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Abstract
Exosomes (exos) are primarily responsible for the process of mesenchymal stem cells (MSCs) treatment for acute lung injury
(ALI), but the mechanism remains unclear, particularly in altered microenvironment. Therefore, this study aimed to
investigate the potential mechanism of exos derived from human umbilical cord mesenchymal stem cells (hucMSCs) primed
with interferon-gamma (IFN-γ) on ALI and to propose a promising and cell-free strategy. This study extracted exos from
hucMSCs supernatant primed and unprimed with IFN-γ marked with IFN-γ-exos and CON-exos, which were identified and
traced. IFN-γ-exos administration to ALI models suppressed the NF-κB signaling pathway compared to CON-exos, which
were quantified through western blot and immunohistochemical staining. Reverse transcription-quantitative polymerase
chain reaction validated miR-199b-5p expression in the IFN-γ-exos and CON-exos treatment groups. Data analysis, a dual-
luciferase reporter assay, and cell transfection were conducted to investigate the target binding between miR-199b-5p and
Aftiphilin (AFTPH), with AFTPH expression analyzed via cell immunofluorescence and western blot. Co-immunoprecipita-
tion was conducted for the interaction between AFTPH and NF-κB p65. The result revealed that miR-199b-5p was down-
regulated in the IFN-γ-exos treatment group, which had a target binding site with AFTPH, and an interaction with NF-κB
p65. Consequently, IFN-γ-exos inhibited the NF-κB signaling pathway in ALI in vitro and in vivo through the miR-199b-5p/
AFTPH axis. Our results demonstrated new directions of novel and targeted treatment for ALI.

These authors contributed equally: Chun Wang, Yiran Yang, Haiying
Wu, Chuanyun Qian.

* Haiying Wu
wuhaiying@kmmu.edu.cn

* Chuanyun Qian
qianchuanyun@kmmu.edu.cn

1 Kunming Medical University, Kunming, Yunnan, China
2 Department of Emergency Intensive Care Unit, Second Affiliated

Hospital of Kunming Medical University, Kunming, Yunnan,
China

3 Department of Gastrointestinal Surgery, First Affiliated Hospital
of Kunming Medical University, Kunming, Yunnan, China

4 Department of Emergency, First Affiliated Hospital of Kunming
Medical University, Kunming, Yunnan, China

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-023-01208-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-023-01208-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-023-01208-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-023-01208-2&domain=pdf
mailto:wuhaiying@kmmu.edu.cn
mailto:qianchuanyun@kmmu.edu.cn


Graphical Abstract

The mechanism diagrams of the NF-κB signaling pathway in ALI regulated by IFN-γ-exos. Functional exosomes derived
from hucMSCs primed with IFN-γ, which mediates miR-199b-5p targets AFTPH and negatively regulates the NF-κB
signaling pathway to inhibit the production of NLRP3, GSDMD, caspase-1, and IL-1β, attenuating the inflammatory
response on LPS-induced ALI.

Keywords Acute lung injury ● Human umbilical cord mesenchymal stem cells ● Exosomes ● Interferon-gamma ●

miR-199b-5p ● AFTPH

Introduction

Acute lung injury (ALI) is characterized by high morbidity,
mortality, prolonged hospitalization, high costs, and a poor
long-term prognosis post–discharge [1]. The fatality rate of
ALI has markedly increased since the coronavirus disease-
2019 pandemic [2], due to the complicated aetiopathogen-
esis of ALI [3], which is closely associated with inflam-
mation, coagulation, alveolar epithelial damage, vascular
endothelial dysfunction, etc. [4], and for which specific
therapy is currently unavailable. Among the intricate
pathological mechanisms, nuclear factor kappa-B (NF-κB)
signaling pathway activation plays a crucial role in
inflammation initiation and maintenance in ALI, which
profoundly affects cellular transcription and translation
processes, mediated by the NLRP3 inflammasome, which is
composed of the NLRP3, and carried by the gasdermin D
(GSDMD), which activates caspase-1 during cleavage [5, 6]
and promotes the maturation of interleukin (IL-)-1β [7].
GSDMD is a cellular pyroptosis program executor and
participant in highly inflammatory forms of cell death, and
current results indicated that GSDMD is involved in NF-
κB/NLRP3 signaling activation.

