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1University of California, San Francisco. Department of Surgery. 513 Parnassus Ave. San 
Francisco, CA 94143

2University of California, San Francisco. Department of Laboratory Medicine. 513 Parnassus Ave. 
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Abstract

Background: Hemorrhagic shock and trauma (HS/T)-induced gut injury may play a critical 

role in the development of multi-organ failure. Novel therapies that target gut injury and vascular 

permeability early after HS/T could have substantial impacts on trauma patients. In this study we 

investigate the therapeutic potential of human mesenchymal stem cells (MSCs) and MSC-derived 

extracellular vesicles (MSC EVs) in vivo in HS/T in mice and in vitro in Caco-2 human intestinal 

epithelial cells.

Methods: In vivo, using a mouse model of HS/T, vascular permeability to a 10kD dextran dye 

and histopathologic injury in the small intestine and lungs were measured among mice. Groups 

were 1) sham, 2) HS/T+lactated Ringer’s (LR), 3) HS/T+MSCs, and 4) HS/T+MSC EVs. In vitro, 

Caco-2 cell monolayer integrity was evaluated by an epithelial cell impedance assay. Caco-2 cells 

were pre-treated with control media, MSC conditioned media (CM), or MSC EVs, then challenged 

with hydrogen peroxide (H2O2).

Results: In vivo, both MSCs and MSC EVs significantly reduced vascular permeability in 

the small intestine (fluorescence units: Sham 456±88, LR 1067±295, MSC 765±258, MSC 

EV 715±200) and lung (Sham 297±155, LR 791±331, MSC 331±172, MSC EV 303±88). 

Histopathologic injury in the small intestine and lung was also attenuated by MSCs and MSC 
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EVs. In vitro, MSC CM but not MSC EVs attenuated the increased permeability among Caco-2 

cell monolayers challenged with H2O2.

Conclusion: MSC EVs recapitulate the effects of MSCs in reducing vascular permeability and 

injury in the small intestine and lungs in vivo, suggesting MSC EVs may be a potential cell-free 

therapy targeting multi-organ dysfunction in HS/T. This is the first study to demonstrate MSC EVs 

improve both gut and lung injury in an animal model of HS/T.

Level of evidence: N/A (Basic Science)

Keywords

Hemorrhagic shock; Mesenchymal stem cells; Extracellular vesicles; Vascular permeability; Gut 
and Lung Injury

BACKGROUND

Among critically injured patients surviving their initial traumatic insult, multiple organ 

dysfunction syndrome (MODS) remains an important determinant of long-lasting morbidity 

and mortality.(1–3) The development of acute respiratory distress syndrome (ARDS) is a 

particularly serious sequela occurring in approximately 14% of severely injured trauma 

patients and carrying an estimated mortality rate of 22% that has remained unchanged 

for several decades.(4, 5) The pathophysiology of ARDS and MODS may be attributed 

in part to the endotheliopathy of trauma (EOT), a triad composed of vascular barrier 

compromise, systemic inflammation, and aberrant clotting that occurs early after injury.(6, 

7) Early damage to the gut barrier after hemorrhagic shock and trauma (HS/T) has also been 

shown to play an integral role in the development of lung injury and MODS.(8, 9) While 

the development of modern trauma systems and damage control resuscitation have led to 

significant improvements in the care of the injured patient,(10, 11) therapies that effectively 

target early gut injury and mitigate the EOT and MODS after trauma are lacking.

Cellular therapies for trauma and critical care applications are a novel approach that may 

hold great potential for targeting the EOT and gut and lung injury in trauma patients.

(12) Mesenchymal stem cells (MSCs) derived from bone marrow are known to have 

anti-inflammatory, antimicrobial, and anti-apoptotic properties.(13, 14) MSCs have been 

demonstrated in preclinical studies to play a therapeutic role in a variety of disease states 

characterized by inflammation and vascular dysfunction, including ARDS, traumatic brain 

injury (TBI), and sepsis.(12, 14) Our lab has previously shown that MSCs have the capacity 

to attenuate lung injury in a rodent model of HS/T.(15) MSCs also decrease epithelial 

barrier permeability and histologic injury in the intestine in animal models of both intestinal 

ischemia-reperfusion and colitis.(16–19)

