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Abstract

Background
Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is caused by a variety of direct or
indirect factors, such as infection including Corona Virus Disease 2019 (COVID19), trauma, inhalation of
harmful gases, and shock. Progression of COVID19 severity can lead to ALI/ARDS. Owing to its unclear
pathogenesis, there is currently no effective treatment established for this disease. As per a past report,
human umbilical cord mesenchymal stem cells (hUC-MSCs) can decrease the extent of the injury of ALI
in the mice. Hypoxic preconditioning umbilical cord MSCs (HP-hUC-MSCs) demonstrated signi�cantly
enhanced proliferation and differentiation capabilities. Furthermore, the expression of several growth
factors was signi�cantly upregulated, which remarkably increased the repair of damaged lung tissues.

Methods
The hUC-MSCs were cultured by cell adhesion. The properties of hUC-MSCs were identi�ed by
morphology, �ow cytometry, osteogenesis, and adipogenic differentiation. We employed a transwell
chamber to establish a co-culture system of hUC-MSCs and BEAS-2B. Accordingly, we evaluated the hUC-
MSCs ability to treat ALI/ARDS in a lipopolysaccharide (LPS)-induced mouse model. The measurements
of lung histopathological changes and neutrophil in�ltration, wet/dry(W/D), pro-in�ammatory, and anti-
in�ammatory cytokines in the bronchoalveolar lavage �uid (BALF) were performed.

Results
The cultured hUC-MSCs demonstrated excellent osteogenic and adipogenic differentiation abilities. When
compared with normal hUC-MSCs, HP-hUC- MSCs can further reduce the in�ammatory response of BEAS-
2B and ALI model mice induced by LPS and enhance their anti-apoptotic ability. The level of soluble
triggering receptor expressed on myeloid cells (sTREM-1) in patients with severe pneumonia increased,
indicating a positive correlation with the disease severity.

Conclusions
Our positive preclinical results suggest that HP-hUC-MSCs can exert a stronger therapeutic effect on ALI
by reducing the expression of TREM-1 and that the mechanism behind this phenomenon may be related
to the TLR4/MyD88 and the phosphorylation of PI3K/Akt.

Background
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Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) can affect people of various ages, with
an incidence rate of 18–38%. This condition is mostly manifested as di�cult-to-cure hypoxemia [1].
Presently, the pathophysiology of ALI/ARDS is yet unknown and the related mortality rate remains as
high as 40–60% [2]. The essence of ALI/ARDS is diffuse alveolar-capillary membrane damage, which is
mostly characterized by respiratory insu�ciency and a number of in�ltrating in�ammatory cells in the
lung tissues [3]. The conventional treatment of ALI mainly includes mechanical ventilation therapy,
vasodilators, surfactants, antioxidants, glucocorticoids (GC), and anti-in�ammatory drugs. The human
umbilical cord mesenchymal stem cells (hUC-MSCs) express a variety of unique markers of embryonic
stem cells that possess the characteristics of differentiation, proliferation ability, low immunogenicity,
convenient material collection, and no restrictions on ethical issues. MSCs have been proven in preclinical
studies of respiratory illness to have therapeutic bene�ts via direct differentiation and paracrine effect [4].
These characteristics indicate that hUC-MSCs, as a new therapeutic method, present good clinical
application prospects for the current treatment of irreparable cell and tissue damage and diseases such
as ALI/ARDS and even pulmonary �brosis. These hUC-MSCs entrapped in the lungs can release a range
of soluble substances that effectively reduce lung damage [5]. In comparison to anti�brotic medications
like nintedanib or pirfenidone, MSCs might effectively cure pulmonary �brosis, with much better results in
lung volume, pathological alterations, lung function, and blood oxygen saturation [6]. However, direct
injection affects hUC-MSCs homing in the lung tissues and their stay in the damaged tissues, which
lowers the therapeutic e�cacy. Recent studies have reported that hypoxic preconditioning umbilical cord
hUC-MSCs (HP-hUC-MSCs) show signi�cantly enhanced proliferation and differentiation capabilities,
reduced production of oxygen-free radicals in the cells, which signi�cantly increased the repair of
damaged tissues. In our research, we deeply explored the effect of hUC-MSCs on the treatment of
ALI/ARDS so as to further reveal the molecular mechanism behind this effect and provide a theoretical
basis and propose a new direction for ALI/ARDS therapy in the future.

Methods

Cell Culture
hUC-MSCs were cultured from human donor umbilical cord aspirates. The cells used in our experiment
were donated by the Sigma Company (China, Changchun). The cultures were maintained at a standard
condition with 37℃ and 5% CO2. hUC-MSCs were required to adhere for 24–48 h by the next passage,
after which the non-adherent fraction was removed by washing with PBS twice. These cells were
subsequently trypsinized with 0.25% trypsin. The cultures were maintained at approximately 80%
con�uence. After attaining 100% con�uence, the cells were passaged again. All experiments were
performed with 3–6 cell passages.

Flow cytometry (FC)
The cells released by cell dissociation buffer (0.1% BSA, diluted with 1× PBS) were phenotyped by �ow
cytometry (Beckman Coulter) and monoclonal antibodies as recommended by the manufacturers.