Currently, mesenchymal stem cells (MSCs) have been
proven to perform curative impacts via paracrine pathways
[8], which might interact with cells of interest and modify
the path of the recipient by activating endogenous stem
cells, inhibiting apoptosis, modulating inflammatory
responses, reducing fibrosis, and facilitating chemotaxis [9].
Exosomes(exos) have been effectively used in treating a
wide variety of disorders because of their unique capacity to

transport and share intracellular chemical information [10].
Furthermore, exos derived from MSCs (MSC-exos) have
properties comparable to those of host cells, which contain
mRNA, microRNA, circRNA, lncRNA, proteins, lipids,
and other active substances that participate in cell-cell
communication [11, 12].

However, the microenvironment greatly affected the
function of MSCs. MSCs are in a comatose state in the
usual microenvironment, but their potent immune reg-
ulatory function is triggered in an altered microenviron-
ment. A study [13] revealed that MSCs stimulated with
inflammatory factors may enhance the activity of a specific
MMP protein and cell migration, extravasation, and
recruitment. Further, the immunosuppressive capabilities of
MSCs may be well established and associated with indo-
leamine 2, 3-dioxygenase (IDO), soluble substances, such
as hepatocyte growth factor, and transforming growth factor
(TGF)-β [14, 15].

Interferon-gamma (IFN-γ) may be a priming trigger for
the immunosuppressive effects of MSCs. Further, another
study reported [16] that MSCs, primed with IFN-γ, remain
active and effective in treating graft versus host disease.
Previous research investigating [17] the changes in MSCs’
intracellular proteome and metabolomics after IFN-γ prim-
ing revealed that increased anti-pathogenic proteins synth-
esis prevented inflammation and fibrosis and enhanced
survival. The International Society for Cell Therapy (ISCT)
deemed the MSCs’ response to IFN-γ as the primary indi-
cator of promoting the upregulation of immunosuppressive
factors, such as IDO, programmed cell death 1 ligand 1,
human leukocyte antigen, and antibacterial and antiviral
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factors [17, 18], while other pro-inflammatory cytokines
and TLR agonists have influenced MSCs’ activities.

Our previous investigation, revealed that hucMSCs
treatment can considerably reduce the inflammatory
response in patients with ALI [19, 20]. Thus, we collected
IFN-γ-exos and CON-exos, which were administrated in the
ALI in vivo and in vitro to accurately explore the potential
biological mechanisms of hucMSC-exos in an inflammatory
microenvironment to find new targets for treating ALI.

Materials and Methods

Cell Experimental Design

Procell Life Science&Technology provided A549 and
HEK293T cells, which were cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 U/mL of penicillin,
and 100 g/mL of streptomycin. The cells were maintained at
37 °C and 5% CO2. Lipopolysaccharide (LPS) was acquired
from Sigma. A549 cells with inflammatory damage were
constructed with 1 g/mL of LPS for 24 h.

We purchased hucMSCs from the Stem Cell Technology
Application Research Center in Yunnan and maintained
them in a special culture medium without exos for stem
cells (System Biosciences, USA). IFN-γ was acquired from
PeproTech Inc., America. Exos derived from hucMSCs
primed or unprimed with 5 ng/mL of IFN-γ, which were
noted as IFN-γ-exos and CON-exos, and centrifuged by
ultrafiltration concentration and successive differential
centrifugation methods [21], respectively, followed identi-
fication and applied to the LPS-induced ALI cell model, and
groups were as described with CON, LPS, LPS +
phosphate-buffered saline (PBS), LPS+CON-exos, and
LPS+IFN-γ-exos. CON represented the normal control
group. The LPS group consisted of A549 cells with
inflammatory damage. The LPS+PBS group included A549
cells with inflammatory damage administered with PBS of
equal volume for 24 h. The LPS+CON-exos group con-
tained A549 cells with inflammatory damage administered
with CON-exos at 50 μg/mL for 24 h. The LPS+IFN-γ-exos
group involved A549 cells with inflammatory damage
administered with IFN-γ-exos at 50 μg/mL for 24 h.

Animal Experimental Design

Animal experiments were performed under the Experi-
mental Animal Care Guidelines. The C57BL/6 male mice
(20 ± 2 g, Experimental Animal Center of Kunming Medi-
cal University, Yunnan, China) were raised in a special
pathogen-free environment.

