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Abstract 

Introduction: We hypothesized extracellular vesicles (EVs) from preconditioned human 

induced pluripotent stem cell-derived mesenchymal stem cells (iMSCs) attenuate LPS-induced 

acute lung injury (ALI) and endotoxemia.  

Methods: iMSCs were incubated with cell stimulation cocktail (CSC) and EVs were isolated. 

iMSC-EVs were characterized by size and EV markers. Bio-distribution of intratracheal (IT), 

intravenous and intraperitoneal injection of iMSC-EVs in mice was examined using IVIS. Uptake 

of iMSC-EVs in lung tissue, alveolar macrophages and RAW264.7 cells was also assessed. 

C57BL/6 mice were treated with IT/IP iMSC-EVs or vehicle ± IT/IP LPS to induce ALI/ARDS 

and endotoxemia. Lung tissues, plasma and BALF were harvested at 24 h. Lung histology, 

BALF neutrophil/macrophage, cytokine levels and total protein concentration were measured to 

assess ALI and inflammation. Survival studies were performed using IP LPS in mice for three 

days. 

Results: iMSC-EV route of administration resulted in differential tissue distribution. iMSC-EVs 

were taken up by alveolar macrophages in mouse lung and cultured RAW264.7 cells. IT LPS-

treated mice demonstrated marked histologic ALI, increased BALF neutrophils/macrophages and 

protein, increased BALF and plasma TNF-α/IL-6 levels. These parameters were attenuated by 2 

h pre- or 2 h post-treatment with IT iMSC-EVs in ALI mice. Interestingly, the IT LPS-induced 

increase in IL-10 was augmented by iMSC-EVs. Mice treated with IP LPS showed increases in 

TNF-α and IL-6 that were downregulated by iMSC-EVs and LPS-induced mortality was 

ameliorated by iMSC-EVs. Administration of IT iMSC-EVs 2 h after LPS down-regulated the 

increase in pro-inflammatory cytokines (TNF-α/IL-6) by LPS and further increased IL-10 levels. 

Conclusions: iMSC-EVs attenuate the inflammatory effects of LPS on cytokine levels in ALI 

and IP LPS in mice. LPS-induced mortality was improved with administration of iMSC-EVs. 
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stem cells (iMSCs), Inflammation.  
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Introduction 

Acute respiratory distress syndrome (ARDS) is a life-threatening condition caused by 

direct or indirect lung injury characterized by severe inflammation, capillary leak, alveolar 

flooding and hypoxemia. Despite advances in critical care and protective mechanical ventilation, 

ARDS continues to pose a significant clinical challenge, with high mortality rates and limited 

treatment options. The quest for novel and effective therapeutic strategies to mitigate the 

devastating impact of ARDS remains a priority in the field of critical care medicine. Previous 

studies using anti-inflammatory agents, surfactant, nitric oxide in ARDS demonstrate conflicting 

results (1). More recently, mesenchymal stromal cells have shown promising results in 

experimental and human ARDS, but the recently reported START trial showed no benefit in 

Covid-19 related ARDS (2).  

 

Stem cell therapies are widely used in regenerative medicine and are considered an 

attractive option for treating various lung diseases and sepsis (3-5). Despite these positives, the 

disadvantages of stem cell based therapies including immune reactions, tumorigenicity, and 

infection transmission (6). The paracrine effects of stem cells represent the most important 

mechanism for their immunomodulatory and regenerative properties (7-10). Extracellular 

vesicles (EVs), especially exosomes (30-150 nm in diameter), are secreted by stem cells and 

contain multiple bioactive molecules (proteins, lipids, nucleic acids, and membrane receptors of 

the cells from which they originate) are recognized as important mediators of their paracrine 

effects through the transfer of biological cargos (10-12). EVs provide multiple advantages for 

clinical applications in pulmonary disease because they have: 1. Small size suitable for delivery 

and deposition in small airways and alveolar areas by inhalation therapy. 2. Lipid bilayer 
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structure which attenuates their degradation in tissues and body fluids, and 3. lower levels of 

immunogenicity and toxicity compared to cell therapies. Furthermore, EVs can be modified and 

loaded with drugs of interest, and their surface-specific receptors can be artificially engineered to 

target specific cells or tissues (13-15).  

 

Various types of stem cell-derived EVs, such as mesenchymal stem cells (MSCs), have 

been studied in experimental models and clinical trials for respiratory diseases including ALI and 

ARDS (16-18). MSC-EV treatment is correlated with lower mortality in experimental animal 

models of sepsis (19). Additionally, EV-based therapies, especially mesenchymal stem cell-

derived EVs, are being intensively studied for the treatment of COVID-19 (20,21). According to 

the results of completed and ongoing ALI/ARDS clinical trials, EVs are a promising therapy for 

ALI/ARDS patients although more randomized controlled studies are needed to prove their 

safety and efficacy (9). 

