibitory κBα/NF-κB and innate immunity (Kim 
et  al., 2012). LY (LY294002, PI3Kα/δ/β inhibitor) 
blocks the PI3K/Akt signaling pathway and can affect 
the pulmonary edema and microvascular permeabil-
ity of LPS-induced ALI mouse models (Ding et  al., 
2020). Our previous research results show that PI3K 
isoform inhibitors PI3Kα/δ/β, PI3K/mammalian tar-
get of rapamycin (mTOR), and p110δ subtype is 
involved in the proliferation of TCs or TCs treated 
with TGFβ1. Among them, PI3Kα/δ/β is more sensi-
tive to the regulation of TC proliferation (Song et al., 
2020).

The aims of the present studies are to explore 
direct roles of TCs in support of experimental ALI 
induced by LPS after intraperitoneal or intratracheal 
transplantation, respectively, as compared with other 
interstitial cells like fibroblasts. We investigated roles 
of PI3K p110δ and α/δ/β isoforms in dynamic altera-
tions of bio-behaviors, and in expression of functional 
factors of TCs per se and TC-co-cultured airway epi-
thelial cells (e.g., mTOR, vascular endothelial growth 
factor (VEGF)-A, hypoxia-inducible factor (HIF)1α, 
and matrix metalloproteinase (MMP)9) during the 
activation with LPS. We furthermore addressed 
potential mechanisms by which activated or non-
activated TCs interacted with epithelia directly or 
indirectly. We characterized TC-driven exosomes and 
studied potential mechanisms of exosomes for inter-
cellular communication.

Methods

Animals

SPF grade C57BL/6 mice, 6–8  weeks old, male, 
weighing 20–25  g, were obtained from the Animal 
Center of Zhongshan Hospital, Fudan University. 
The animal experiment has been approved by the 
Animal Ethics Committee of Zhongshan Hospital of 
Fudan University (SCXK(Hu)2012–0002). The mice 
were randomly allocated into four groups, includ-
ing animals pretreated and challenged with vehicle, 

pretreated with vehicle and challenged with lipopoly-
saccharide (LPS), pretreated with TCs and challenged 
with LPS, or pretreated with L929 cells (fibroblasts) 
and challenged with LPS as a non-specific cell con-
trol (n = 4–6/group). Mice were anesthetized with 
pentobarbital sodium (200–250 μL 0.3% sodium 
pentobarbital solution/mouse) and pretreated with 
TCs, or L929 cells at × 106 intraperitoneally. ALI was 
induced by the tracheal intubation of LPS purchased 
from Sigma-Aldrich, St. Louis, USA, at 5  mg/kg 
body weight 24 h after pretreatment with cells.

Cell lines and cell culture

The mouse-derived lung TCs were purified from 
BALB/c mice and transfected with SV40 large 
and small T antigen to establish telocyte cell line 
(TCsSV40), as reported previously (Song et  al., 
2019a). The phenotypes and functions of TCsSV40 
were evaluated in response to various challenges 
and treatments (Song et  al., 2019b; Song et  al., 
2020). The culture medium of TCsSV40 cells was 
Dulbecco’s modified Eagle’s medium supplemented 
with F12 (DMEM/F12, Hyclone, Boston, MA, 
USA), 10% fetal calf serum (FBS, GIBCO, Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), peni-
cillin at 100 units/mL, and streptomycin 0.1  mg/
mL (Sigma-Aldrich, St. Louis, USA). Cells were 
cultured in 5% CO2 at 37℃, passaged when the 
cell density reached 60–70% confluence, washed in 
PBS twice, digested with 0.25% trypsin, and har-
vested from the centrifugation at 400 × g for 5 min 
for use. HBE135-E6E7 cells (HBE) were purchased 
from the Shanghai Institute for Biological Sciences 
(Shanghai, China, as a normal bronchial epithelial 
cell reference). HBE cells were cultured in RPMI 
1640 (GIBCO) containing 10% FBS and reached 
at an exponential growth rate for study. Cells were 
collected 24  h after LPS stimulation at 1  μg/mL, 
with or without pretreatment with CAL (CAL101, 
PI3K p110δ inhibitor, Selleck, Houston, TX, USA) 
and LY (LY294002, PI3Kα/δ/β inhibitor, Selleck, 
USA) for 2  h (Figure  S1C, D). In co-culture of 
TCs and HBE, TCs were located in the upper layer 
and HBE in the lower layer of the chamber (Fig-
ure  S1E). Co-culture of TCs-exosomes (TCs-exo) 
and HBE: Exosomes were extracted from TCs after 
TCs were challenged with LPS and LY for 24 h, and 
co-cultured with HBE cells in 1 mL of serum-free 
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medium containing 6.5  μg of exosomes for 24  h 
(Figure S1F).

Morphological images

Lung tissues of mice were collected for hematoxy-
lin–eosin (HE) staining 24  h after the induction 
of ALI. Briefly, the trachea was intubated and the 
lungs were fixed with neutral formaldehyde at the 
pressure of 20  cm H2O, in order to maintain the 
alveolar structure, as reported (Jansson et al., 2006). 
Lung tissues were fixed at formaldehyde, embedded 
in paraffin, sectioned at 5–8  μm, stained with HE, 
and observed under a light microscope. Acute lung 
inflammation and damage were scored using histo-
logical analysis according to the following scoring 
criteria. (Supplemental Table 1).