The ALI mouse model was constructed by infusing LPS
of 2.5 mg/kg via the trachea for 6 h and treating with PBS,

IFN-γ-exos, or CON-exos, as described for the CON, LPS,
LPS+PBS, LPS+CON-exos, and LPS+IFN-γ-exos groups.
The CON group represented the normal control group. The
LPS group consisted of ALI mouse models. The LPS+PBS
group included ALI mouse models treated with 25 μL of
PBS buffer via the tail vein for 24 h. The LPS+CON-exos
group consisted of ALI mouse models administered with
25 μL of CON-exos via tail vein for 24 h. The LPS+IFN-γ-
exos group included ALI mouse models administered with
25 μL of IFN-γ-exos via the tail vein for 24 h. Sodium
pentobarbital was used to induce deep anesthesia in the
mice, and the lung tissue was extracted to execute the fol-
lowing analyses: the right inferior lung tissue was used to
perform a western blot and the right inferior lung tissue was
used to process IHC sections.

Identification and Tracking in Exos

This study investigated the morphology of exos using
transmission electron microscopy (TEM) after isolating
from the hucMSCs supernatant through ultrafiltration con-
centration and successive differential centrifugation.
Simultaneously, we verified the exos by western blot of
exosome surface marker antibodies CD63, CD81, TSG101.
Finally, we fluorescently labeled the exos with PKH-26 to
observe the tracing of exos in A549 cells.

Western Blot and Co-Immunoprecipitation Analysis

We used the following for western blot: CD63, CD81,
TSG101, NF-κB p65, NLRP3, GSDMD, IL-1β, GAPDH,
and β-actin rabbit monoclonal antibodies (Abcam, Cam-
bridge, United Kingdom), AFTPH rabbit monoclonal anti-
bodies (Novus Biological, USA), NF-κB p65 mouse
monoclonal antibodies, immunoglobulin G (IgG) mouse
antibodies and horseradish peroxidase-conjugated IgG rab-
bit antibodies (Proteintech Group Inc., Wuhan, China).

We used a lysed in a lysis mixture containing RIPA,
phenylmethanesulfonyl fluoride, and protease and phos-
phatase inhibitor (Thermo Scientific, Massachusetts, USA)
for 30 min at 4 °C to lyze the cells. The BCA protein assay
kit (Beyotime Biotechnology, Shanghai, China) was used to
determine protein content. We implemented 8%–10% Tris-
HCL SDS-PAGE for protein extract electrophoresis.
Afterward, we transferred the proteins onto a poly-
vinylidene fluoride (PVDF) membrane. After blocking and
washing, the PVDF membrane underwent primary antibody
incubation overnight at 4 °C, followed by secondary anti-
body incubation at room temperature for 1 h. Chemilumi-
nescence detection was performed on the PVDF membrane.

NF-κB p65 mouse polyclonal and IgG mouse polyclonal
were incubated with the total cell lysates overnight to
develop IP groups for co-immunoprecipitation. The lysates
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were then spun with protein A/G beads (BioVision Inc.,
USA) for 4 h at 4 °C for co-immunoprecipitation. The beads
were boiled for 10 min and then combined with SDS sample
buffer (5X). NF-κB p65 and AFTPH expression were
examined by western blot analysis.

Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)

We purchased all reagents for RT-qPCR from Takara Bio-
medical Technology Co., Ltd., Beijing. The RNAiso for
small RNA was used to extract total miRNAs in the LPS
+CON-exos, LPS+IFN-γ-exos treatment, and cell transfec-
tion groups following the manufacturer’s instructions. The
Mir-XTMmiRNA First-Strand Synthesis was used for reverse
transcription synthesis, and TB Green Premix Ex TaqTM II
(Tli RNaseH Plus) was utilized for qPCR. The following are
the utilized primers in experiments: miR-199b-5p-forward 5′-
GCCCCAGTGTTTAGACTATCTGTTC-3′; U6-forward 5′-
CTCGCTTCGGCAGCACA-3′, reverse 5′-AACGCTT-
CACGAATTTGCGT-3′. The 2−△△Ct algorithm was used to
determine the relative expression levels of miR-199b-5p and
U6 as an internal reference.