 

While EVs derived from primary MSC hold significant promise for treating ALI/ARDS, 

several challenges must be addressed to maximize their therapeutic potential, such as therapeutic 

efficacy and safety, scale-up/manufacturing, heterogeneity, storage and stability and cargo 

variability. Studies have shown that while the majority of MSCs derived from tissues align with 

International Society for Cell Therapy (ISCT) criteria, they exhibit significant heterogeneity in 

terms of proliferation, differentiation capacity, and immunomodulatory potential. This variability 

is a detriment to their clinical application and potentially accounts for the conflicting outcomes 

observed in clinical trials (22). Consequently, finding alternative sources of MSCs that address 

the limitations associated with tissue-derived MSCs is a research priority in this field.   
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MSCs derived from human induced pluripotent stem cells (iMSCs) based on different 

protocols (23-25) are expected to overcome these limitations and serve as a reproducible and 

sustainable source of cells (26-29). The production of scalable EVs from iMSC (iMSC-EVs) 

with reduced heterogeneity and variability, as well as enhanced immunomodulatory and 

regenerative capabilities, enable the creation of a novel therapeutic solution to ALI/ARDS and 

sepsis. We have successfully developed a robust serum-free protocol allowing for consistent 

iMSC differentiation through an intermediate neural crest stage (30,31). Simplified procedures 

for differentiation and modular fabrication, coupled with serum-free culture conditions, enable 

large-scale production of MSCs and MSC-EVs. Since MSC-specific biomarkers detected from 

iMSC and primary MSC have been shown to be consistent, it is of great interest to study their 

biological functions, particularly EVs derived from iMSCs. Thus, the aim of this study is to 

determine whether prophylactic and therapeutic administration of iMSC-EVs can attenuate 

inflammation, prevent lung injury and impact survival in experimental murine models of LPS-

induced ARDS and endotoxemia. Our results provide evidence that administration of IT iMSC-

EVs are taken up and attenuate lung inflammation in murine ARDS. We also show that IP 

administration of iMSC-EVs attenuates inflammation and reduces mortality in murine IP LPS-

induced endotoxemia.  

 

Materials and Methods 

Animal care, endotoxemia and lung injury model 

Male and female mice 7-9 weeks of age were used in the experiments below and were bred 

from C57BL/6 mice obtained from Jackson Laboratories (Bar Harbor, ME). All mice were 

housed under controlled conditions, including a temperature of 22°C and a photoperiod of 12 

Copyright © 2024 by the Shock Society. Unauthorized reproduction of this article is prohibited.

ACCEPTED

D
ow

nloaded from
 http://journals.lw

w
.com

/shockjournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+kJLhE
ZgbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7TvS

Fl4C
f3V

C
1y0abggQ

ZX
dtw

nfK
ZB

Y
tw

s= on 05/31/2024



8 

hours of light and 12 hours of darkness. They had unrestricted access to a standard diet (Lab Diet 

5008, St. Louis, MO) and free access to water. All the experimental animal procedures in this 

study were reviewed and approved by the Institutional Animal Care and Use Committee of 

SUNY Upstate Medical University (IACUC # 344). The experiments adhered strictly to the 

guidelines outlined by the National Institutes of Health and the ARRIVE guidelines pertaining to 

the ethical use of laboratory animals.  

 

Mouse model of endotoxemia: Intraperitoneal injection of LPS was used to induce 

endotoxemia in mice. This mouse model has been used to recapitulate human sepsis for nearly 

100 years since it was first described to replicate most pathophysiologic features of severe sepsis 

following induction with LPS (32). A lower dose of LPS (5 mg/kg) was used to induce a less 

severe form of sepsis to study inflammatory responses, cytokine production, and cellular changes 

associated with sepsis. After the mice received LPS, they were observed for 24 hours and then 

euthanized to collect samples for further analysis. A higher dose of LPS (15 mg/kg) was used to 

replicate severe endotoxemia and determine the effects of iMSC-EVs on mortality.  Mice were 

monitored for 3 days for survival. 

 

Mouse model of ALI/ARDS: Mice in both the LPS and control groups were anesthetized 

using IP injection of ketamine (80 mg/kg) and xylazine (8 mg/kg). Once anesthetized the mice 

were positioned in the supine posture on an intubation platform. A fiber optic illuminator was 

positioned over the trachea, the tongue was gently retracted upward and to the left to facilitate 

visualization of the larynx. The administration of LPS (2.5 mg/kg) and saline solutions (ensuring 

that the volume for each mouse did not exceed 70 μl) was performed using a MicroSprayer 
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aerosolizer needle (Catalog Number: YAN30012, Shanghai Yuyan Instrument Co., Ltd.) 

following insertion into the tracheal lumen. Following IT administration of LPS or saline, mice 

were observed for 24 hours, then euthanized to collect BALF, blood and lung tissue for 

subsequent analysis. IT LPS injection is a well-established  experimental model of ALI/ARDS in 

mice to study the pathophysiology of ARDS, characterized by neutrophil infiltration and 

endothelial cell damage (33). Of note, the dosage of intratracheal LPS administered in this study 

did not result in any mortality among the experimental groups. 

 

Derivation of mesenchymal stem cells from hiPSCs (iMSCs)  

Differentiation and maintenance of the human induced pluripotent stem cell (hiPSCs) into 

iMSCs have been previously described (30). Briefly, the hiPSCs were seeded on Geltrex-coated 

6-well plates and maintained in Essential 8 (E8) media (Life Technologies, Cat. #: A1517001). 

Next, hiPSCs were differentiated into neural crest cells using a specified differentiation media 

consisting of 10 ng/mL bFGF (R&D Systems, Cat. #: 233-FB), 4 μM SB431542 (Stemgent, Cat 

#: 04-0010-10), and 4 μM WNT agonist CHIR99021 (CHIR) (Stemgent, 04-2004) in Essential 6 

(E6) media (Life Technologies, Cat. #: A1516401). The neural crest cells were differentiation 

into iMSCs using StemPro MSC SFM media (Life Technologies, Cat. #: A1033201) for 18 days.  