Page 4/27

Antibodies for CD29, CD105, CD73, CD166, CD44, CD45, CD14, CD11b, CD34, and HLA-DR were
purchased from Cyagen. HLA-DR and CD44 were labeled by two antibodies, PE and FITC, and the others
were labeled by a single antibody, PE.

Osteogenesis and adipogenesis
The osteogenic stem cell kit was purchased from Cyagen. After cultured 2–4 weeks, hUC-MSCs were
stained by Alizarin red and assessed for bone nodule formation. The adipogenesis stem cell kit was
purchased from Cyagen as well. The medium A was changed every 3 days, while the medium B was
changed every 24 h. The cultures were observed for fat cell formation. After alternating 3–5 times with
media A and B, the culture was continued with medium B for 4–7 days. Then, hUC-MSCs were subjected
to Oil red staining.

Hypoxia
Two hypoxic preconditioning methods were employed in our study: a hypoxia incubator and CoCl2, which
was added to make the �nal concentration to 100 umol/L.

Co-culture of hUC-MSCs or HP-hUC-MSCs and BEAS-2B
Cells
To determine the effect of hUC-MSCs and HP-hUC-MSCs on BEAS-2B, we selected a 6-well transwell to co-
culture hUC-MSCs and BEAS-2B. BEAS-2B was cultured in the lower layer of the transwell and hUC-MSCs
in the upper. The experimental were categorized into control, lipopolysaccharide (LPS), LPS + hUC-MSCs,
and LPS + HP-hUC-MSCs groups. After allowing 24 h for adherence, we added 2 uL of LPS (1 ug/mL) to
the LPS, LPS + hUC-MSCs, and LPS + HP-hUC-MSCs groups, and placed the transwell containing hUC-
MSCs and HP-hUC-MSCs into the LPS + hUC-MSCs group and LPS + HP-hUC-MSCs group, respectively.
After 48 h, we assessed the viability of BEAS-2B with the Cell Counting Kit-8 (CCK8) assay and apoptosis
by Western blotting.

Assay for proliferation
We used the CCK8 as per the manufacturer’s protocol to assay the cell proliferation of hUC-MSCs. Brie�y,
the passage 6 hUC-MSCs were seeded in a 6-well plate. At the endpoint, 200 uL of CCK-8 was added to
each well for a further 1 h. The �nal result was presented as OD450 by microplate reader (Thermo).

Enzyme-linked immunosorbent assay (ELISA)
The supernatant from cell culture to be tested was centrifuged at 1,000 xg for 20 min at 4℃ to remove
the insoluble debris. The supernatants were analyzed using the human VEGF, HGF, NGF, and KGF enzyme-
linked immunosorbent assay kits.

ALI mice model caused by LPS
Male 6–8-week-old BALB/C mice were anesthetized with 5% chloral hydrate (bought from Changchun
Yisi Laboratory Animal Corporation, Changchun, China). The experimental mice were assigned to 5
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groups, with 4 mice in each group: A. Control group; B. ALI model group; C. hUC-MSCs group; D. CoCl2
preconditioned hUC-MSCs group; E. Hypoxic incubator preconditioned hUC-MSCs group. LPS from
Escherichia coli O55:B5 (Sigma) was used to create ALI at a dose of 5 mg/kg delivered intratracheally.
PBS, hUC-MSCs, CoCl2 preconditioned hUC-MSCs, and hypoxic incubator preconditioned hUC-MSCs (C, D,

and E groups) (1 × 106 cells, 200 µL total volume) were progressively injected into the mice via the tail
vein 4 h later, with normal mice serving as control. The mice's living conditions were observed and they
were sacri�ced 72 hours since began. Blood and BALF samples were gathered and processed at 2000
rpm for 3 min to obtain the supernatant samples. To calculate the wet weight, the right middle lobe was
removed and weighed instantly. The lung tissues were then dried in a 60°C oven for 48 h for dry weight.
The wet/dry is an indicator of pulmonary edema. The left lung was �xed for hematoxylin and eosin (HE)
detection. Immunohistochemistry (IHC) was performed to detect the expression of TREM-1 in the lungs.

Detection of BALF protein and neutrophil number
We employed the BCA kit (Beyotime, China) to determine the protein content in the BALF, which re�ected
the permeability of the endothelial and epithelial cells. After BALF centrifugation, the cell pellets were
resuspended and spread uniformly on glass slides, followed by Wright's staining. The number of
neutrophils was then enumerated and counted under a microscope (thermo, the United States).

Detection of myeloperoxidase (MPO) activity
We employed the MPO kit (Nanjing Jiancheng, Nanjing, China) to assess the MPO vitality

according to the manufacturer’s protocol, which was used to assess the extent of neutrophil in�ltration of
the lung.

IHC of triggering receptor expressed on myeloid cells
(TREM-1)
The IHC of the lung tissues was depara�nized by para�n sectioning, followed by EDTA treatment for
antigen retrieval. Then, 3% H2O2 was used to block endogenous peroxidase. After blocking with BSA for 2
h, the tissues were treated with the TREM-1 primary antibody and corresponding secondary antibody,
subsequently observation under the microscope(thermo, the United States).