Dual-Luciferase Reporter Assay

We used a dual-luciferase reporter assay to investigate the
interaction between miR-199b-5p and AFTPH. Both the
AFTPH-3′UTR-WT and AFTPH-3′UTR-MUT luciferase
plasmids were designed, followed by transfection into
HEK293T cells. The transfected cells were then incubated
with both the miR-199b-5p-NC and mimic. The original
medium was substituted with a fresh and full culture med-
ium after a 6 h transcription period. We monitored the
expression of firefly fluorescence in the cells using a
microplate technique. The renilla luminescence production
was then investigated when the cells were exposed to the
Stop & and Glo® substrate.

Cell Transfect

We transfected A549 cells with 50 nM of miR-199b-5p inhi-
bitor NC, miR-199b-5p mimic NC, miR-199b-5p inhibitor,
and miR-199b-5p mimic (Guangzhou RiboBio Co., Ltd.,
Guangdong, China) for 8 h, respectively, and we changed the
cultivation to fresh normal complete media for 24 h. The CON
group was cultured under normal conditions. MiR-199b-5p
mimics sequence was 5′- CCCAGUGUUUAGACUAUCU-
GUUG-3′(sense) and 5′-ACGUGACACGUUCGGAGAATT
-3′ (antisense); MiR-199b-5p mimics NC sequence was 5′-
UUCUCCGAACGUGUCACGUTT-3′(sense); MiR-199b-5p
inhibitor sequence was 5′-GAACAGAUAGUCUAAACA-
CUGGG-3′ and 5′-CAGUACUUUUGUGUAGUACAA-3′

(antisense); MiR-199b-5p inhibitor NC sequence was 5′-
ACAGAUAGUCUAAACACUGGGUU-3′(antisense). We
used western blot to detect the expression of AFTPH and
utilized RT-qPCR to identify the relative expression of miR-
199b-5p in each group.

Immunofluorescence Staining

A549 cells were treated following the cell experimental
design, followed by fixation in 4% paraformaldehyde
(Biosharp Life Sciences, Anhui, China) for 20 min, broken
with 0.5% Triton X-100, and closed with 10% goat serum
(Biosharp Life Sciences, Anhui, China) for 2 h at ambient
temperature. The cells were then incubated with AFTPH
primary antibody (diluted to 0.25–2 g/mL) overnight at
4 °C, and the goat anti-rabbit IgG (H+L) fluorescent sec-
ondary antibody was incubated at room temperature for 1 h
away from light. We placed the phalloidin reagent (Beyo-
time Biotechnology, Shanghai, China) on top and let it sit
for 1 h at room temperature. A final 20 μL of anti-
fluorescent quencher containing DAPI was utilized for
nuclei labeling. Laser confocal fluorescence microscopy
was used to investigate the intracellular fluorescence dis-
tribution and intensity, which was then assessed for relative
fluorescence quantification using Image J software.

Immunohistochemistry (IHC)

The lower right lung tissue in every group was fixed using a
4% solution of paraformaldehyde for 24 h to perform IHC
staining. After fixation, the tissue was processed through
paraffin embedding, sectioned, and cut into slices with a 5-
μm thickness. The slices underwent dewaxing, rehydration,
and saponification. Subsequently, the slices were fixed with
sodium citrate antigen, broken with 3% Triton X-100, and
sealed at room temperature for 2 h with 10% goat serum.
Afterward, NF-κB p65, IL-1β, and caspase-1 primary anti-
bodies (diluted in 1:200) were left to incubate at ambient
temperature for 1 h. HRP goat anti-rabbit IgG (H+L) was
incubated at room temperature for 1 h. Sections were
stained for DAB reagent following instructions. Finally, the
sections were nucleofected, and images were analyzed
through a white-light microscope.

Statistical Analysis

Statistical Package for the Social Sciences version 13.0 was
used for statistical difference analysis. The data were all
displayed with the mean ± standard deviation. The data
analysis was repeated at least three times. The Shapiro-Wilk
test, also known as the QQ plot, was used to normalize the
data distribution. The two distinct sample t-test is applied to
compare data from two groups. A one-way analysis of
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variance was used to assess the variations among three or
more groups. Additionally, the P-value has to be <0.05, for
a statistical difference to be declared.