 

Isolation of iMSC-EVs 

Differentiated iMSC cells are cultured in a complete growth medium (DMEM supplemented 

with 10% FBS and 1% penicillin-streptomycin) at 37°C with 5% CO2. Once iMSCs reached 70-

80% confluence, culture medium was replaced with serum-free DMEM, and cells were 

incubated with cell stimulation cocktail (CSC), containing phorbol 12-myristate 13-acetate 
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(PMA), ionomycin, brefeldin A and monensin (Life Technologies, Cat. #: 00-4970-03) for 3 

days to promote EV secretion. Conditioned media were then collected and centrifuged at 300 × g 

for 10 minutes to remove cell debris, and then concentrated using Amicon 100 kDa 

ultracentrifugation filters at 4000 × g for 20 minutes. The samples are collected and incubated 

with 0.5 volumes of Total Exosome Isolation Reagent (Life Technologies, Cat. #: 4478359) per 

manufacturer's instruction. The suspension was vortexed thoroughly to form a homogenous 

solution, and then incubated overnight in the refrigerator. The next day, samples were 

centrifuged at 2˚C, 10,000 × g for an hour and the supernatant was discarded. The pellet was 

resuspended in sterile DPBS, and further filtered by size exclusion chromatography using qEV 

columns (qEVoriginal/35 nm Gen 2 Column, IZON Inc.) with an optimum recovery range of 35 

nm to 350 nm.  

 

Characterization of iMSC-EVs 

1) EV samples for Cryogenic electron microscopy (cryo-EM). An aliquot of 3 μL of the 

aqueous sample was applied on glow-discharged (30 s, 30 mA) lacey carbon EM grids, blotted 

for 2 seconds, and then plunge-frozen into liquid ethane using Vitrobot Mark IV (FEI, USA). 

The samples were imaged in a transmission electron microscope (TEM) (Thermo Fisher Talos 

Arctica) equipped with K3 direct electron detector camera and Bioquantum Imaging filter 

(GATAM Metek), which is optimized for high-throughput, high-resolution imaging of single-

particle cyro-EM. The equipment is equipped with an autoloader allowing up to 12 grids to be 

loaded under liquid nitrogen and vacuum condition and a stable stage for imaging at cyrogenic 

condition with high tilt for tomography. Automated data collection for single-particle cyro-EM is 

completed by Smart EPU software (ThermoFisher Scientific). 2) Size Distribution: The size 
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distribution of iMSC-EVs was determined by dynamic light scattering (DLS) using a Zetasizer 

Nano ZS90 (Malvern Instruments). The MSC-EV suspension was diluted in PBS, and 

measurements were performed at 25°C. 3) EV Marker Expression: Western blot analysis was 

conducted to assess the presence of EV markers CD9, CD63, CD81 and HSP90α/β in iMSC-EVs.  

 

iMSC-EV bio-distribution by different routes of administration 

To enable non-invasive real-time tracking of iMSC-EVs in living animals, IVIS 50 

(PerkinElmer) with the excitation/emission at 784/806 nm was used to longitudinally monitor 

iMSC-EV trafficking in living animals and organs after the iMSC-EVs were labeled using the kit 

from System Biosciences (Cat. #: EXOGV900A-1) following manufacturer's guidelines. Briefly, 

2 μl of ExoGlowTM-Vivo dye (Near IR) was added into 200 ug protein equivalent of EVs (by 

BCA assay) in 500 μl 1X PBS, then incubated for 1 h at RT. Purification of the EVs from the 

labeling reaction using ExoQuick-TC reagent. Labeling efficiency analysis was performed using 

Thin-layer chromatography (TLC).  Signals were detected 24 hours after dosing by different 

routes of administration (IT, IV and IP).  

 

iMSC-EV treatment and tissue harvest 

iMSC-EVs (at a dose of 0.6 mg/kg) or vehicle were administered prophylactically 2 hours 

prior to the induction of ALI/ARDS or endotoxemia as described above. 24 hours later the mice 

were euthanized under anesthesia. Samples of blood (EDTA as an anticoagulant), lung tissue 

(either fixed in 10% formalin for histological analysis or frozen for protein analysis), and 

bronchoalveolar lavage fluid (BALF) were collected for subsequent analysis. To investigate the 

therapeutic impact of iMSC-EVs on ALI/ARDS, we also administered iMSC-EVs 2 hours 
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following IT administration of LPS. After 24 hours of LPS, samples were collected as described 

above. 

 

Cytological and protein analysis in BALF 

Bronchoalveolar lavage fluid (BALF) was collected from the mouse lung by lavage using 3 

sets of 0.5 ml sterile saline washes. Collected fluid was centrifuged at 250×g for 10 minutes. The 

resulting pellet was then resuspended in 1 ml of sterile saline. To prepare cell slides for analysis, 

100 µL of the cell suspension was subjected to centrifugation using a Cytospin centrifuge 

(Hettich ROTOFIX 32A) at 1000 rpm for 3 minutes, effectively mounting the cells onto a slide. 

After mounting, the slide was left to air-dry and was subsequently stained with Hema-3 (Fisher 

Scientific, Kalamazoo, MI) for further examination. Neutrophils and macrophages present in the 

cell preparations were quantified by blinded reviewers, who assessed 20 high-power fields (HPF) 

using a Nikon Eclipse TE2000-U microscope (Nikon, Melville, NY). Bicinchoninic acid (BCA) 

assay was used to check protein concentration in BALF. 

 

Uptake of iMSC-EVs in lung tissue and Raw264.7 macrophages 

iMSC-EVs were labeled using ExoGlowTM-Vivo dye as described above. 50 μl of labeled 

iMSC-EVs were delivered into mice by IT. Lung tissue was collected after 24 h. Fresh lung 

tissue was embedded and frozen in OCT. Sections were cut at 5 μm thick in the cryostat at -

20°C. BALF was obtained from mouse lung and cell slides were prepared using the procedure 

mentioned above.  
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Raw264.7 cells were incubated in growth medium with labeled EVs for 4 h in 96-well plate. 