Ultrastructure of TCs in the lung tissue was 
investigated using transmission electron microscopy 
(TEM) after the tissue was fixed with 2.5% gluta-
raldehyde solution and sectioned into small pieces 
at 1 mm3 and immersed in 2.5%. Morphological 
analysis of exosomes was performed by TEM, after 
exosomes were dissolved in PBS, dropped into a 
copper grid coated with carbon, and then stained 
with 2% uranyl acetate. Sample were observed 
using a J Tecnai G2 F20 ST TEM.

Measurement of acute lung edema

Acute lung edema was measured using ratio of mouse 
lung wet/dry (W/D) weights. Briefly, the trachea was 
separated and ligated at 2–3 tracheal cartilage rings, 
before the chest cavity was opened. The trachea and 
lung were isolated from the surrounding tissues and 
left on an absorbent paper to dry liquid on the sur-
face of the lung tissue. The lungs were weighed for 
wet weight and the dry weight was obtained after the 
lungs were dried at 60℃ for 72 h.

Measurement of systemic cytokines

Plasma levels of cytokines were analyzed with the 
enzyme-linked immunosorbent assay (ELISA). Blood 
was collected in an anticoagulation tube with ethylene 
diamine tetraacetic acid and plasma was centrifuged 
and frozen at − 80℃ until use. Plasma levels of inter-
leukin (IL)-10 and IL-1β were measured by IL-1β 

and IL-10 ELISA kit (RayBiotech, Atlanta, USA). In 
addition, bronchoalveolar lavage was performed with 
PBS 1  mL 3–4 times after the mice were sacrificed 
with overdose of anesthesia. Bronchoalveolar lavage 
fluid (BALF) was collected, and then, the superna-
tant and cells were isolated for measurement. Mouse 
BALF levels of VEGF-A were measured by a com-
mercial VEGFA ELISA kit (RayBiotech).

Measurement of cell proliferation

TCs at 5 × 104/well, 105/well, and 2 × 105/well in the 
upper layer were co-cultured with HBE at 105/well 
for 24, 48, and 72  h, respectively. Cell proliferation 
was detected using Cell Counting Kit-8 (CCK-8), 
after CCK8 was added to each well of 96-well plate at 
the ratio of 1:10 CCK8/medium. The plate was incu-
bated for 2–4 h in dark and detected using the SPEC-
TRAMAX M2 microplate reader (Molecular Devices, 
San Jose, USA) at the absorbance of 450 nm.

Dynamic measurements of phenotype

Cell phenotype was measured with Cell-IQ (Chip-
Man Technologies, Tampere, Finland), which is 
equipped with a camera and a phase contrast micro-
scope (Nikon CFI Achromat phase contrast objec-
tive) (× 10), to take pictures for analyses. Images 
were filmed at approximately 1-h intervals using an 
imaging software (McMaster Biophotonics Facility, 
Ontario, Canada). Total cell count and biological 
behaviors of cells, including cell morphology and 
cell movement, were analyzed as time-lapse data 
using the Cell-IQ platform equipped with a visual 
machine. The manual tracking plugin was created 
by Fabrice Cordelie’res (Institute Curie, Orsay, 
France). And the rates of cell proliferation, migra-
tion, differentiation, and death were analyzed (Song 
et al., 2020; Song et al., 2019).

Isolation and purification of exosomes

TCs were cultured to approximately 75% conflu-
ence, and then, DMEM/F12 medium containing 
serum was removed and replaced with serum-free 
medium (IMDM). Cells were collected and cen-
trifuged at 300 × g for 10  min and then 2000 × g 
for 10  min (to remove dead cells), followed by an 



455Cell Biol Toxicol (2023) 39:451–465	

1 3

ultra-centrifugation at 10,000 × g for 30  min (to 
remove debris). After then, exosomes were iso-
lated and purified by an ultra-centrifugation at 
100,000 × g for 70 min. The exosomes were stained 
with PKH26 and added to the confocal dish for 
24  h. After then, the dish was added with 10 μL 
Hoechst 33,342 (100 ×) (Thermo Fisher Scien-
tific) staining solution, incubated at 37℃ for 1  h, 
and observed using an Olympus FV3000 Confocal 
Laser Scanning Microscope (DSS Image tech Pvt. 
Ltd, New Delhi, India).

RNA extraction, cDNA synthesis, and quantitative 
PCR(qPCR)

Cells were washed thrice with cold PBS, and total 
RNA was extracted using the Trizol (TRIzol RNA 
Isolation Reagents, Thermo Fisher Scientific Inc., 
MA, USA) method. One microgram of total RNA 
was synthesized for cDNA using PrimeScript® 
RT Reagent Kit with gDNA Eraser (Takara Bio 
Inc., Shiga, Japan) which included PrimeScript RT 
Enzyme Mix. The SYBR Green Real-time PCR 
Mater Mix was used for quantitative PCR analysis 
(Takara Bio Inc., Shiga, Japan).