Results

Isolation and Identification of CON-exos and IFN-γ-
exos

We successfully isolated and identified CON-exos and IFN-
γ-exos to investigate their function in ALI inflammatory
injury. TEM was used to investigate CON-exos and IFN-γ-
exos, and the structures were found to be double concave in
shape (Fig. 1A). Subsequently, Fig. 1B shows that CON-
exos and IFN-γ-exos that expressed CD63, CD81, and
TSG101 level.Further, the A549 cells can successfully
phagocytose them after CON-exos and IFN-γ-exos treat-
ment (Fig. 1C). We have effectively extracted CON-exos
and IFN-γ-exos as a consequence.

IFN-γ-exos Significantly Alleviates Inflammation in
LPS-Induced A549 Cells

We measure inflammatory-related proteins to observe the
association of IFN-γ-exos with inflammation in LPS-
induced A549 cells. The results revealed increased NF-κB
p65, NLRP3, GSDMD, and IL-1β expression, which
decreased following IFN-γ-exos treatment in LPS-induced
A549 cells (Fig. 2A–E). Hence, the IFN-γ-exos

demonstrated significant capability in inhibiting the
inflammatory reaction of A549 cells induced by LPS.

IFN-γ-exos Alleviates Inflammation in ALI Mouse

We have constructed the mice model as the preliminary
study to investigate the influence of IFN-γ-exos on
inflammation in vivo. We discovered that IFN-γ-exos could
suppress inflammation in ALI mice. IHC staining revealed
that the IL-1β, caspase-1, and NF-κB p65 in lung tissues of
mice were more obvious compared with the CON group
after being induced with LPS. Further, IFN-γ-exos
remarkably inhibited the expression of IL-1β, caspase-1,
and NF-κB p65 in inflammatory lung tissues (Fig. 3A, B).
Ultimately, we revealed substantially elevated NF-κB p65
and GSDMD levels in lung tissue following LPS induction.
However, the effect of IFN-γ-exos was effectively reversed
upon inhibition, as evidenced by western blot (Fig. 3C, D),
indicating that functional exos that contain active sub-
stances may mediate NF-κB signaling pathway regulation.

Influence of miR-199b-5p on Inflammatory Injury
A549 Cells Treated with IFN-γ-exos

After a preliminary pre-experimental study, miR-199b-5p
was revealed to be associated with inflammatory injury in
acute lung injury, and the expression of miR-199b-5p was
significantly down-regulated with IFN-γ-exos treatment
compared to the CON-exos (Fig. 4A), maybe IFN-γ-exos
contains a large number of functionally active compounds

Fig. 1 Isolation and
identification of CON-exos and
IFN-γ-exos. A Identification of
exos and I -exos by TEM (scale
bar=100 nm); B Measurement
of protein levels of CD63,
CD81, TSG101and in CON-
exos and IFN-γ-exos by western
blotting; C PKH-26 fluorescent
staining detection (scale
bar= 20 μm)
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that may dramatically absorb miR-199b-5p expression in
A549 cells under inflammatory injury will be further
explored.

The Target Binding Between miR-199b-5p
and AFTPH

The possible binding site for miR-199b-5p and AFTPH-
3′UTR was revealed using TargetScan (www.targetscan.
org) and miRanda (www.micorrna.org) databases (Fig.
4B). We verified the interaction between miR-199b-5p
and AFTPH using cell transfection and double luciferase
reporter assay system. The miR-199b-5p mimic group
demonstrated a significant reduction in fluorescence
intensity compared to the miR-199b-5p-NC group in the
AFTPH-3′UTR-WT group, indicating the role of miR-
199b-5p on the AFTPH-3′UTR region. The difference in
fluorescence intensity was not significantly different in
the presence of miR-199b-5p mimic and miR-199b-5p-
NC group after mutating the AFTPH-3′UTR. However,
the fluorescence intensity was considerably less in the

miR-199b-5p mimic group than in the AFTPH-3′UTR-
WT group compare with the AFTPH-3′UTR-MUT group
(Fig. 4C).

Furthermore, miR-199b-5p and AFTPH expression sta-
tistically remained between the CON group, the miR-199b-
5p mimic NC group and the miR-199b-5p inhibitor NC
group. The miR-199b-5p inhibitor and mimic groups
demonstrated considerably decreased and increased miR-
199b-5p expression, but with elevated and substantially
reduced AFTPH protein expression, respectively (Fig.
4D–F). Therefor, miR-199b-5p might affect the transcrip-
tion and translation stages of AFTPH.