Real-Time PCR Analysis
The RNA extraction kit and reverse-transcriptase kit were used to obtain total RNA and cDNA. A real-time
PCR detection system (Bio-Rad, USA) was applied to conduct real-time PCR. Table 1 lists the primers used
in the research, with β-actin acting as a control. The cycling conditions were 95°C for 2 min, 40 cycles of
95°C for 15 s, and 60°C for 30 s. The reactions were carried out in triplicate, and the data was evaluated
with the algorithm of 2−ΔΔCt.
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Table 1
The Real-Time PCR primers (Species:Mouse )

genes Forward Reverse

TREM-1 CCTGTTGTGCTCTTCCATCCTGTC GGACGCTCTGTCAGCCTTGTAATAG

MyD88 AGCAGAACCAGGAGTCCGAGAAG GGGCAGTAGCAGATAAAGGCATCG

TLR4 GAGCCGGAAGGTTATTGTGGTAGTG AGGACAATGAAGATGATGCCAGAGC

Bcl-2 CTGTGCCACCATGTGTCCATCTG TCTCTGCGAAGTCACGACGGTAG

Akt TCAGGATGTGGATCAGCGAGAGTC AGGCAGCGGATGATAAAGGTGTTG

PI3K CGAAACAAAGCGGAGAACCTATTGC TCTACCACTACGGAGCAGGCATAG

caspase3 TCTGACTGGAAAGCCGAAACTCTTC GTCCCACTGTCTGTCTCAATGCC

The primer sequences of experiment involved indicators, all of which were mouse origin.TREM-1
triggering receptor expressed on myeloid cells, MyD88 Myeloid differentiation factor, TLR4 Toll-like
receptor 4

Western blotting
By centrifuging the same passage hUC-MSCs cell lysate at 12000 rpm continue 15 min at 4°C, total
protein was �nally extracted. Then, the protein density were measured using the BCA Protein Assay Kit
(Beyotime,China). Equal amounts of proteins were loaded in 12% polyacrylamide gel, separated by
electrophoresis, and then printed onto PVDF membranes. The redundant proteins in membranes were
neutralized with 5% nonfat milk in TBST for at least 1 h at room temperature, and subsequently
incubated at 4℃ overnight with the following primary antibodies: PI3K, AKT, p-AKT, Bcl-2, and c-caspase3
purchased from A�nity and a goat anti-rabbit secondary antibody (1:1500 dilution). The blots were
probed with the ECL assay kit as per the manufacturer’s directions. The protein bands to be quanti�ed
using the Image J software.

Results

The characterization of hUC-MSCs
Healthy umbilical cord aspirates were used to isolate hUC-MSCs. The stem cells used in our experiment
were donated by the Changchun Sigma Company and passaged by us. Under inverted microscopy, the
morphology of hUC-MSCs was found to be spindle-shaped and �broblast-like (Fig. 1a). If allowed to
continue to grow, hUC-MSCs can present a whirlpool. To prevent senescent or differentiation of hUC-
MSCs in the later passages, we used hUC-MSCs between passages 3 and 6 throughout our study. The
characterization by �ow cytometry con�rmed the absence of CD45, CD34, CD14, CD11b, and HLA-DR− in
hUC-MSCs, while they expressed CD29, CD105, CD73, CD166, and CD44 (Fig. 1b). This marker pro�le was
consistent with those reported previously [7–10]. The cultures were observed for fuchsia bone nodules
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(Fig. 1c) and red lipid droplets formation (Fig. 1d). As evidenced by experimental results, hUC-MSCs could
differentiate into the adipogenic and osteogenic lineages in vitro. In summary, the “hUC-MSCs” we
obtained are consistent with most literature, indicating that the cells were hUC-MSCs with the ability to
differentiate into multiple directions.

hUC-MSCs can improve the function of BEAS-2B and the
enhancement effect of HP-hUC-MSCs
We established an in-direct contact co-culture system of BEAS-2B and hUC-MSCs or HP- hUC-MSCs to
estimate the impact of hUC-MSCs on BEAS-2B. The Transwell chamber was suspended and used with 6-
well plates. The upper layer was seeded with 1 mL (5 × 105 cells/well) of hUC-MSCs or HP-hUC-MSCs,
and the lower layer was seeded with 2 mL (1 × 106 cells/well) of BEAS-2B, with the semipermeable
membrane separated (Fig. 2a). BEAS-2B is a normal human bronchial epithelial cell that grows
adherently and is epithelioid and polygonal (Fig. 2b).

In the LPS and co-culture groups, some BEAS-2B cells died in the periphery, while others were shrunken,
with rough and granular material deposition, indicating that the BEAS-2B was damaged by LPS. We then
used the CCK8 to detect the vitality of BEAS-2B. We found that exposure to LPS reduced the BEAS-2B
vitality, which was reversed by hUC-MSCs (****, p < 0.0001), while HP-hUC-MSCs showed a stronger effect
relative to the normal hUC-MSCs group (****, p < 0.0001) (Fig. 2c).

After LPS, sTREM-1 and TNF-α increased in the cell culture supernatant when compared with that in the
control group, while IL-10 reduced. Different from the LPS treatment group, the extent of anti-
in�ammatory factor IL-10 in the co-culture group increased, while the in�ammatory factors sTREM-1 and
TNF-α decreased. Compared with the normal hUC-MSCs co-culture group, HP-hUC-MSCs increased IL-10
and decreased sTREM-1 and TNF-α to a relatively greater extent. These observations signify that co-
culture with hUC-MSCs could reduce the BEAS-2B injury from LPS, while HP-hUC-MSCs had a greater
impact on relieving the harm of BEAS-2B (Fig. 2d).