Detailed information of forward and reverse 
primers for qPCR is listed in Supplemental Table 2.

Measurement proteins

Total proteins of lung tissues were extracted from the 
supernatant after the tissue was lysed and centrifu-
gated with radio immunoprecipitation assay (RIPA) 
and phenylmethanesulfonyl fluoride (PMSF), and 
from cultured cells or purified exosomes with ice-cold 
RIPA buffer containing halt protease and phosphatase 
inhibitors (Thermo Fisher Scientific). Protein concen-
tration was measured by Bicinchoninic Acid (BCA) 
Protein Assay Reagent Kit (Thermo Fisher Scien-
tific). Proteins from 10 to 20  μg were separated by 
the gradients of 10% or 15% SDS-PAGE (Life Tech-
nologies) and transferred onto polyvinylidene fluoride 
(PVDF) membranes (Millipore, Germany). Then, the 
membranes with proteins were blocked with Tris-
buffered saline with 5% milk and Tween 20 (TBS-T) 
for 1  h, and incubated with primary antibodies for 
12  h at 4  °C. After being washed in TBS-T thrice, 
membranes were incubated with HRP-conjugated 

secondary antibodies for 1.5  h. Protein bands were 
developed using electrochemiluminescence (ECL) 
Western blotting substrate (Pierce, Rockford, IL, 
USA) under a Fusion FX7 device (Peqlab). Detailed 
information on primary antibodies and sources for 
Western blotting is listed in Supplemental Table 3.

Statistical analysis

The data are expressed as mean ± standard error 
(SEM). Two-tailed unpaired Student’s t test was used 
for comparison between two groups, after the analy-
sis of non-parametric one-way analysis of variance 
(ANOVA) (Kruskal–Wallis test) for multiple groups 
and additional Bonferroni post correction. All statis-
tical analyses were performed using SPSS Statistics 
20 (IBM, Chicago, USA). p values less than 0.05 
and 0.01 were considered statistically significant, 
respectively.

Results

Preventive effects of TCs in experimental ALI

Since the aim of the current study is to investigate 
the preventive effects of TCs in ALI, strategy of pre-
treatment with TCs or L929 cells for 24 h (Fig. 1A) 
was selected and validated in our previous studies 
(Wang et  al., 2007), in order to allow transplanted 
cells to have enough time for seeding and recovering 
from manipulation. LPS induced lung tissue inflam-
mation and lung injury was estimated. We found that 
LPS could induce alveolar wall rupture, alveolar cav-
ity fusion, residual alveolar wall thickening, tissue 
edema, appearance of red blood cells in the alveoli, 
and leukocyte infiltration of monocytes in the alveolar 
wall, as compared with those challenged with vehi-
cle (Fig. 1B). Lung histological analysis and images 
demonstrated that the severity of LPS-induced lung 
tissue injury was significantly lower in animals pre-
treated with TCs, as compared with those pretreated 
with vehicle or L929 cells, of which TCs mainly 
prevented from lung tissue edema and hemorrhage 
(Fig. 1C). Under the electron microscope, we noticed 
the existence of TCs with small cell bodies and long 
protrusions in lung tissue varied among groups. TCs 
were observed in LPS-induced lung tissue with or 
without pretreatment with cells (Fig.  1D). Plasma 
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levels of IL-1β and lung tissue wet/dry weight ratio 
significantly increased in LPS animals pretreated with 
vehicle (Fig. 1E, F, p < 0.05, vs other groups, respec-
tively), rather than in animals with cells. Plasma lev-
els of IL-10 were high in animals with cells, of which 
levels in L929 cell animals reached statistical signifi-
cance. The increase of IL-10 level in animals treated 
with TCs was not significant. BALF levels of IL-1β 
and VEGF-A significantly increased in ALI animals 
with vehicle, which was prevented by pretreatment 
with cells (Fig.  1G). Intratracheal administration of 
LPS caused elevated levels of MMP9 in BALF fluid 
(Fig.  1G). mRNA expression of Vegf-a significantly 
increased in lung tissues harvested from LPS ani-
mals with TCs (p < 0.01), while Mmp9 decreased in 
LPS animals (Fig. 1H). Protein levels of VEGF-A or 

MMP9 in lung tissues were higher in LPS animals 
with vehicle (p < 0.05, vs other groups, respectively), 
and MMP9 was lower in animals with cells (Fig. 1I).