AFTPH Expression in ALI In Vivo and In Vitro

Cell immunofluorescence and western blot analysis
revealed that AFTPH protein expression was considerably
diminished in the LPS group than in the CON group,
while it was greater in the LPS+IFN-γ-exos group com-
pared to the LPS+CON-exos group (Fig. 5A–D). The
results indicated that AFTPH may be implicated in

Fig. 2 IFN-γ-exos significantly alleviates inflammation in LPS-
induced A549 cells. A Protein band stripes of NF-κB p65, NLRP3,
GSDMD and IL-1β expression in each group in LPS-induced A549
cells were detected by western blot; B–E Relative expression levels of

NF-κB p65, NLRP3, GSDMD and IL-1β in each group. Differences
between three or more groups were compared using a one-way ana-
lysis of variance (ANOVA). (ns: P > 0.05, *P < 0.05, **P < 0.01;
***P < 0.001)
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modulating the inflammatory reaction of IFN-γ-exos on
LPS-induced cells.

The Interaction Between AFTPH and NF-κB p65

Co-immunoprecipitation results demonstrated the protein
association between NF-κB p65 and AFTPH. IgG did not
bind to NF-κB p65 and AFTPH protein in the IP group,
while the NF-κB p65 precipitation experiment not only
precipitated NF-κB p65 protein but also AFTPH protein,

indicating that protein NF-κB p65 and protein AFTPH have
protein interactions (Fig. 5E).

Discussion

Previous studies [19, 20] reported the undeniable ther-
apeutic efficacy of hucMSCs on ALI. Immunomodulatory
factors such as TGF-β and IDO [22, 23], have been
demonstrated to minimize the expression of histocompat-
ibility complex II (MHC II) and co-stimulatory molecules

Fig. 3 IFN-γ-exos alleviates inflammation in ALI mouse. A Immu-
nohistochemical staining of NF-κB p65, IL-1β, and caspase-1
expression in the lung tissues of mice in each group(scale bar=50μm);
B Relative positive expression levels of NF-κB p65, IL-1β, and
caspase-1. C Expression of NF-κB p65 and GSDMD in the lung

tissues of mice was detected by western blot; D Relative expression
levels of NF-κB p65 and GSDMD. Differences between three or more
groups were compared using a one-way analysis of variance
(ANOVA). (ns: P > 0.05, *P < 0.05, **P < 0.01; ***P < 0.001)
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CD80 and CD86 when hucMSCs are incubated with certain
IFN-γ concentration, indicating that immune plasticity
exists in hucMSCs and the exertion is primarily dependent
on exos for mediator distribution. Previous studies [24]
have indicated that NF-κB signaling pathway inhabitation
provides substantial protection against ALI, indicating a
potential role of this pathway in the development of ALI.
Consequently, we postulated that IFN-γ-exos would exhibit
a more potent regulatory impact on the NF-κB signaling
pathway in ALI, thereby initiating a comprehensive inves-
tigation by our entire research team.

The study revealed that LPS injury enhanced NF-κB p65,
NLRP3, caspase-1, IL-1β, and GSDMD production. This
indicated the NF-κB signaling pathway activation and
NLRP3 cell pyroptosis, thereby subsequently amplifying
the classical caspase-1 pathway. Consequently, GSDMD
synthesis and secretion of IL-1β was elevated. In contrast,

IFN-γ-exos dramatically decreased NF-κB and NLRP3
production. The findings imply, on the one hand, that exos
mediate at least some of hucMSC capacity and imple-
mentation, and, on the other hand, that hucMSC micro-
environmental tuning may be capable of targeting
performance modification. NLRP3 inflammation is crucial
in conventional Caspase-1-dependent pathway activation
and amplification, including multiple molecules as triggers,
such as K+ efflux, ROS stimulation, or lysosomal rupture.
However, the stimulation processes of many inflammatory
remained unknown. Several studies revealed that inhibiting
NLRP3 inflammation is now a fundamental medicinal
option for ALI. A previous study [25] revealed that NF-κB/
TLR4 signaling pathway activation in ALI is also linked to t
NLRP3 inflammation production. A study [26] revealed that
TLR4 enhances the levels of caspase-1, NF-κB p65,
NLRP3, and MyD88, while controlling NLRP3