In comparison with the control group, the secretion of VEGF,NGF, KGF, and HGF in the LPS group was
obviously different. When contrasted with the LPS group, the level of VEGF, NGF, KGF, and HGF in the
normal hUC-MSCs co-culture group has obvious statistical difference. In accordance with the normal
hUC-MSCs co-culture group, a visible difference was showed in the expression of VEGF, NGF, KGF, and
HGF in the HP-hUC-MSCs co-culture group (Fig. 2e).

When compared with the control group, BEAS-2B showed a higher apoptosis in LPS group, which was
manifested as an increased expression of apoptotic proteins PI3K, AKT, p-AKT, c-caspase3, and lowered
level of Bcl-2, an anti-apoptotic protein. hUC-MSCs could alleviate apoptosis of BEAS-2B, which was
manifested as a decreased expression of apoptotic proteins PI3K, AKT, p-AKT, and c-caspase3 and Bcl-2,
an anti-apoptotic protein, expressed at a higher level. Furthermore, the reversal and repair of BEAS-2B
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damage in the HP-hUC-MSCs experimental group were found to be stronger than that in the normal hUC-
MSCs test group (Fig. 2f).

Establishment of an LPS-mediated ALI mouse model
LPS is generally applied to build ALI model. In the ALI model mice, the lung volume increased, with
obvious edema and focal hemorrhage on the lung surface. Under the microscope, in�ltration of a large
number of in�ammatory cells was noted; the pulmonary interstitium widened; the alveoli collapsed, and
the alveolar cavity exuded. Pulmonary capillary congestion, hemorrhage, and other pathological changes
mainly manifested as in�ammatory cell in�ltration and pulmonary interstitial edema (Fig. 3a-b).
Furthermore, stimulated neutrophils were discovered to have a critical role in initiating the
proin�ammatory processes that lead to hemorrhage or alveolar injury [11].

Other than in the lungs, no in�ammatory cell in�ltration was noted in the heart, liver, spleen, and kidney in
the ALI model by LPS. The results showed that the in�ammatory lesion is limited to the lungs (Fig. 3c).
Therefore, our results prove that the intratracheal construction of this ALI model by LPS was feasible.

hUC-MSCs could improve ALI mice and the enhancement
effect of HP-hUC-MSCs
We �rst weighed the dry and wet (not shown in the �gure) weight of the lungs. Then, the W/D value was
calculated to evaluate the extent of lung edema in each mice group. We also examined the MPO of the
lung tissues to assess the degree of in�ammatory cell in�ltration and migration. Our results suggest that
the W/D and MPO increased signi�cantly after LPS stimulation. After the administration of normal hUC-
MSCs, the W/D and MPO of the lung evidently decreased, showing a statistical difference. These factors
decreased further, showing a statistically signi�cant difference after the administration of HP-hUC-MSCs
(Fig. 4a-b).

BALF is an important marker for evaluating lung functions, while the number of neutrophils in BALF could
directly re�ect the in�ammatory changes in the mice. To further appraise the extent of in�ammation in
the mice pulmonary tissues, we determined the protein concentration in BALF by BCA in order to re�ect
the permeability of endothelial cells and epithelial cells. The neutrophil number and protein content of
BALF increased signi�cantly with LPS stimulation, with an increase in the permeability of the endothelial
and epithelial cells. After the administration of normal hUC-MSCs, the neutrophil number and protein
concentration BALF reduced, indicating alleviation of in�ammation in the experimental mice. After the
administration of HP-hUC-MSCs, the neutrophil number and protein concentration in BALF reduced
signi�cantly. The in�ammation in the lung was further reduced, indicating a signi�cant statistical
difference (Fig. 4c-d).

In the control group, the lungs of the mice were well in�ated, and there was no hemorrhage on the
surface. At each time point for the ALI model mice, the lung volume increased with an obvious edema,
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and focal hemorrhages were detected on the lung surface. The microscopic observation revealed the
in�ltration of a large number of in�ammatory cells, widening of the pulmonary interstitium, the collapse
of the alveoli, pulmonary capillary congestion, hemorrhage, and other pathological changes, which
manifested in ALI treatment group. By contrast, the normal hUC-MSCs treatment group showed less
edema, bleeding, and congestion. The HP-hUC-MSCs experiment group highly reduced above
pathological changes. No statistical difference between the CoCl2 preconditioned hUC-MSCs group and
hypoxia incubator-treated hUC-MSCs group (Fig. 4e).

After LPS, the levels of sTREM-1 and TNF-α in BALF increased relative to those of the control group, while
the level of IL-10 decreased. After transplantation of hUC-MSCs, the level of IL-10 in BALF increased, while
the concentration of sTREM-1 and TNF-α decreased, which together indicated that the in�ammation in
the ALI model mice was alleviated by hUC-MSCs. hUC-MSCs exhibited a repairing effect on the ALI mice.
The HP-hUC-MSCs treatment group signi�cantly improved the above-mentioned in�ammatory and anti-
in�ammatory factors. Furthermore, serum concentrations of sTREM-1, TNF-α, and IL-10 followed the
same trend as BALF, although the absolute concentration was signi�cantly lower than those in BALF,
implying that the in�ammatory injury in other parts was much lighter than that in the lungs. This �nding
further validates the feasibility of our method to construct the ALI model using LPS (Fig. 4f).