Then cells were washed with PBS twice for detection of EV uptake. TE2000-U research 

microscope (Nikon, Melville, NY) was used s used to image uptake of iMSC-EVs. 

 

Western blot and ELISA 

Frozen lung tissue was homogenized using RIPA buffer and the extracted protein was 

utilized for Western blot analysis. A BCA micro assay kit (Cat. #: 23235, Thermo Scientific, 

Rockford, IL) was used to measure the total protein concentrations in lung tissue and 

bronchoalveolar lavage fluid (BALF). For the Western blot procedure, 20 µg of protein was 

separated via SDS-PAGE gel and subsequently transferred onto PVDF membranes from 

Millipore Co., Ltd. The membranes were initially incubated with a solution of 5% non-fat milk 

(Bio-Rad Laboratories) in Tris-buffered saline with 0.5% Tween-20 (TBS-T) for one hour at RT. 

Following this, incubation continued overnight at 4°C with primary antibodies sourced from 

Santa Cruz Biotechnology, which included CD-63 (Cat. #: 5275, 1:500), CD-81 (Cat. #: sc-7637, 

1:500), CD 9 (Cat. #: sc-166029, 1:500) and HSP90α/β (Cat. #: 13119, 1:500). Secondary 

antibody linked to horseradish peroxidase (HRP), acquired from Bio-Rad Laboratories (Cat. #: 

1662408), was applied for one hour at RT. The antibody-antigen complexes were visualized 

using the ECL method following the manufacturer's instructions.  

 

Collected plasma and BALF samples were employed to assess the levels of TNF-α (Cat. #: 

88-7324-22, Invitrogen), IL-6 (Cat. #: 88-7064-88, Invitrogen) and IL-10 (Cat. #: BMS614INST, 

Invitrogen). The quantification of these cytokines was carried out using commercial ELISA kits, 

following the manufacturer's instructions. 
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Histological assessment of lung injury 

The lung tissues were fixed for histological examination by gently introducing 0.5 ml of 10% 

neutral formalin through the trachea for inflation-fixation. Subsequently, fixed lung specimens 

were embedded in paraffin. Sections 5 μm in thickness were prepared from the lung tissue 

samples and subjected to hematoxylin and eosin (H&E) staining. Histopathological assessment 

of acute lung injury was performed using the 0–2 scoring system as previously described (34). 

Briefly, neutrophils in the alveolar and interstitial spaces were counted separately. Hyaline 

membranes, void-filling protein fragments, and septal thickening were evaluated. To derive the 

lung injury score, the sum of these five distinct parameters was calculated, with each feature 

being weighted based on its relevance. The resulting score was then normalized to the number of 

fields that were evaluated. A total of 20 high-power field (HPF) counts were performed on three 

representative fields from each slide using a light microscope at 400× magnification, with two 

pathologists conducting these assessments in a blinded manner. 

 

Statistical analysis  

Data are expressed as mean ± SE. Statistical analysis of data was performed using GraphPad 

Prism software (version 5.0). Sample sizes for each experimental group (n = 5-10) are indicated 

in the figure legends. Differences between groups were determined using one-way analysis of 

variance (one-way ANOVA) with Bonferroni multiple comparisons test. The difference between 

groups was considered significant when P<0.05. All data are from three or more independent 

experiments. 
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Results 

Characterization of iMSC-EVs 

1. Cyro-EM was used to visualize the morphology of iMSC-EVs. Images revealed the 

presence of small, spherical vesicles with a typical lipid bilayer structure, consistent with the 

expected morphology of EVs (Supp. Fig. 1A, http://links.lww.com/SHK/B938). 

 

2. DLS analysis was performed to determine the size distribution of iMSC-EVs. The majority 

of iMSC-EVs had a diameter ranging from 30 to 150 nanometers (Supp. Fig. 1B, 

http://links.lww.com/SHK/B938). This size range is characteristic of exosomes, a subtype of 

EVs. 

 

3: EV marker expression: To confirm the identity of MSC-EVs, we assessed the expression 

of specific EV markers using Western blot analysis. Our results demonstrated the presence of 

classical EV markers, including CD9, CD63, CD81 and HSP90α/β in MSC-EVs (Supp. Fig. 1C, 

http://links.lww.com/SHK/B938). 

 

Biodistribution and uptake of iMSC-EVs 

To determine how the route of administration (IP, IV and IT) impacts the uptake of iMSC-

EVs by different tissues over time we labeled them with Near-IR dye and injected them in mice 

as described. In vivo fluorescence imaging was performed at different time points and revealed a 

dynamic pattern of iMSC-EV distribution that varied by route of administration (Supp. Fig. 2, 

http://links.lww.com/SHK/B939). Mice were sacrificed at 24 h and tissues (lungs, heart, liver, 

Copyright © 2024 by the Shock Society. Unauthorized reproduction of this article is prohibited.

ACCEPTED

D
ow

nloaded from
 http://journals.lw

w
.com

/shockjournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+kJLhE
ZgbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7TvS

Fl4C
f3V

C
1y0abggQ

ZX
dtw

nfK
ZB

Y
tw

s= on 05/31/2024



16 

spleen, kidney and intestines) were harvested for analysis. As shown in Figure 1, the route of 

administration had a significant impact on signal intensity in different organs. The IT route of 

administration resulted in strong signals throughout the lungs and liver, a modest signal in the 

kidneys with a small signal in the stomach (Fig. 1A). IP administration resulted in strong signals 

in the liver and kidneys, a modest signal in spleen and faint gastric signal (Fig. 1B). IV 

administration resulted in strong uptake in liver and kidney with modest uptake in stomach (Fig. 