Many of the therapeutic effects of MSCs are mediated through the secretion of soluble 

factors and extracellular vesicles (EVs), rather than engraftment and differentiation into 

other cell types.(13, 20) EVs are membrane-enclosed nanoparticles released from cells and 

contain RNA, DNA, lipids, and protein from the cell of origin. EVs play an important 

role in cell-to-cell communication by transferring their cargo to recipient cells, and by 

doing so MSC EVs have demonstrated therapeutic effects on immunomodulation and wound 
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healing.(20) Delivery of MSC EVs has thus been proposed as a novel “cell-free” therapy 

that may be able to recapitulate the benefits of MSCs without many of the logistical and 

practical challenges presented by standard cell therapies.(21) In rodent models, MSC EVs 

indeed replicate the therapeutic effects of MSCs in their ability to attenuate lung vascular 

permeability after HS/T,(22) decrease lung inflammation in bacterial pneumonia,(23) and 

protect against lung injury induced by intestinal ischemia-reperfusion.(24) Whether MSCs 

and MSC EVs are protective against injury to the gut specifically in a model of HS/T has not 

been studied.

In this study, we investigate the effects of MSCs and MSC EVs both in vivo in an 

established mouse model of HS/T and in vitro on Caco-2 intestinal epithelial cell monolayer 

integrity.(25–27) We hypothesize that both MSCs and MSC EVs will be protective against 

vascular permeability and injury in both the small intestine and lung in mice subjected to 

HS/T and will mitigate injury-induced permeability of a Caco-2 cell monolayer.

METHODS

MSC Cell Culture

Human bone marrow-derived MSCs passage 1 were obtained from Rooster Bio Inc. 

(Frederick, MD). MSCs were expanded initially on the Terumo Quantum device (Terumo, 

Lakewood, CO) to generate passage 2 cells that were used in all studies. MSCs were grown 

in Mesenchymal Stem Cell Growth Medium 2 (PromoCell, Heidelberg, Germany) and were 

maintained at 37°C and 5% CO2 in a humidified incubator.

Isolation of MSC EVs

MSCs were grown to 80% confluence and then serum-starved for 48 hours. The conditioned 

media was then collected and centrifuged at 1500g × 10 minutes to remove cells and debris 

then filtered using a 0.22μm filter. EVs were isolated from the conditioned media using 

the Labscale Tangential Flow Filtration System with the Pellicon® XL50 Cassette with 

Biomax® 500 kDa Membrane (MilliporeSigma, Burlington, MA). Aliquots of isolated EVs 

in phosphate buffered saline (PBS) were stored at −80°C.

Characterization of MSCs and EVs

The size and particle concentration of the isolated MSC EVs were determined 

by nanoparticle tracking analysis using the NanoSight NS300 (Malvern Panalytical, 

Westborough, MA). Samples were diluted 1:10 in particle-free PBS and the data were 

analyzed using NTA 3.2 Dev Build 3.2.16 (Malvern Panalytical). Protein content was 

quantified using a DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, DE).

For phenotypic characterization, flow cytometric analysis of the MSC EVs was conducted 

using EV-specific tetraspanin markers CD9, CD63, and CD81, MSC markers CD73, CD90, 

and CD105, and negative control markers HLA-DR, CD45, and CD31 (Biolegend, San 

Diego, CA). Relative particle size was determined using 0.2, 0.5, 2.0, and 3.0μm Flow 

Cytometry Sub-micron Particle Size reference beads (Thermo Scientific, Waltham, MA). 

EV samples were also lysed using 10% Nonident P-40 (NP-40 (New England Biolabs, Inc., 
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Ipswich, MA) and re-run to exclude false positive background as described previously.(22) 

Samples were run on an LSR II benchtop flow cytometer (BD Biosciences, San Jose, CA) 

and data were analyzed using FlowJo software (Tree Sar, Inc., Ashland, OR).

Animals

The animal studies were performed with approval of the Institutional Animal Care and Use 

Committee (IACUC) at UCSF. The experiments were conducted in compliance with the 

ARRIVE guidelines for animal models and National Institutes of Health (NIH) guidelines 

on the use of laboratory animals. All mice were housed in a room with access to food 

and water ad libitum, controlled temperature and 12:12-hour light-dark cycles. Mice were 

acclimatized in the housing facility for a minimum of three days prior to study intervention.