In the LPS model group, the apoptosis of lung tissue increased, as manifested by increased expression of
apoptotic proteins AKT, p-AKT, and PI3K, along with a reduction in the anti-apoptotic protein Bcl-2
expression. The normal hUC-MSCs could reverse the apoptosis of mouse lung tissues, as manifested by
a decrease in the expression of the apoptosis proteins AKT, p-AKT, and PI3K, but an increase in the Bcl-2
expression, along with the reversal and repair effect of HP-hUC-MSCs on the mouse lung tissues that was
stronger than that of normal hUC-MSCs. In addition, the changes in these genes in qPCR revealed the
same trend in Western blotting. According to the �ndings, this process could be linked to the PI3K/AKT
pathway. (Fig. 4g-h).

In LPS-induced ALI mice, hUC-MSCs can suppress TREM-1
expression
Our results con�rmed that hUC-MSCs could limit TREM-1 expression in ALI mice mediated by LPS from 3
aspects of Western blotting, IHC, and qPCR, which has a signi�cant impact on the the treatment of ALI.

In the IHC, 5 high-power �elds (×400) were randomly selected from each section. Then, the area of
positive objects under every high-power �eld was calculated utilizing Image-J software, re�ecting the
intensity of positive protein. As can be seen from the �gure, the in�ammatory cells including neutrophils,
monocytes, and macrophages in the LPS group were strongly TREM-1 positive; the hUC-MSCs group was
TREM-1 positive for a few scattered in�ammatory cells, and the HP-hUC-MSCs group was positive for
individual in�ammatory cells. Moreover, no obvious difference was seen between the CoCl2-pretreated
hUC-MSCs group and hypoxia incubator-treated hUC-MSCs group (ns, p > 0.05) (Fig. 5a).
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The level of TREM-1 in lung was dramatically elevated after LPS stimulation, according to Western
blotting and qPCR data. (####, p < 0.0001). After the administration of normal hUC-MSCs, TREM-1
expression was signi�cantly reduced, showing a statistical difference (****, p < 0.0001); after the
administration of HP-hUC-MSCs, the expression of TREM-1 was further decreased, demonstrating that the
difference is statistically signi�cant (****, p < 0.0001) (Fig. 5b-d).

Individuals with severe pneumonia had signi�cantly higher
concentration of sTREM-1 in their serum
A sample of 40 individuals were hospitalized to Jilin University's Second Hospital of the Jilin University
from June–December 2021 enrolled in this study. The 24 patients with severe pneumonia included 13
men and 11 women of an average age of 67 ±14 years. The 16 patients of common pneumonia included
10 men and 6 women of an average age of 64 ±5 years. The 10 healthy controls included 4 men and 6
women of an average age 62 ±4 years. No signi�cant difference was noted in the age and gender among
the 3 groups (p > 0.05). This study was conducted after obtaining informed consent from the patients
before blood collection. (Fig. 6)

hUC-MSCs protect ALI mice from lung injury by inhibiting TREM-1 expression.

To achieve the dry weight, we �rst determined the lungs' wet weight and then baked them for 48 hours at
60°C. The W/D value was calculated to determine the severity of pulmonary edema in each group of
mice. We also examined the MPO of the lung tissues to assess the degree of in�ammatory cells
in�ltration and migration. The results indicated that the W/D and MPO of the lungs increased
signi�cantly in the LRS + LPS group. LR12 is a synthetic inhibitor of TREM-1. After the administration of
LR12 or normal hUC-MSCs, the W/D and MPO of the lung evidently decreased, showing a statistical
difference. This level decreased further, and a statistically signi�cant difference was noted after the
administration of LR12 and normal hUC-MSCs. The results showed that hUC-MSCs could reduce the W/D
and MPO of ALI mice by inhibiting the expression of TREM-1 (Fig. 7a-b).

BALF is an important marker for evaluating lung functions, while the total number of cells in BALF,
particularly neutrophils, directly re�ected the in�ammatory changes in mice. To get a better idea of how
much in�ammation there is in mice's lungs, we determined the protein concentration in BALF by BCA to
re�ect the permeability of the endothelial and epithelial cells. In BALF, the number of neutrophils, all cells,
and protein content all rose signi�cantly in the LRS + LPS group along with an increase in the
permeability of endothelial and epithelial cells. After the administration of LR12 or normal hUC-MSCs, the
neutrophil number, overall cells, and protein content in BALF lowered, indicating improvement in
in�ammation in the experimental mice. After the administration of LR12 and normal hUC-MSCs, the
neutrophil number, complete cells, and protein concentration in BALF diminished signi�cantly. The
in�ammation in the lungs reduced further, and there was a signi�cant statistical difference. Our results
showed that hUC-MSCs could reduce the neutrophil number, cumulative cells, and protein content in BALF
by inhibiting the expression of TREM-1 (Fig. 7c-e).
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The mice's lungs were well in�ated in the control mice, and there was no hemorrhage on the surface. At
each time point in the LRS + LPS group, the lung volume increased with obvious edema, and focal
hemorrhages were noted on the lung surface. The microscopic observation showed the in�ltration of a
large number of in�ammatory cells, widened pulmonary interstitium, collapsed alveoli, pulmonary
capillary congestion, hemorrhage, and other pathological changes mainly manifested in the LRS + LPS
mice. In contrast, the normal hUC-MSCs or the LR12-treatment group showed less edema, bleeding, and
congestion. The normal hUC-MSCs and LR12 treatment group signi�cantly reduced the abovementioned
pathological changes. As noted above, results indicated that by decreasing TREM-1 expression, hUC-
MSCs alleviated ALI mice with lung in�ammation. (Fig. 7f).