1C). Based on this data we used the IT route of administration for iMSC-EVs in our experiments 

on ALI/ARDS and the IP route of administration for the intraperitoneal LPS “sepsis” 

experiments.  

 

Uptake of iMSC-EVs in mouse lung tissue and macrophages 

To further characterize the uptake of iMSC-EVs in lung tissue we examined sections of lung 

tissue histologically following IT administration of fluorescence-labeled iMSC-EVs in mice. As 

shown in Fig 2A, our examination of lung sections revealed the presence of iMSC-EV-derived 

fluorescence signals in lung parenchyma indicating that iMSC-EVs are taken up by the 

pulmonary parenchyma following IT administration. Next, we examined the uptake of iMSC-

EVs in alveolar macrophages isolated from mice following IT injection of labeled iMSC-EVs 

(Fig. 2B) and in cell culture experiments with Raw264.7 macrophages incubated with labeled 

iMSC-EVs (Fig. 2C). Alveolar macrophages isolated from mice (Fig. 2B) demonstrate 

significant uptake (Fig 2B) of labeled iMSC-EVs. Cultured Raw264.7 macrophages also 

demonstrate substantial uptake (Fig. 2C) of labeled iMSC-EVs. Collectively these data provide 

evidence that iMSC-EVs are efficiently internalized by both alveolar and cultured macrophages. 
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Cytokine levels in plasma and bronchoalveolar lavage fluid (BALF) 

To assess the anti-inflammatory properties of iMSC-EVs via prophylactic administration, we 

measured the levels of proinflammatory cytokines (TNF-α & IL-6) in plasma and BALF from 

the mice with IP LPS endotoxemia and IT ALI/ARDS (Fig. 3). Plasma levels of TNF-α and IL-6 

were markedly increased (Fig 3A, B) in the IP LPS mice (P<0.05, Vehicle vs. LPS). 

Prophylactic treatment with iMSC-EVs significantly attenuated the increase in both plasma 

TNF-α (Fig. 3A) and IL-6 (Fig. 3B) in IP LPS treated mice (P<0.05, LPS vs. LPS/iMSC-EVs). 

Consistent with this finding, mice treated with IT LPS to induce ALI/ARDS demonstrate a 

marked increase in both TNF-α and IL-6 in plasma (Fig. 3C & 3D) and BALF (Fig. 3E and 3F). 

Pretreatment with IT iMSC-EVs significantly attenuated the increases in TNF-α and IL-6 

observed in the IT LPS ALI/ARDS model (P<0.05, LPS vs LPS/iMSC-EVs). In contrast, IL-10, 

which was increased by LPS, was significantly elevated by iMSC-EVs in plasma (Fig. 3G) and 

BALF (Fig. 3H) in the mice with ALI/ARDS (P<0.05, LPS vs LPS/iMSC-EVs), suggesting that 

iMSC-EVs can also upregulate anti-inflammatory cytokines to suppress inflammation. 

Collectively these data provide evidence that iMSC-EVs can attenuate inflammation in LPS 

models of endotoxemia and ALI/ARDS.  

 

BALF cytology and total protein concentration  

Analysis of BALF is frequently used to assess the severity of lung injury in ALI/ARDS. The 

presence of neutrophils and macrophages reflects pulmonary inflammation and the relative 

abundance of BALF protein indicates the severity of the capillary leak. A 2-hour prophylactic 

administration of iMSC-EVs were used in this experiment. In healthy controls and mice given 

EVs alone (Fig. 4), BALF contained few WBC and relatively low levels of protein. In contrast, 
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IT administration of LPS resulted in a dramatic increase in neutrophils, macrophages and BALF 

protein (Fig. 4). Treatment with iMSC-EVs 2 h before IT LPS significantly attenuated the LPS-

induced increase in BALF neutrophils, macrophages, and total protein concentration (P<0.05, 

LPS vs LPS/iMSC-EVs, P<0.05). These findings provide evidence prophylactic treatment with 

iMSC-EVs can reduce inflammatory cell infiltration and capillary leak induced pulmonary 

edema in LPS-induced ALI/ARDS.  

 

Histologic assessment of lung injury  

Lung histology was evaluated to assess the ability of iMSC-EVs with 2-hour prophylactic 

administration to attenuate LPS-induced ALI. Representative lung histology from each group is 

shown in Fig. 5A. Lung tissue from the Control and iMSC-EV groups was essentially normal. 

Histologic analysis of lung tissue from LPS-treated mice demonstrates significant neutrophil 

infiltration, alveolar hemorrhage/edema, proteinaceous debris filling the airspaces and alveolar 

septal thickening compare with the Control group. Pretreatment with IT iMSC-EVs significantly 

attenuated both LPS-induced histologic lung injury (Fig. 5A) and lung injury score (Fig. 5B). 

 

Analysis of endotoxemia-induced mortality by LPS 

To assess the impact of iMSC-EVs by 2-hour prophylactic administration on survival in 

endotoxemia we used an “high mortality” murine IP LPS model of endotoxemia. Kaplan-Meier 

curves (Fig. 6) were generated to plot survival over time in the Control, LPS and LPS/iMSC-EV 

groups. The control group had 100% survival over 72 h. The LPS group demonstrated a steep 

decline in survival over time with a mortality rate of 80% at 72 h. In contrast, the LPS/iMSC-

EVs group showed a significant improvement in survival with a mortality rate of 60% at 72 h. 
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These findings provide evidence that pretreatment with iMSC-EVs can improve survival in high 

acuity LPS murine endotoxemia models. 