Roles of PI3K in TC responses to challenge

The concentration of LPS at 1  μg/mL was selected 
from the screening of 0.01, 0.10, 1.00, and 10.00 μg/
mL and the number of TCs alone and co-cultured 
TCs were defined from 5, 10, and 20 × 104 on basis 
of cell proliferation rate at 24, 48, and 72 h, respec-
tively (Figure  S2B). Dynamic cell proliferation 
increased in LPS-challenged TCs, as compared with 
TCs with vehicle or treated with CAL or LY at dif-
ferent doses (p < 0.05; Fig. 2A). Treatment with CAL 
and LY could not inhibit TC movement (Fig.  2B) 

Fig. 1   Preventive roles of mouse lung-derived TCs in experi-
mental acute lung injury induced by LPS. A Experimental 
workflow where mice were pretreated and challenged with 
vehicle (V), pretreated with vehicle and challenged with LPS, 
pretreated with TCs and challenged with LPS (LPS + TCs), 
or pretreated with L929 cells (LPS + L929) (n = 6/group). 
Mice were pretreated with TCs or L929 cells at106 intraperi-
toneally 24  h prior to intratracheal administration of LPS. B 
Pathological changes of lung tissues harvested from mice and 
stained with HE at × 100 (up panel) and × 200 (low panel), 
respectively. The yellow arrows stand for the inflammatory 
cell infiltration, the blue arrows for the alveolar epithelial cell 
edema, and the green arrows for the local tissue hemorrhage. 

C Pathological scores of lung tissue hemorrhage, inflamma-
tion, and tissue edema. D Paragraphs of lung ultrastructure by 
TEM (10, 000 ×). Green arrows stand for telopodes of TCs. 
E Plasma levels of IL-1β and 10. F Radio of Wet/dry lung 
weight. G BALF levels of IL-1β, VEGF-A, and MMP 9. H 
mRNA expression of Vegf-a and Mmp9 in lung tissues. I Pro-
tein expression of VEGF-A and MMP9. The left is the result 
of representative WB bands, and the right is the result of quan-
titative analysis of WB bands. * and ** stand for p values less 
than 0.05 and 0.01, as compared with animals pretreated and 
challenged with vehicle (V), while # and # # stand for p values 
less than 0.05 and 0.01, as compared with animals pretreated 
with vehicle and challenged with LPS (LPS), respectively
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and differentiation (Fig. 2C), and increased the num-
ber of dead TCs (Fig. 2D), of which CAL at the dose 
of 0.1 μM induced the highest number of dead TCs. 
In order to define potential responses of TCs per se 
to challenge and treatments, TCs were challenged 
with LPS and treated with CAL or LY, respectively 
(Figure  S1C). The expression of Mtor, Hif1α, Vegf-
a, or Mmp9 mRNA increased in TCs challenged 
with LPS, while Mtor, Hif1α, and Vegf-a even more 
increased after adding CAL (Fig.  3A) or Mtor after 
adding LY (Fig.  3B). The expression of Mmp9 
mRNA down-regulated in TCs with LPS and CAL 
or LY. Protein expression of AKT, phosphorylated 
mTOR (p-mTOR), HIF1α, and VEGF-A significantly 
increased in LPS-challenged TCs, of which p-mTOR 
and HIF1α reduced after adding CAL (Fig. 3C) or LY 
(Fig. 3D).

Influencing roles of TCs in HBE phenotype

Airway epithelial cells as the primary defense line act 
as the initial receptors in response to external antigens 
and as the secondary reactors to initiate the local and 
systemic inflammation. The present study investigates 

whether TCs can influence airway epithelial cells in 
normal or inflammatory condition and what signal 
pathways may contribute to the interaction of TCs 
with epithelia. After the preliminary screening, we 
selected the ratio of TC cell density to HBE cell den-
sity as 1:1 and the co-cultivation time for 24 h, which 
TCs in the upper layer of TCs can efficiently promote 
the proliferation of HBE in the lower layer of cham-
ber measured by CCK8 (Figure S1B).

On basis of our previous studies that PI3K subu-
nits play various roles in TC biology, we selected 
two of PI3K subunits, PI3K p110δ, with the inhibi-
tor of CAL-101, or PI3Kα/δ/β, with the inhibitor of 
LY294002. We found that the rate of epithelial cell 
proliferation was higher in co-culture of HBE and 
TCs (named “co-cultured HBE” here) than that in 
HBE alone (named “mono-cultured HBE”) under 
conditions with or without LPS challenge (p < 0.05; 
Fig.  4A) or when cells were treated with LPS and 
CAL at different doses (p < 0.05; Fig.  4B) or LPS 
and LY at doses of 0.05 and 5 μM (p < 0.05 and 0.01, 
respectively; Fig.  4C). HBE differentiation rate was 
significantly higher in co-cultured HBE (p < 0.01, 
vs HBE alone; Fig. 4D), while the differentiation of 

Fig. 2   Dynamic phenotype of mouse-derived TCs in response 
to PI3K inhibitors. Dynamic alterations of TC proliferation 
(A), movement (B), differentiation (C), and death (b) 48 h after 

challenge with vehicle (V) or with LPS and treatment with 
PI3K p110δ inhibitor (CAL) at 0.01, 0.1, and 1  μM or with 
PI3Kα/δ/β inhibitor (LY) at 0.05, 0.5, or 5 μM, respectively
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co-cultured HBE did not show a significant difference 
from mono-cultured HBE treated with LPS alone or 
combined with CAL (Fig. 4E) or LY (Fig. 4F). HBE 
death significantly reduced in co-cultured HBE cells 
treated with vehicle (Fig.  4G) or treated with LPS 
and CAL (Fig. 4H) or LY (Fig. 4I), as compared with 
mono-cultured HBE. There was no statistical dif-
ference in dynamic HBE cell movements between 
mono- and co-cultured HBE cells (Figure S2F).