Hemorrhagic Shock and Trauma (HS/T) Mouse Model

Male C57BL6 mice, 8–12 weeks old, were obtained from The Jackson Laboratory 

(Sacramento, CA) (N=35 total). Under inhaled isoflurane anesthesia, animals were placed 

on a heating plank to maintain body temperature between 35°C and 37°C. Femoral arterial 

catheters were flushed with heparin and then cannulated into the femoral arteries of both 

legs. No additional heparin was used. The right catheter was used for continuous blood 

pressure monitoring (PowerLab 8, AD Instruments, Dunedin, New Zealand), and the left 

catheter was used for blood withdrawal and resuscitation. A 2cm midline laparotomy was 

performed to induce additional trauma, and internal organs were inspected. Mice were then 

bled to a mean arterial blood pressure (MAP) of 35 mmHg for 90 minutes.(22, 25) After 

the 90-minute shock period, mice received a 200μL fluid treatment containing 1) lactated 

Ringer’s (LR) (N=10), 2) 1 × 106 MSCs in LR (N=9), or 3) MSC EVs (30μg protein) in 

PBS (N=8). These doses were chosen based on previous work in our lab demonstrating 

efficacy of MSCs and EVs in attenuating pulmonary vascular permeability in this model(22) 

and fall within the range of EV dosing used in other rodent models.(23, 28, 29) Sham 

mice underwent cannulation without laparotomy or blood withdrawal (N=6). Mice were 

monitored hemodynamically for an additional 30 minutes after resuscitation and were then 

allowed to ambulate freely for 60 minutes. All mice were run sequentially and were assigned 

to groups as test interventions were ready to be administered. No mice were excluded from 

analysis.

MSC EV Labeling and Tracking After HS/T

Labeled MSC EVs were administered to one naïve mouse and one mouse that underwent 

HS/T as described above to track their location after delivery. For MSC EV labeling, 3μL 

of CellVue Claret Far Red lipophilic dye (Sigma Aldrich, St. Louis, MO) was added to 

120μg of MSC EVs in a total volume of 2mL (using Diluent C) for 10 minutes at room 

temperature. Labeled MSC EVs were then precipitated out using ExoQuick (660μL, SBI 

Biosciences, Palo Alto, CA) incubation overnight at 4°C followed by a 3000g spin for 15 

minutes. MSC EVs were resuspended in 0.1μM filtered PBS. Half of the labeled EVs were 

administered via retro-orbital injection to the naïve mouse and the other half via the femoral 

artery to the HS/T mouse. 30 minutes after injection, a segment of small intestine and the 

left lung were harvested and flash frozen in isopentane, then sectioned on a Leica CM 1950 

Cryostat (Leica Biosystems, Wetzlar, Germany) at 10μm thickness. Sections were imaged 

Barry et al. Page 4

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with a Nikon Eclipse 80i microscope (Nikon, Melville, NY) with RT-scmos camera (SPOT 

Imaging, Sterling Heights, MI).

In Vivo Vascular Permeability in the Small Intestine and Lung

Three hours after the initiation of shock, mice were anesthetized with isoflurane and 0.2mL 

of 0.2mg/mL 10 kDa dextran conjugated with Alexa Fluor 680 was administered via the 

femoral cannula as previously reported.(25, 30) Thirty minutes after injection, the mice were 

perfused with 30mL of ice-cold PBS via the left ventricle to flush the blood from the organs. 

The left lung and a 1cm segment of small intestine (9cm from the ileocecal valve) were 

harvested and scanned on the Odyssey CLx Imager (LI-COR, Lincoln, NE), and the infrared 

signal was read at 700nm to detect dye that had extravasated out of the vasculature into the 

tissue. Using Image Studio Version 5.2 (LI-COR), an average fluorescence intensity per area 

was quantitated for the lung and small intestine.

Histologic Analysis of the Small Intestine and Lung

The left lung and a 1cm segment of small intestine (7cm from the ileocecal valve) were post-

fixed overnight in 4% paraformaldehyde at 4°C and dehydrated in 30% sucrose at 4°C for 

3–5 days. The organs were embedded in Optimal cutting temperature (OCT) compound and 

stored at −80°C until they were sectioned on a Leica CM 1950 Cryostat (Leica Biosystems) 

at 10μm thickness. Tissue sections were stained with Hematoxylin & Eosin at the Mouse 

Pathology Core (University of California, San Francisco). Sections were imaged with a 

Revolve microscope (Echo Inc., San Diego, CA).

Scoring of Histologic Lung and Small Intestine Injury

Three lung sections per mouse were assessed and representative images were chosen. Three 

or more 100x magnification fields per mouse were evaluated by a blinded researcher using 

a scoring system from 1–4 to quantify inflammatory infiltration. A score of 1 is the 

least injured with less than 20% of the pulmonary area demonstrating inflammatory cell 

infiltration. A score of 2 indicates 20–40% inflammatory cell infiltration, 3 indicates 40–

70% inflammatory cell infiltration, and 4 indicates 70–100% inflammatory cell infiltration. 