 

Therapeutic effects of iMSC-EVs in ALI/ARDS by LPS  

The effects of iMSC-EV administration on ALI following the LPS-induced injury model 

were investigated to test the therapeutic effects of iMSC-EVs on ALI (Fig 7).  The LPS-induced 

increase in pro-inflammatory cytokines (TNF-α/IL-6) in BALF (Fig. 7A1 & 7A2) and plasma 

(Fig. 7A3 & 7A4) were ameliorated by iMSC-EVs. In contrast, the increase in IL-10 in BALF 

(Fig. 7A5)and plasma (Fig. 7A6) caused by LPS was augmented by iMSC-EVs. Post-treatment 

with iMSC-EVs also attenuated the histologic lung injury induced by LPS (Fig 7B). These data 

provide evidence that post-injury administration of iMSC-EVs attenuate LPS-induced ALI.  

 

Discussion 

MSCs can be isolated from multiple sources including adipose tissue, bone marrow, 

umbilical cord, cord blood, amniotic fluid and membrane, and placental tissue (35,36). More 

recently, as in the current study, MSCs can be derived from pluripotent human stem cells. The 

tissue of origin and isolation techniques can impact many properties of MSC-EVs including size 

distribution, surface markers, biological contents and in vivo biodistribution. The current study 

uses iMSCs conditioned by incubation with cell stimulation cocktail containing phorbol 12-

myristate 13-acetate (PMA). The conditioned iMSC-EVs were isolated using total exosome 

isolation reagent from Life Technologies and characterized using standard techniques including 

transmission electron microscopy and dynamic light scattering to confirm their size profiles. 

Western blots were performed to document their surface markers and cargo proteins (CD9, 
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CD63, CD81, HSP90). Our biodistribution studies provide evidence the IT route of 

administration is especially effective for enhanced uptake in lung tissue. Perhaps most 

importantly we demonstrate that prophylactic IT administration of iMSC-EVs significantly 

attenuates lung injury and inflammation, and that IP administration attenuates systemic 

inflammation and mortality in IP LPS-induced endotoxemia.      

 

Our findings are consistent with multiple other studies demonstrating a therapeutic benefit of 

MSC-EVs in sepsis-induced organ dysfunction, including acute lung injury (10), acute kidney 

injury, cardiovascular disorders, and liver injury (37). The anti-inflammatory effect of EVs is one 

of its important properties. Our studies have demonstrated that human induced pluripotent stem 

cell (iPSC)-derived MSCs possess significant advantages over MSCs obtained from tissue 

sources. As a result, they may be considered a viable alternative cell source for stem cell-based 

therapies (38). More importantly, it provides a solution to avoid some of the limitations of EVs 

derived from primary MSCs. Based on previous studies on the role of MSC-EVs in anti-

inflammation, tissue regeneration and repair, we hypothesized that EVs derived from iMSCs also 

have potential in immunomodulation and the intervention of lung injury.  In current study, our 

findings provide evidence iMSC-EVs act to improve inflammation control by reducing 

proinflammatory cytokines, prevent lung injury by inhibiting inflammatory cell infiltration and 

reduce mortality by modulating systemic inflammation. 

 

Our studies involved preconditioning cultured iMSCs with cell stimulation cocktail (CSC), a 

commercially available mixture of phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin 

A and monensin (38). Preconditioning of MSCs with hypoxia, inflammatory stimuli and 3D 
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culture are common techniques to enhance the immunomodulatory, anti-inflammatory and 

regenerative capacity of the MSC secretome (39). Pilot studies (not shown) demonstrate that 

iMSC-EVs isolated from the iMSCs pretreated with either LPS or CSC significantly attenuate 

the inflammatory response of LPS-treated RAW264.7 cells. Based on these results, we used 

iMSC-EVs from CSC pretreated iMSCs in the current study. Our findings are consistent with Ti 

D et al. who showed that LPS preconditioning of MSCs facilitates transition of macrophages to 

the less inflammatory M2 phenotype (40). 

 

Several studies have examined the impact of administration route (IV, IT, IP) on the 

biodistribution of MSC-EVs in different organs over time. Umbilical cord MSC-EVs were 

examined for their tissue localization over time after IV, IT or intranasal administration (41). 

Consistent with our findings, IV administration of MSC-EVs resulted in EV accumulation in 

liver, spleen and to a lesser extent in lung, whereas IT administration of MSC-EVs resulted in 

preferential localization in lung with smaller amounts in liver, and MSC-EVs via intranasal 

administration primarily localized in brain. Presumably the subtle differences in our tissue 

localization results (less EVs in lung and spleen with more in kidney after IV administration and 

more EVs in kidney after IT administration) are due to differences in MSC sources and other 

experimental differences. In another study using MSCs from bone marrow and umbilical cord, 

IV administration of MSC-EVs localized in liver, kidney, spleen, and lung in mice with LPS-

induced ALI (42). Of interest, administering EVs after inducing lung injury (10 to 48 h later) 

resulted in increased accumulation of EVs in lung tissue. The findings that lung injury enhances 

lung uptake of MSC-EVs suggest that additional studies are needed to determine the optimal 

timing of MSC-EVs administration in experimental lung injury. Wiklander et al (43) compared 
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tissue biodistribution after IV and IP administration of bone marrow-derived MSC-EVs. They 

noticed EV accumulation primarily in liver and spleen after IV administration, while 

accumulation in lung and kidney at higher EV doses. They compared IP and subcutaneous (SC) 

EV administration with the IV route, noting lower EV accumulation in liver and spleen after IP 

and SC EV administration. Our findings of iMSC-EV accumulation in liver and spleen after IP 

administration are consistent with Wiklander et al., except that we noted more significant EV 

accumulation in kidney in our study. We believe that tissue origin of EVs and route of 

administration significantly impact the biodistribution of EVs in vivo.      