Fig. 4 The target binding between miR-199b-5p and AFTPH.
A Expression of miR-199b-5p in LPS+CON-exos and LPS+IFN-γ-
exos measured by RT-qPCR; B Prediction analysis of miR-199b-5p
and target gene of AFTPH via databases; C The results of double
luciferase reporter gene analysis; D Relative expression of miR-199b-
5p in transfected cells was measured by RT-qPCR; E Expression of

AFTPH protein in cell transfection was detected by western blot;
F Relative expression of AFTPH was assessed. Differences between
each value were analyzed by the Student’s t-test and three groups were
compared using a one-way analysis of variance (ANOVA). (ns:
P > 0.05, *P < 0.05, **P < 0.01; ***P < 0.001)
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inflammation activation and the inflammatory reaction of
alveolar macrophages through the MyD88/ NF-κB
pathway.

We performed the differential analysis of miR-199b-5p
for LPS+IFN-γ-exos and LPS+CON-exos groups by RT-
qPCR according to previous reports, and we revealed sig-
nificantly down-regulated miR-199b-5p expression after
IFN-γ-exos treatment. Therefore, miR-199b-5p, which
might be used for inflammatory regulation of hucMSCs-
exos primed with IFN-γ in LPS-induced ALI, was the focus
of the study. Studies have indicated that miR-199b-5p was a
tumor growth inhibitor in various cancer types. A study [27]
revealed that miR-199b-5p overexpression suppresses
prostate cancer cell proliferation and metastasis by reg-
ulating the DDR1-Erk pathway in vitro and in vivo. Further,
a study [28] demonstrated that miR-199 contributes to
DOX-induced cardiotoxicity via inhibiting TaF9-mediated

autophagy and apoptosis. Furthermore, miR-199b-5p binds
to its promoter area via a negative feedback regulatory ring
mediated by Hes1 and is down-regulated by CpG island
methylation upstream of its promoter region [29]. However,
how miR-199b-5p relates to the inflammatory reaction in
ALI remains unknown. We propose another hypothesis that
miR-199b-5p, which is down-regulated by IFN-γ-exos
resulting from ALI treatment, may be involved NF-κB
signaling pathway regulation, in addition to NF-κB signal-
ing pathway suppression by IFN-γ-exos in the above
studies.

AFTPH, which was the miR-199b-5p downstream target
gene, was found through the database study and verified by
dual-luciferase reporter assay and cell transfection in this
study. Mattera et al. [30] first discovered the presence of
AFTPH in the trans-Golgi network and endosome-
associated protein linkage system, bound to the

Fig. 5 Effects of IFN-γ-exos on the expression of the AFTPH. A Laser
confocal microscopy was used to observe AFTPH-Cy5 fluorescence
signals in A549 cells(scale bar= 50 μm); B Relative protein expres-
sion of AFTPH in cell immunofluorescence; C Protein stripe of
AFTPH in each group in vivo was detected by western blot;

D Relative expression of AFTPH in the lung tissues of mice. The
interaction between AFTPH and NF-κB p65 protein was detected by
co-immunoprecipitation. Differences between three or more groups
were compared using a one-way analysis of variance (ANOVA). (ns:
P > 0.05, *P < 0.05, **P < 0.01; ***P < 0.001)
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heterotetrameric articulation through a network protein
binding motif, and primarily involved in intracellular
transport and cytokinesis based on combining with the
adaptor protein ear domain of the adaptor complexes (AP) 1
and 2. A study [31] revealed the abundance of AFTPH in
clathrin-coated vesicles in the brain and its involvement in
the trafficking of synapses and synaptophysin. Additionally,
a study [32, 33] revealed that NT-colon epithelial cells
control NTR1 transportation into the cytoplasm via miR-
133/AFTPH and are enhanced in the inflammatory intestine.