In IHC, 5 high-power �elds (×400) were randomly selected from each section. The area of positive objects
under every high-power �eld was calculated using Image-J application, re�ecting the intensity of positive
protein. As can be seen from the �gures, the in�ammatory cells, including neutrophils, monocytes, and
macrophages, in the LRS + LPS group were strongly TREM-1 positive; the LR12 + LPS group and LRS + 
LPS + hUC-MSCs group was TREM-1 positive for a few scattered in�ammatory cells, and the LR12 + LPS 
+ hUC-MSCs group was positive for individual in�ammatory cells. These values indicated that the
administration of LR12 or hUC-MSCs could signi�cantly diminish TREM-1 expression in ALI mice.
Moreover, LR12 and hUC-MSCs could synergistically suppress TREM-1 expression of in ALI mice
(Fig. 7g).

In the LRS + LPS group, the levels of sTREM-1 and TNF-α in the lung tissues, serum, and BALF risen
relative to those in the control mice, albeit IL-10 level declined. After the transplantation of hUC-MSCs or
LR12, IL-10 concentration in lung tissues, serum, and BALF increased, while the concentration of sTREM-
1 and TNF-α decreased, indicating that the in�ammation was alleviated by hUC-MSCs or LR12. hUC-
MSCs or LR12 exhibited a repairing effect on ALI mice. The LR12 + LPS + hUC-MSCs group signi�cantly
improved the abovementioned in�ammatory and anti-in�ammatory factors. These results also indicate
that by reducing TREM-1 expression, hUC-MSCs were able to reduce lung in�ammation in ALI animals.
Further, Zhu J Q et al. found that MSCs reduce ALI damage generated by LPS-induced by suppressing
Ly6C + CD8 + T cells' pro-in�ammatory activity [12]. (Fig. 7h).

The therapeutic impact of hUC-MSCs in mice with LPS-caused ALI was associated with TREM-1-
regulated TLR4 and MyD88

When comparison to the control group, TREM-1, TLR4, and MyD88 expression in the LRS + LPS mice were
greatly upregulated (p < 0.001). When compared to the LRS + LPS mice, the LR12 + LPS and LRS + LPS + 
hUC-MSCs groups showed inhibition in TREM-1, TLR4, and MyD88 expression, showing an obvious
statistical difference (p < 0.001). By contrast, TREM-1, TLR4, and MyD88 expression levels were
considerably lower in the LR12 + LPS + hUC-MSCs group (p < 0.05), demonstrating that TREM-1-mediated
expression of TLR4 and MyD88 was relevant to the protective role of hUC-MSCs against ALI (Fig. 8a-b).
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The therapeutic impact of hUC-MSCs in mice with LPS-caused ALI was connected to TREM-1-regulated
PI3K/Akt phosphorylation

When compared with the control group, the expressions of p-PI3K and p-Akt in the LRS + LPS group
upregulated, and there was a statistical difference (p < 0.05). When contrasted with the LRS + LPS mice,
LR12 + LPS and LRS + LPS + hUC-MSCs groups showed signi�cant inhibition in p-PI3K and p-AKT
expression, and displayed an obvious statistical difference between them (p < 0.001). In contrast, the
LR12 + LPS + hUC-MSCs group exhibited a stronger effect on reducing p-PI3K and p-AKT levels,
demonstrating a substantial distinction among them (p < 0.05). These results indicated that the
preventive impact of hUC-MSCs on LPS-caused ALI correlated with PI3K/Akt phosphorylation level
through TREM-1 (Fig. 9).

Discussion
hUC-MSCs have various bene�ts over adult MSCs, which are an emerging �eld with promising
applications for managing severe COVID19[13–14]. They offer the absolute advantages of low
immunogenicity, convenient access, and no ethical issues, making them a rising star in cell therapy.
However, the value of hUC-MSCs is not restricted to severe COVID19 along but also to the treatment of
ALI/ARDS caused by various reasons. Severe pneumonia, as a typical representative of ALI/ARDS, was
considered as the research object in the present study. Severe pneumonia is a common clinical infectious
disease of the respiratory system that can trigger a strong immune response, produce a large number of
in�ammatory mediators, leading to the damage of organ functions, and even multiple organ failure,
which ultimately aggravates the progression of the disease. TREM-1 plays a signi�cant role in respiratory
infections and sepsis pathogenesis [15]. The concentration of sTREM-1 in the plasma of the severe
pneumonia cohort was massively greater than that of the normal pneumonia and control subjects, with a
big difference amongst them (p < 0.05), which was consistent with the results of past studies [16–18].