 

Lung sections from mice injected with fluorescence-labeled iMSC-EVs provide evidence for 

localization of EVs in cells lining the pulmonary alveoli. They also demonstrate the uptake of 

iMSC-EVs by primary murine alveolar macrophage and cultured macrophages (RAW264.7 

cells). Alveolar macrophages play an important role in lung homeostasis and tissue repair. Our 

findings are consistent with previous studies suggesting the immunomodulatory effects of MSC-

EVs are mediated via their paracrine effects on alveolar macrophages (44,45). Macrophages are 

important mediators of the host response to sepsis and our finding that RAW264.7 cells 

internalize iMSC-EVs is consistent with previous literature showing MSC-EVs can modulate 

macrophage phenotype and inflammation.  

 

MSC-EVs contain multiple biologically active molecules that can participate in modulating 

the inflammatory response of the host. These include proteins, lipids, messenger RNA (mRNA), 

microRNA (miRNA), long noncoding RNA (lncRNA) and mitochondria. The preemptive and 

remedial application of iMSC-EVs mitigated the rise in pro-inflammatory cytokines (TNF-α, IL-
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6) in plasma/BALF, protein levels in BALF, and histological lung tissue damage, while also 

amplifying the upsurge of the anti-inflammatory cytokine (IL-10) in plasma/BALF induced by 

LPS. 

 

We also demonstrate that the increase in inflammatory mediators and death caused by LPS-

induced endotoxemia are improved by iMSC-EVs. These findings are consistent with other 

studies showing significant reduction in neutrophils and macrophage inflammatory protein-2 

(MIP-2) as well as modulation of macrophage polarization by MSC-EVs in murine ALI (46-50). 

In in vitro studies, MSC-EVs inhibited the secretion of pro-inflammatory factors (TNF-α, IL-1β, 

IL-6, IL-27), increased the concentration of the anti-inflammatory factor (TGF-β, IL-10), 

suppressed the differentiation of T cells into Th17 cells, and increased the level of regulatory T 

cells, and reduced matrix metalloproteinase-9 (MMP-9) to modulate inflammation in mouse ALI 

and sepsis (46,48,49,51-53). Collectively these studies support our findings that iMSC-EVs can 

attenuate LPS-induced direct lung injury and endotoxemia-induced indirect lung injury.  

 

Understanding the underlying mechanisms by which MSC-EVs induce anti-inflammatory 

effects and improve lung injury is critical in determining their therapeutic potential. Specific 

miRNAs carried by MSC-EVs can target mRNAs associated with pro-inflammatory pathways, 

apoptosis and pyroptosis. Growing evidence suggests that numerous miRNAs are involved in 

fighting inflammation and repairing lung damage, including miR-377-3p (50), miR-92a-3p (54), 

miR-132-3p (55), miR-384-5p (56), and microRNA-130b-3p (57). Studies focused on molecules 

and signaling pathways have demonstrated the effects of MSC-EVs on levels of MMP-9 (51) and 

keratinocyte growth factor (KGF) (16), and elucidated its involvement in the regulation of 
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signaling pathways associated with inflammation and proliferation (e.g. NF-κB, MAPK, PI3K-

AKT, STAT3 and Hippo-YAP etc.) (9). Downregulation of pyroptosis (58) and apoptosis (9) by 

MSC-EVs has also been reported. While pathway analysis may provide a holistic view of the 

molecular mechanisms underlying these immune responses, our cytokine analysis provides 

specific information about the presence and amount of inflammatory molecules. In the future, we 

hope to determine EV miRNAs expression by RNA sequencing and functional enrichment 

analyses. 

 

In spite of the valuable insights gained from this study, it is essential to acknowledge its 

limitations, which may influence the interpretation and generalizability of the findings. These 

limitations include: 1) Findings from animal studies may not directly apply to humans due to 

differences in physiology, genetics, and metabolism although the MSCs used here were derived 

from human cells, 2) A detailed characterization of iMSCs and comparison to primary MSCs 

based on transcriptomics profile, anti-inflammatory functions, and EV properties are not 

included in this paper because the focus of this study is to test EV action in ALI and sepsis. A 

manuscript on a comparative study of EVs from both cell types is under review, 3) We only 

observed potential mediators 24 h after LPS administration and were unable to provide 

information on changes in these mediators over time. However, animal injury models induced by 

LPS exposure for 24 h are commonly used in other studies, 4) Our study initially used 

prophylactic dosing to determine the efficacy of iMSC-EVs in the treatment of ALI and 

endotoxemia. However, additional studies provide evidence that 2h post-LPS dosing of iMSC-

EVs also attenuated ALI. Post-dosing more accurately reflects the clinical situation and 

translational relevance. In contrast, prophylactic dosing provides controlled experimental 
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conditions to ensure consistency and reproducibility of results, reduce confounding factors 

arising from the disease process, and facilitates accurate assessment of treatment. However, EV 

uptake by the lungs may be altered by lung injury, therefore additional studies on EV uptake and 

biodistribution of EV administration are needed. 

 

MSC-EVs can modulate immune responses by suppressing inflammation, promoting immune 

tolerance, and modulating the activity of various immune cells. Secondly, MSC-EVs play a 

crucial role in tissue repair and regeneration by promoting cell proliferation, migration, and 

differentiation as well as extracellular matrix remodeling. They stimulate the regeneration of 

damaged tissue and accelerate the wound healing process (59). Finally, MSC-derived EVs can 

protect cells from apoptosis (programmed cell death) by providing anti-apoptotic factors and 

promoting cell survival pathways (9). iMSC-EVs exhibit diverse biological activities in addition 

to their anti-inflammatory effects. Our unpublished data has been shown to improve cell viability 

and regulate apoptosis in blood cells from sepsis patients (The data will be reported at 47th 

Annual Conference on Shock). 