Effects of TCs on HBE responses to PI3K inhibitors

In order to define potential effects of TCs on HBE 
cells and the involvement of PI3K signal pathways, 
we performed mono-cultured HBE or non-contacted 
and co-cultured HBE with TCs in the condition with 
or without LPS (Figure S1D, E). We evaluated the 
decisive roles of PI3K p110δ and PI3Kα/δ/β in the 
interaction between TCs and HBE cells (Fig.  6F). 
Due to the high value of Mmp9 in HBE in RT-
qPCR, the gene expression is low, so the transcrip-
tion level of Mmp9 is not shown here. We found that 
mRNA expression of Hif1α or Vegf-a significantly 
increased in mono-cultured (Fig. 5A) or co-cultured 
cells (Fig.  5B), challenged with LPS as compared 
with those with vehicle (p < 0.05 or less, respec-
tively). LY inhibited LPS-induced mRNA expres-
sion of Mtor, Hif1α, or Vegf-a in mono-cultured 
HBE, and co-cultured HBE. CAL showed inhibi-
tory effects on mRNA expression of Mtor, Hif1α, 
or Vegf-a in co-cultured HBE, rather than in mono-
cultured HBE (Fig.  5A, B). Protein expression of 
p-AKT, mTOR, HIF1α, or VEGF-A in co-cultured 
HBE challenged with LPS was significantly higher 
than that with vehicle (Fig.  5C–F), which was not 
observed in mono-cultured HBE. Of those, protein 
levels of AKT, mTOR, and HIF1α were signifi-
cantly lower in co-cultured HBE cells treated with 
LPS and CAL, as compared with co-cultured HBE 
with LPS and vehicle or mono-cultured HBE with 
LPS and CAL (Fig. 5C, E). Mono- and co-cultured 
HBE had different patterns in response to LY; e.g., 
AKT and p-AKT increased and HIF1α and MMP9 
decreased in co-cultured HBE, as compared with 
those in mono-cultured HBE (Fig. 5D, F). LY inhib-
ited VEGF-A contents in mono-cultured HBE in a 
clear LY dose-dependent pattern, rather than in co-
cultured HBE (Fig. 5D, F).

Roles of TC‑derived exosomes in HBE functions

In addition to inflammatory factors and growth 
factors, the cell-derived exosomes have been pro-
posed to play an important role in the process of 
cell–cell communication (Song et  al., 2019b). We 
isolated exosomes from TCs challenged with LPS 
and treated with LY at 0.05, 0.5, and 5.0  μM for 
24  h, purified TC-derived exosomes, and co-cul-
tured HBE with labeled exosomes (Figure  S1F). 
The exosomes were identified by ultrastructure 
(Fig.  6A) and surface protein markers (Fig.  6B). 
The exosome diameters were about 30–150  nm, 
with membrane-based structures in some large 
exosomes. The protein expression of CD63 was 
clear and high, while CD9 was low. And TC-
derived exosomes do not express CD81. We fur-
thermore co-cultured HBE with PKH26-labeled 
exosomes and monitored by a confocal microscope, 
and found that the majority of those LPS- and LY-
treated exosomes surrounded closely HBE in the 
extracellular matrix and nuclei in the cytoplasm, 
while some appeared within the nuclei of HBE 
(Fig.  6C). The TC-derived exosomes per se could 
down-regulate the expression of HIF1α, p-AKT, 
and p-mTOR of HBE in the condition of non-chal-
lenge and treatments (Fig. 6D, E). The expression 
of AKT, p-AKT, HIF1α, and VEGF-A protein of 
HBE was increased after co-cultured with LPS-
pretreated exosomes, as compared with co-cultured 
HBE with vehicle-pretreated exosomes (p < 0.05 
or less, respectively; Fig.  6D, E). LY-pretreated 
exosomes had inhibited effects of exosomes on 
those protein expression levels depending on doses 
and markers.

Discussion

TCs are known as an alternative of cell therapies for 
organ tissue injury and repair, dysfunction, and fail-
ure through the comprehensive connections with 
other cells (Wang & Cretoiu, 2016; Ibba-Manneschi 
et  al., 2016; Bei et  al., 2016). Zhang et  al. (2020) 
found that inhibition rates of TCs, MSCs, or combi-
nation for ALI were 20%, 40%, or 70%, respectively, 
dependent upon cell doses and quality, transplant 
approaches, and time, as well as injury severities and 
duration after LPS induction. In addition, the medium 
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produced from TCs, MSCs, or combination activated 
by LPS could reduce the severity of ALI. It was evi-
denced that TCs could increase MSC migration from 
peritoneal space into lung tissue and reside with 
MSCs together as the cell niche or in neighbor of 
MSCs within the lung, indicating the importance of 
TC-MSC interaction and intercellular communication 
through cell-produced medium (Song et  al., 2019b). 
MSC administration attenuates sepsis-induced lung 
injury in pre-clinical models (Santos et  al., 2021). 
MSCs and MSC-derived secretome had been dem-
onstrated to have great potential for ARDS treatment 
in COVID-19 patients (Chouw et  al., 2021). How-
ever, the mechanisms had been unclear. Studies on 
the intratracheal instillation of TC culture medium 
in animals with ALI/ARDS furthermore demon-
strated that the products from TCs reduced LPS-
induced lung inflammation and injury by activating 
endothelial cells, initiating angiogenetic process, and 