To see if hUC-MSCs have some impact on BEAS-2B, we co-cultured hUC-MSCs or HP-hUC-MSCs with
BEAS-2B under LPS stimulation and then examined the apoptosis of BEAS-2B. Our results showed that
hUC-MSCs and HP-hUC-MSCs could reverse the BEAS-2B apoptosis of BEAS-2B. Similarly, hUC-MSCss
decreased the level of caspase-3 in a hypoxic-ischemic encephalopathy model [19]. The HP-UC-MSCs
exhibited a stronger reverse repair effect than normal hUC-MSCs. hUC-MSCs have previously been proven
to relieve alveolar epithelial cells-  (AEC II) apoptosis in sepsis-induced ALI [20]. However, unlike in our
study, the co-culture of hUC-MSCs and A549 was adopted in this past study. In our study, we initially used
A549 and hUC-MSCs co-culture. However, the results showed that hUC-MSCs did not repair the A549
induced by LPS, rather they further reduced the viability of A549. The results of the Western blotting
analyses revealed that the expression of an apoptotic protein (AKT) increased in the co-culture group of
A549 and hUC-MSCs when compared to that in the LPS mice, albeit anti-apoptotic protein (Bcl-2)
expression to be less expressed. Therefore, we believe that it is reasonable to think that in our
investigation, hUC-MSCs were unable to prevent A549 apoptosis triggered by LPS. On one hand, the
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reason for this may be that A549 is a lung adenocarcinoma cell line with tumor characteristics. In order to
inhibit the growth of tumor cells, hUC-MSCs increased the apoptosis of A549, which, however, may be
related to the stimulating concentration of LPS. In our study, the LPS concentration was 1 ug/mL, while
the LPS concentration in the abovementioned literature was 20 ug/mL. Therefore, we �nally adopted the
co-culture of BEAS-2B with hUC-MSCs in the present study.

In this study, through intratracheal instillation, LPS was used to construct an ALI model. This method
could adequately simulate the disease process of ALI in patients, and the degree of ALI could be easily
controlled. LPS could cause local damage in the lungs and not induce systemic in�ammatory response
and organ failure. The present results revealed that other than the lungs, such as the heart, liver, spleen,
and kidney, did not show in�ammatory cells’ in�ltration or any LPS-induced abnormal function, indicating
that the method of constructing the ALI model in this study was successful and feasible. We also
conducted a series of biochemical tests, including HE and IHC, among others. Our results showed that
hUC-MSCs and HP-hUC-MSCs have the potential to lower lung W/D ratios as well as neutrophil migration
and in�ltration, which �nally manifested as the inhibition of MPO vitality. MPO, a ROS generator, its
reduction has a positive correlation with the inhibition of BAX with pro-apoptotic function [21].
Pathological observation in HE indicated that hUC-MSCs and HP-hUC-MSCs could effectively protect the
lung tissue structure, and improve pulmonary hemorrhage, edema, and in�ammatory in�ltration. hUC-
MSCs exhibited a preventive role against ALI mice provoked LPS as well as an enhanced effect of HP-
hUC-MSCs.

TREM-1 is just a recently identi�ed immunoglobulin protein that is linked to in�ammation and displayed
on the membrane of myeloid cells including neutrophils, mature monocytes, and macrophages. As an
important marker of in�ammatory diseases, it exhibits a good correlation with the severity of infection
[22–23]. Several studies across the world have con�rmed that sTREM-1 showcases important clinical
signi�cance for the early diagnosis, disease assessment, and prognosis of pneumonia, with high
sensitivity and speci�city [24–26]. The present results revealed that, in the LRS + LPS group, when
comparison to the normal control mice, TLR4, MyD88, p-PI3K, and p-Akt expression in the lung tissues
was signi�cantly upregulated, indicating that the TLR4/MyD88 and PI3K/AKT regulatory pathways
involved in the LPS-generated ALI model. When compared to the LRS + LPS mice, TLR4, MyD88, p-PI3K,
and p-AKT expression in the TREM-1 inhibition and hUC-MSCs treatment mice was tremendously
decelerated, indicating that inhibition of the TREM-1 expression can, in turn, inhibit the expression of
TLR4 and MyD88 as well as the phosphorylation of PI3K/AKT, which together inhibit LPS-induced
in�ammatory response in ALI mice. When compared with the TREM-1 inhibition group, the hUC-MSCs
treatment group exhibited a signi�cantly stronger effect on reducing the levels of TLR4, MyD88, p-PI3K,
and p-AKT, suggesting that inhibiting the expression of TREM-1 can only partially explain the mechanism
in the treatment of ALI by hUC-MSCs. Further research on the mechanisms is warranted. Although we
could not directly prove their relationship, our �ndings support that the TLR4/MyD88 and PI3K/AKT
phosphorylation signaling pathways may partially mediate the protective e�cacy of hUC-MSCs in LPS-



Page 14/27

produced ALI mice. The �ndings of our study offer a new therapy option for ALI. Figure 10 depicts the
likely mechanism of hUC-MSCs in the therapy of ALI.

hUC-MSCs can exert anti-in�ammation and anti-apoptosis effect on ALI or LPS-induced BEAS-2B injury
by reducing TREM-1 expression, which perhaps linked to the TLR4/MyD88 pathway and the
phosphorylation of PI3K/Akt.