Law et al. conducted three studies on AFTPH, which
focused on investigating the potential mechanisms of the NT/
NTR1/miR-133a/AFTPH axes in colitis and dextran sodium
sulfate-induced colonic tissue in mice [32, 33]. These studies
found an increased neuro hypocretin (NT) and neuro hypo-
cretin receptor (NTR1), as well as decreased miR-133a.
Further, miR-133a can regulate the transcriptional levels of
the downstream target gene AFTPH in both colitis mouse
models [35–37] and patients with ulcerative colitis [34]. This
regulation activates ERK [38, 39], AKT, MARK, and NF-κB
signaling pathways in colonic epithelial cell models [40, 44].
Additionally, miR-133a and colorectal cancer development
demonstrated a potential association between them [45, 46].
Consequently, the inflammatory response exerts a negative
regulation on AFTPH. Our study revealed that IFN-γ-exos
demonstrated superior anti-inflammatory effects in ALI.
Therefore, we conducted co-immunoprecipitation assays to
investigate the interaction between AFTPH and NF-κB p65
protein. Our results revealed a correlation between AFTPH
and NF-κB p65 protein. The active components released
during exocytosis. It is suggested topotentially modulate the
regulation of AFTPH gene expression by targeting miR-199b-
5p, causing a reduction in NF-κB signaling pathway activa-
tion. Hence, this could partially alleviate the inflammatory
response in ALI. This indicates that differentially expressed
miR-199b-5p in IFN-γ-exos might target the transcript stage
of AFTPH, causing AFTPH protein expression upregulation.
Consequently, it could negatively regulate NF-κB pathways
and help suppress intracellular inflammatory responses to
some extent. The discovery indicated that AFTPH protein
expression is controlled negatively by NF-κB pathways, and
is partially associated with the regulation of intracellular
inflammatory responses.

The involvement of AFTPH in NF-κB nuclear transcrip-
tion, its role in regulating the composition of specific vesicle
populations at the proteins of the anti-Golgi lattice, and its
association with endocytic uptake to develop vesicle popu-
lations for retrograde transport remains unknown. However, a
study [39] revealed that AFTPH shares the same location as
AP-1 in hippocampal neurons, along with synaptophysin. The
result of Hirst et al. [47] revealed that AFTPH might play a
role in categorizing the lysosomal protein histone D in cells
other than neurons. Therefore, these problems must be further

investigated. Furthermore, miR-199b-5p is down-regulated in
the LPS+IFN-γ-exos group, indicating the presence of other
active compounds such as circRNA and/or lncRNA in the
exosome that act as sponge adsorbents in miR-199b-5p
modulation. The physiological significance of exos is deter-
mined by the compounds that they transport. Exosomal RNA
is frequently more diverse than other substances in exos and
might reveal additional information regarding the cell of
origin [48]. The presence of messenger RNA (mRNA),
transfer RNA, ribosomal RNA, and miRNA is associated
with gene and RNA regulation, RNA fragmentation, and
RNA interference via exosomal transport, which are linked to
the progression of diseases and various biological processes.
Hence, we will proceed to do high-throughput sequencing of
no-coding RNA from both kinds of exos.

The novelty of this study is that we investigated the
potential molecular mechanism of IFN-γ-exos for ALI treat-
ment, which mainly took the finding of a remarkable miR-
199b-5p reduction after IFN-γ-exos treatment in the previous
study as the cutting point, and revealed that miR-199b-5p is an
upstream AFTPH regulator, which demonstrated has an NF-
κB p65 protein interaction. Further, we speculate the invol-
vement of the stability of the NF-κB complex, which subse-
quently regulates the nuclear transcription and transcriptional
NF-κB levels. The current results provide no definitive
explanation for the targeted regulatory relationship between
AFTPH and NF-κB p65, but further studies will investigate
deeper into the regulatory role of AFTPH on NF-κB p65.

Conclusion

In summary, our research confirmed the distinct expression
of miR-199b-5p in IFN-γ-exos and CON-exos treatment,
thereby demonstrating the role of miR-199b-5p in control-
ling AFTPH expression and its interaction with the NF-κB
signaling pathway. Hence, IFN-γ-exos potentially facili-
tated miR-199b-5p’s targeting of AFTPH, hindering the
NF-κB signaling pathway activation and reducing the
inflammatory response in ALI. The results could potentially
pave the way for a novel research direction in cell-free
therapy focused on modifying the MSCs microenvironment.
Additionally, AFTPH may appear as a crucial target for
prospective treatment of ALI.
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