maintaining endothelial barrier function through reg-
ulations of miR-21a-3p, production of VEGF-A, and 
activation of PI3K p110α signal (Zhou et al., 2019). 
TCs per se also have beneficial effects on mechanical 
ventilation-induced lung tissue inflammation, injury, 
or lung function, and could promote the proliferation 
of pulmonary vascular endothelial cells by VEGF-A 
from TCs (Ma et  al., 2018). The present study pro-
vides evidence that TCs interact with airway epi-
thelial cells directly and indirectly through multiple 
factors and exosomes from activated TCs. Intraperito-
neal transplantation of TCs could partially ameliorate 
the severity of experimental ALI and prevent from 
lung epithelial cell injury through the production 
of VEGF-A. As a type of interstitial cell, the func-
tions of fibroblast, L929, were found to be positive 
in the 24 h of LPS-induced mice models. Fibroblast 
had almost been studied in the fibrotic remodeling 
and persistent reduced oxygenation in some patients 

Fig. 3   Responses of TCs to challenge. TCs were challenged 
with vehicle (V) or LPS and treated with PI3K p110δ inhibi-
tor (CAL) at 0.01, 0.1, and 1 μM or with PI3Kα/δ/β inhibitor 
(LY) at 0.05, 0.5, or 5 μM, respectively. mRNA expression of 
Mtor, Hif1α, Vegf-a, and Mmp9 of TCs challenged with LPS 
and treated with CAL at 0.01, 0.1, and 1.0  μM (A) or LY at 

0.05, 0.5, and 5.0 μM (B). Protein expression of AKT, p-AKT, 
mTOR, p-mTOR, VEGF-A, and MMP9 of TCs challenged 
with LPS and treated with CAL at 0.01, 0.1, and 1.0 μM (C) or 
LY at 0.05, 0.5, and 5.0 μM (D). The upper bands in C and D 
are WB bands, and lower is the result of quantitative analysis 
of WB bands
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followed by ARDS. Uncontrolled fibroblast prolifera-
tion and the deposition of collagen and extracellular 
matrix (ECM) proteins were involved in this process 
(Kiener et al., 2021).

Multiple factors from TCs play the critical roles 
in regulation of epithelial cell function. Zheng et al. 
(2014b) demonstrated that the amount of VEGF-A 
in TCs 24 and 48 h after the culture was more than 
10 folds higher than that of others like tumor necro-
sis factor-α, interferon-γ, granulocyte–macrophage 
colony-stimulating factor, monocyte chemotactic 
protein 1, and tissue inhibitor of matrix metallopro-
teinases, responsible for the induction of angiogenesis 
and endothelial cell proliferation. In the International 
Mouse Strain Resource, more than 286,000 strains 
are listed, but only 883 are designated as inbred 
strains or major histocompatibility (www.​findm​ice.​

org). The current study selected mice of the inbred 
line BALB/c, and C57BL/6. The TCs in this study 
were derived from BALB/c mice. Our data showed 
that TCs had a significant effect to prevent LPS-
induced ALI as accompanied with an increased level 
of VEGF-A in lung tissue, different from fibroblasts, 
although TCs and fibroblasts showed some similar 
protective effects on some measurement. It seems that 
TCs mainly prevented LPS-induced lung endothelial 
cell barrier dysfunction evidenced by reduced histo-
logical tissue edema, cytokine leaks from the inter-
stitial tissue and capillaries, and tissue water content. 
We found that levels of multiple factors increased and 
believe the mechanism of TC protection more com-
prehensive. For example, TCs also have high levels 
of epidermal growth factor (Zheng et al., 2014b) and 
platelet-derived growth factor receptor-β (Suciu et al., 

Fig. 4   Influencing roles of TCs in HBE phenotype. Dynamic 
alterations of HBE cell proliferation (A–C), differentiation 
(D–F), and death (G–I) were monitored using the Cell-IQ 
alive system in mono-cultured (HBE) or co-cultured HBE cells 
(TCs/HBE) challenged with vehicle (V) or LPS at 1  μg/mL 

(A, D, and G), pretreated with PI3K p110δ inhibitor (CAL) at 
0.01, 0.1, and 1 μM (B, E, and H), or pretreated with PI3Kα/
δ/β inhibitor (LY) at 0.05, 0.5, or 5 μM (C, F, and I). * and ** 
stand for p values less than 0.05 and 0.01, as compared with 
HBE cells pretreated and challenged with vehicle, respectively

http://www.findmice.org
http://www.findmice.org
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2012). Our previous study demonstrated that a large 
number of transcriptional factors were altered in TCs 
after LPS stimulation, of which six clusters and net-
works were suggested to play the critical roles in con-
trol and regulation of TC responses to LPS (Zhang 
et al., 2020). TGFβ1 and IL-10 were immune factors 
with the function of immune hyper-response inhibi-
tion. Levels of TGFβ1 were found to be increased in 
ovalbumin-provoked mice asthma models with the 
treatment of TCs or MSCs which indicated that TCs 
may have the ability in immune regulation (Ye et al., 
2017). Thus, the increase of IL-10 levels, although 
without significance, in TC-treated LPS-induced ALI 
models in our current study might be because of the 
immune regulation of TCs.