 

In conclusion, prophylactic IT administration of iMSC-EVs was associated with 

improvement in experimental LPS-induced ARDS and endotoxemia. This study confirms that 

EVs derived from iMSCs have anti-inflammatory function and repair lung injury via IT/IP 

administration in ALI and endotoxemia models, providing evidence to overcome the limitations 

of large-scale production of EVs and optimize conditions for treating ALI/ARDS with EVs. 

These findings will contribute to unlocking the vast therapeutic potential of MSC-EVs in 

addressing human diseases. 
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Figure Legends 

Fig.1. Accumulation of iMSC-EVs in organs after IT, IP and IV administration. In 

vivo Imaging System (IVIS 50) with the excitation/emission at 784/806 nm were used to 

longitudinally monitor iMSC-EVs trafficking in the organs including lung, heart, liver, kidney, 

spleen, stomach, and intestine. 

 

Fig.2. Detection of uptake of iMSC-EVs in lung tissue and macrophages. The iMSC-

EVs were labeled using ExoGlow-Vivo labeling kit from SBI. 50 μl of labeled iMSC-EVs was 

delivered into mice by IT. First, fresh lung tissue was collected and embedded and frozen in 

OCT after 24 h IT injection. Second, bronchoalveolar lavage fluid (BALF) was obtained from 

mouse lung and centrifuged. Lung tissue sections and slide with alveolar macrophages were 

visualized and shown in A and B. iMSC-EVs uptake in Raw264.7 macrophages was also 

detected by incubation of the cells and labeled iMSC-EVs for 4 h. Representative images are 

shown in C. 

 

Fig. 3. Cytokine levels in plasma and bronchoalveolar lavage fluid (BALF). Mice were 

treated with iMSC-EVs (0.6 mg/kg) or vehicle 2 h before induction of endotoxemia by LPS (5 

mg/kg, IP) and lung injury by LPS (2.5 mg/kg) using non-invasive tracheal installation by 

aerosolizer. Mice were sacrificed 24 h after LPS or saline, then BALF and plasma were 

collected for cytokines by ELISA. TNF-α and IL-6 from septic mice in plasma were shown in 

A and B. TNF-α (C & E) and IL-6 (D & F) in plasma and BALF were from the mice model of 

lung injury assayed. Scatter dot plot represents mean values and standard error of mean (SE) 

(n=4-6 / group).  
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Fig. 4. BALF cytology and total protein concentration. Mice were treated with iMSC-

EVs (0.6 mg/kg) or vehicle 2 h before induction of lung injury by LPS (2.5 mg/kg) or sham 

lung injury (by saline) using non-invasive tracheal installation by aerosolizer. Mice were 

sacrificed 24 h after LPS or saline, then BALF was collected for examining neutrophils (black 

arrows) and macrophages (green arrows) by Hema 3 staining (A). Quantification of neutrophils 

(B) and macrophages (C) per slide were counted at ×400 magnification under light microscopy. 

Total protein concentration was assayed by BCA (D). Scatter dot plot represents mean values 

and standard error of mean (SE) (n=4-6 / group). 

 

Fig. 5. Histological assessment of lung injury. Mice were treated with iMSC-EVs (0.6 

mg/kg) or vehicle 2 h before induction of lung injury by LPS (2.5 mg/kg) or sham lung injury 

(by saline) using non-invasive tracheal installation by aerosolizer. Mice were sacrificed 24 h 

after LPS or saline, then lung tissue was collected for H&E staining to evaluate lung injury 

from each group (A). Lung injury was characterized by neutrophil infiltration (red arrows), 

hyaline membranes, proteinaceous debris filling the airspaces and alveolar septal thickening 

(black arrows). Semi-quantitative histological lung injury score was assessed (B). Scatter dot 

plot represents mean values and standard error of mean (SE) (n=4-6 / group). 

 

Fig. 6. Kaplan-Meier survival analysis of septic mice treated with iMSC-EVs. Mice 

were treated with iMSC-EVs (0.6 mg/kg) or vehicle 2 h before induction of endotoxemia by 

LPS (5 mg/kg, IP). Then, the mice were observed for 3 days, and the survival and dead mice 

were counted. Black, blue and red curves represent survival probability in control (N=8), LPS 
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(N=15) and LPS plus iMSC-EVs (N=15) groups. Log-Rank Test were used to compare the 

difference in survival probability during 3-day observation period. 

 

Fig. 7. Cytokine levels in plasma and BALF, and histological assessment of lung 

injury in a murine model with therapeutic administration of iMSC-EVs. Mice were treated 

with iMSC-EVs (0.6 mg/kg) or vehicle 2 h after induction of lung injury by LPS (2.5 mg/kg) 

or sham lung injury (by saline) using non-invasive tracheal installation by aerosolizer. Mice 

were sacrificed 24 h after LPS or saline, then plasma, BALF and lung tissue were collected for 

cytokine analysis and H&E staining to evaluate inflammation (A) and lung injury (B) from 

each group. Lung injury was characterized by neutrophil infiltration (red arrows), hyaline 

membranes, proteinaceous debris filling the airspaces and alveolar septal thickening (black 

arrows). Semi-quantitative histological lung injury score was assessed. Scatter dot plot 

represents mean values and standard error of mean (SE) (n=3-4 / group). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Supplemental Figure 1 
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Supplemental Figure 2 
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