Conclusion
Ultimately, our studies discovered that HP-hUC-MSCs can exert a stronger therapeutic effect when
compared with hUC-MSCs on ALI by reducing TREM-1 expression, which is perhaps associated with the
TLR4/MyD88 pathway and the phosphorylation of PI3K/Akt.
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Figure 1

Characterization of hUC-MSCs. (a) Inverted microscopy revealed the morphology of hUC-MSCs at P3
cultured after 24 h as spindle-shaped and �broblast-like. (b) The �ow cytometer was used to detect the
CD markers of hUC-MSCs. (c) hUC-MSCs osteogenesis revealed the formation of a calci�ed nodule. (d)
hUC-MSCs adipogenesis revealed red-stained lipid droplets.
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Figure 2

Co-culture of BEAS-2B with hUC-MSCs. (A) The Transwell chamber was suspended and used with 6-well
plates. (B) Morphology of BEAS-2B cells under the microscope. (C) CCK8 was used to detect the vitality of
BEAS-2B. (D) hUC-MSCs could alleviate BEAS-2B in�ammatory injury by regulating the anti-in�ammatory
balance. (E) hUC-MSCs can participate in the repair process after BEAS-2B injury through the paracrine
system. (F) hUC-MSCs can reduce apoptosis after BEAS-2B injury.
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Figure 3

To make LPS-caused ALI mouse model. (A) The overall scan of the ALI model lung tissue section. (B) The
image of the ALI model lung tissue section under the microscope (10×20). (C) The image of ALI model
heart, liver, spleen, and kidney tissue sections under the microscope (10×10 multiple and 10×40 multiple).
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Figure 4

hUC-MSCs can improve ALI mice and HP-hUC-MSCs can boost their effectiveness. (A) The results of W/D.
(B) The results of MPO in the lungs. (C) The changes in the neutrophil count in BALF. (D) The
concentration of proteins in BALF. (E) The overall scan of the ALI model lung tissue section and the
image of the ALI model lung tissue section under the microscope (10×20). (F) The concentration of
TREM-1, TNF-α, and IL-10 in the mice BALF and serum. (G) Western blotting was used to evaluate the
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protein expression of PI3K, p-AKT, AKT, and Bcl-2, and the statistical results of the Western blot are
displayed in the pane. (H) The gene transcription of PI3K, caspase3, AKT, and Bcl-2 was detected by qPCR
analysis. #p < 0.05 relative to the control group. *p < 0.05 relative to the LPS group. For multiple group
comparisons, one-way ANOVA was used, complied with Tukey's post-hoc test.

Figure 5
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TREM-1 expression was inhibited by hUC-MSCs in the lung tissues of LPS-induced ALI animals. (A)
TREM-1 protein expression was investigated using IHC and statistical methods. (B) TREM-1 protein
expression was analyzed using Western blotting. (C)The pane displays the Western blotting quantitative
measurements. (D) qPCR technique was used to evaluate TREM-1 gene transcription. #p < 0.05 relative to
the control group. *p < 0.05 relative to the LPS group. For multiple group analyses, one-way ANOVA was
used, complied by Tukey's post-hoc test. Three times the cellular experiment was carried out. 

Figure 6

The concentration of sTREM-1 in the blood of patients in various groups. Cases of severe pneumonia had
considerably greater levels of sTREM-1 in their serum than the control and ordinary pneumonia
subgroups, indicating a substantial difference. (****, p < 0.0001); Patients with regular pneumonia had
elevated amounts of sTREM-1 in their serum than those in the control group, representing a statistical
difference. (*, p < 0.05). 
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Figure 7

hUC-MSCs alleviate lung in�ammation in ALI mice by inhibiting TREM-1 expression. (A) The wet and dry
weight of the lungs and the statistical results of W/D. (B) The results of MPO in the lungs. (C) The change
in the neutrophil count in mice BALF. (D) The total number of cells in mice BALF. (E) The concentration of
protein in mice BALF. (F) The image of the lung tissue section in different groups as observed under the
microscope (10×20). (G) TREM-1 expression was examined through IHC analysis and statistical study.
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(H) The concentration of TREM-1, TNF-α, and IL-10 in the lungs, serum, and BALF of mice. #p < 0.05
relative to the control mice. *p < 0.05 relative to the LRS+LPS mice. 

Figure 8

TREM-1, TLR4, and MyD88 protein and gene expression in mice. (A) Western blotting was used to assess
TREM-1, MyD88, and TLR4 protein expression and corresponding statistical results shown in the pane.
(B) TREM-1, MyD88, and TLR4 gene expression examined by qPCR. The internal standard for both
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Western blotting and qPCR experiments was β-actin. #p < 0.05 relative to the control group. *p < 0.05
relative to the LRS+LPS group. 

Figure 9

The protein expression of p-PI3K, PI3K, p-AKT, and AKT in the lung. Western blotting was used to evaluate
the expression levels of p-PI3K, PI3K, p-AKT, and AKT, and the corresponding statistical �ndings displayed
in the pane. # p < 0.05 relative to the control lung. *p < 0.05 relative to the LRS+LPS lung. 
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Figure 10

The role of hUC-MSCs in the therapy of ALI and their probable mechanisms of action.

hUC-MSCs can exert anti-in�ammation and anti-apoptosis effect on ALI or LPS-induced BEAS-2B injury
by reducing TREM-1 expression, which perhaps linked to the TLR4/MyD88 pathway and the
phosphorylation of PI3K/Akt.