Responses of TCs to inflammation vary among 
the severities, pathogens, doses, and durations. Our 

previous studies have verified that PI3K p110δ inhibi-
tor (CAL101) and PI3Kα/δ/β inhibitor (LY294002) 
can affect the biological behavior of TCs such as 
proliferation, and our present data demonstrated 
that PI3K p110δ and α/δ/β isoforms played impor-
tant roles in TC responses to LPS. Our previous 
study presented one of mechanisms by which net-
works and interactions of PI3Kα/δ/β, PI3K/mTOR, 
and PI3K p110δ isoform proteins with TGFβ family 
proteins contributed to the proliferation of lung telo-
cytes (Song et al., 2020). Of those PI3K isoforms, the 
expression of PI3Kα/δ/β was more sensitive during 
TGFβ1-induced TC proliferation, while PI3K p110δ 
upregulated TC proliferation and movement indepen-
dently and down-regulated in a TGFβ1-dependent 
pattern. Our previous study addressed the molecular 
mechanism by which the cell cycle and proliferation 

Fig. 5   Potential factors and PI3K signals involved in the inter-
action between TCs and HBE. HBE cells were cultured with 
or without TCs challenged with vehicle (V) or LPS and treated 
with PI3K p110δ inhibitor (CAL) at 0.01, 0.1, and 1  μM or 
with PI3Kα/δ/β inhibitor (LY) at 0.05, 0.5, or 5  μM. A, B 
mRNA expression of Mtor, Hif1α, and Vegf-a in mono-cul-
tured HBE (HBE) and co-cultured HBE (TCs/HBE). mRNA 
expression of Mtor, Hif1α, or Vegf-a in co-cultured HBE was 
decreased with the treatment of CAL, rather than in mono-
cultured HBE (p values less than 0.05 and 0.01). C–F Pro-

tein expression and levels of AKT, p-AKT, mTOR, p-mTOR, 
HIF1α, VEGF-A, and MMP9 A in mono-cultured HBE (HBE) 
and co-cultured HBE (TCs/HBE). The bands in C and D are 
WB bands. E and F are the result of quantitative analysis of 
WB bands. * and ** stand for p values less than 0.05 and 0.01, 
as compared with cells pretreated and challenged with vehicle 
(V), while # and # # stand for p values less than 0.05 and 0.01, 
as compared with cells pretreated with vehicle and challenged 
with LPS (LPS), respectively
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of TCs were regulated through the TGFβ1-integrin 
β1-PI3K pathway (Song et al., 2019a). TGFβ1 regu-
lates the expression of PIK3CA, PIK3CB, PIK3CD, 
and PIK3CG, rather than PIK3CA and PIK3CG. 
From the present study, we furthermore noticed that 
PI3K p110δ and α/δ/β isoforms might play the criti-
cal control in mRNA expression of Mtor, Hif1α, Vegf-
a, and Mmp9 in TCs after LPS stimulation, evidenced 
by the findings that mRNA expression of those genes 
could be up- or down-regulated when p110δ and 
α/δ/β were inhibited. It seems that both p110δ and 
α/δ/β may contribute to the regulation of protein 
expression of p-mTOR and HIF1α, while p110α/δ/β 
was also involved in the protein expression of AKT 
and VEGF-A.

The observations of pathological structures and 
ultrastructure from the present study described 
that TCs had a clear effect on airway and alveolar 
epithelial cells. TCs located among and/or behind 
epithelial cells produced Wnt proteins to maintain 

local stem cell proliferation and epithelial renewal 
(Shoshkes-Carmel et  al., 2018). The Wnt/beta-
catenin signaling is activated via the PI3K/Akt path-
way (Tomar et al., 2020). TCs could form networks 
with Tps under and along with the intestinal epithe-
lial layer and deliver the messages through the Wnt 
signal pathway. Lgr5-positive TCs within spatially 
zonated populations were detected by combining 
laser capture micro-dissection and single cell RNA 
sequencing, to line the villus tip epithelium and sig-
nal through Bmp morphogens and the non-canoni-
cal Wnt5a ligand (Bahar Halpern et  al., 2020). TC 
was proposed as an important regulator of the epi-
thelial spatial expression programs along the vil-
lus axis. Although the close interaction between 
TCs and epithelial cells was suggested previously, 
there is a lack of direct evidence to show effects of 
TCs on epithelial bio-behaviors and functions. We 
showed the evidence that TCs could nourish airway 
epithelial cells through nutrients produced from 

Fig. 6   Roles of TC-derived exosomes in HBE response. The 
ultrastructure of exosomes was identified (A) using TEM 
(40, 000 ×) and CD81, CD61, and CD9 of exosomes were 
measured by Western blot (B). The distributions of PKH26-
labeled exosomes were monitored with a confocal microscope 
(63 × water mirror) (C). Expression of AKT, p-AKT, mTOR, 
p-mTOR, HIF1α, VEGF-A, and MMP9 protein was assayed 
(D and E). The bands in D are WB bands. The result of quan-

titative analysis of WB bands is shown in E. Potential mecha-
nisms were proposed to be responsible for the intercellular 
communication (F). * and ** stand for p values less than 0.05 
and 0.01, as compared with HBE pretreated and challenged 
with vehicle (V), while # and # # stand for p values less than 
0.05 and 0.01, as compared with cells pretreated with vehicle 
and challenged with LPS + TCs-exo, respectively
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TCs, rather than the message delivered through the 
direct connection/contract between TCs and epithe-
lia. During the co-culture, TCs increased epithelial 
cell proliferation and differentiation and decreased 
the number of epithelial cell death.

TCs increased epithelial cell sensitivity to LPS 
challenge as well as against PI3K p110δ and α/δ/β 
inhibitors, although the exact molecular mecha-
nisms remain unclear. PI3K signaling pathway 
plays the important role in the regulation of cell 
responses to drugs (Sabnam and Pal, 2019). It 
seems that TCs can improve the capacity of epithe-
lial cell bio-behaviors and functions during cell–cell 
interactions and the sensitivity of epithelia to path-
ogens or drugs in a non-specific pattern. Our pre-
sent data indicate that TCs interact with epithelial 
cells and improve epithelial bio-behaviors through 
altered expression of phosphorylated AKT and 
VEGF-A in response to PI3K p110δ and α/δ/β iso-
forms, p-mTOR to PI3K p110δ isoform, and mTOR 
and HIF1α to PI3Kα/δ/β isoform, rather than the 
influence mRNA expression of considered genes, 
although the exact molecular mechanisms remain 
unclear. In addition to products from TCs, PI3K 
isoforms can be activated by Tyr kinases, G pro-
tein–coupled receptors, Ras, and other regulators, to 
control the trafficking of intracellular vesicles and 
release exosomes in the context of autophagy, endo-
cytosis, and phagocytosis (Vanhaesebroeck et  al., 
2010).

Exosomes driven from TCs play an important 
role in nutrimental effects of TCs on airway epithe-
lial cell bio-behaviors. Exosomes about 40–150  nm 
together with nucleosomes and microvesicles about 
150–1000 nm as well as particles constitute extracel-
lular vesicles, with a large variation of sizes, com-
ponents, origins, and functions. Transmembrane 
proteins, including CD63, CD81, and CD9, have 
been reported to be expressed on the surface and as 
classic markers of exosomes. Since there are no spe-
cific markers on TC exosomes, it is difficult to sort 
TC-specific exosomes from other exosomes in blood 
sample. Exosomes contain mRNA, miRNA, and 
other non-coding RNA, DNA, proteins, and lipids. Of 
those, heavily glycosylated proteins of exosomes are 
also considered one of the main elements responsi-
ble for exosome biosynthesis and function (Lin et al., 
2020). With the development of models for reassess-
ment of exosome composition, the heterogeneity of 

extracellular vesicles was furthermore understood to 
discover the compartment and mechanisms in human 
disease (Jeppesen et  al., 2019). It was proposed 
that exosomes may change cell sensitivity to drugs 
through transporting its rich contents, as a potential 
mechanism of exosome-mediated drug resistance and 
therapeutic potential for diseases (Li et  al., 2020b). 
This is the first try to isolate and purify exosomes 
from lung TCs, on basis of the experience as the 
first group to isolate and purify TCs from human air-
way (Zheng et  al., 2011). Due to the morphological 
characteristics of TCs with small cell body and con-
tents, long and thin Tps, and rich mitochondria, the 
difficulty of exosome isolation from TCs was more 
than from other cells. Our data demonstrated that 
TC-driven exosomes could directly influence the 
expression of those target genes, similar to effects of 
TCs. Molecular mechanisms of TC-driven exosomes 
on airway epithelial cells remain unclear, although 
exosomes in other cells were found to be a cargo of 
lncRNA, microRNA, or nutrients for cell differen-
tiation, regeneration, and repair (Yan and Wu, 2020; 
Chang et  al., 2021). The evidence of the role of 
exosomes and the role of PI3K pathway and inhibi-
tors on exosomes needs to be more deeply studied 
in vivo.

In conclusion, the present study demonstrated that 
intraperitoneal administration of TCs ameliorated the 
severity of lung tissue edema accompanied by elevated 
expression of VEGF-A. PI3K p110δ and α/δ/β iso-
forms are involved in LPS-induced activation of TCs 
with alterations of mRNA expression of Mtor, Hif1α, 
Vegf-a, and Mmp9 in TCs. TCs could nourish airway 
epithelial cells through nutrients produced from TCs, 
increasing epithelial cell proliferation and differen-
tiation as well as cell sensitivity to LPS challenge and 
PI3K p110δ and α/δ/β inhibitors, partially through 
exosomes released from TCs. Thus, our data indicate 
that products from TCs may be an alternative of poten-
tial therapies for ALI/ARDS. Furthermore, the role of 
VEGF-A production is very speculative which has the 
value of further study.
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