Wall thickening was assessed by the number of images with demonstrable alveolar wall 

thickening.(25)

Six small intestine sections per mouse were assessed and representative images were chosen. 

Four or more 100x magnification fields per mouse were evaluated by a blinded researcher 

and scored according to the Chiu grading system for intestinal ischemic mucosal lesions: 0, 

normal mucosa; 1, subepithelial bleb at tip of villus; 2, extension of the subepithelial space 

(upper half of villus; 3, massive epithelial lifting down the sides of villi; 4, frequent denuded 

villi; 5, loss of villous tissue and disintegration of the lamina propria.(31)

Caco-2 Cell Culture

Caco-2 human intestinal epithelial cells were obtained from American Type Culture 

Collection (ATCC, Manassas, VA). Caco-2 cells were grown in Eagle’s Minimum 

Essential Medium (ATCC) supplemented with 20% Fetal Bovine Serum and 1% penicillin/

streptomycin. Cells were maintained at 37°C and 5% CO2 in a humidified incubator.
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In Vitro Intestinal Epithelial Permeability Assay

Caco-2 cells (25,000 cells per well) were seeded onto a 96-well plate containing electrodes 

in each well pre-treated with L-cysteine. Cells were grown to form a confluent monolayer 

over 3 days. The integrity of the Caco-2 monolayer was measured using an electric cell-

substrate impedance sensing system (ECIS 1600, Applied BioPhysics, Troy, NY). The cells 

were serum-starved and once resistances had stabilized were treated with MSC control 

media (25% volume concentration), MSC conditioned media (25% volume concentration), 

or MSC EVs (30μg protein/ml). MSC conditioned media contains the MSC secretome, 

whereas MSC control media is the growth media that has not been exposed to MSCs and 

thus does not contain any MSC secreted factors. Thirty minutes later the cell monolayers 

were challenged with 2.5mM hydrogen peroxide (H2O2) to induce oxidative stress and 

paracellular permeability. Impedance of the monolayer was analyzed at 1/4/32 kHz in 

3-minute intervals. Data were normalized to the mean impedance of the cell monolayers 

before the treatments.

Statistical Analysis

Sample sizes were chosen based on previous work in our lab showing that 6–10 mice per 

group were needed to find statistical differences in vascular permeability and histologic 

injury.(22, 25) Data in this manuscript are presented as mean ± standard deviation. Means 

between groups were compared using one-way ANOVA with Tukey’s post hoc tests. Mean 

arterial pressures were compared using repeated measures two-way ANOVA followed by 

Tukey’s multiple comparison test. P<0.05 was considered significant. All analyses were 

performed using Prism 9.0 (GraphPad Inc., San Diego, CA).

RESULTS

Characterization of MSC EVs

The isolated MSC EVs used for this study were quantified using NanoSight, demonstrating 

a concentration of 1.16×109 particles/mL with a size peak at 123nm (Figure 1). This size is 

consistent with small EVs, which are secreted lipid membrane enclosed nanoparticles with 

sizes of less than 200nm.(32) The protein content of the isolated MSC EVs was 160μg/mL. 

To definitively characterize the MSC EVs, flow cytometry was used with markers specific 

to EVs (CD69, CD81, and CD9) and MSCs (CD73, CD105, and CD90) as well as negative 

controls (CD31, CD45, and HLA-DR). Of the EV markers and MSC markers tested, all 

were positive except for CD105, and the negative markers were indeed negative (Figure 1). 

Of note, others have also noted variability in CD105 expression among MSCs related to 

culture technique.(33, 34) Taken together these results indicate that the EV isolates tested 

and characterized were indeed MSC EVs.

MSC EVs traffic to the liver, spleen, kidney, lung, and ischemic hindlimb muscle after 
administration

MSC EVs labeled with a lipophilic dye were administered to one naïve mouse and one 

mouse after HS/T. Thirty minutes after delivery, in both the naïve and HS/T mouse, MSC 

EVs were detected predominantly in histologic sections of the liver and spleen but also 
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in the lung and kidney (Figure 2). Additionally, MSC EVs were detected in the hindlimb 

muscle only in the mouse subjected to HS/T, which notably involves instrumentation and 

ligation of the femoral artery and thus some degree of muscle ischemia. Labeled EVs were 

not detected in the blood or the small intestine 30 minutes after delivery.

MSCs and MSC EVs decrease intestinal and pulmonary vascular permeability in mice 
subjected to HS/T

Among mice subjected to HS/T and treated with LR, MSCs, or MSC EVs, MAPs during the 

30-minute period after resuscitation were similar between groups (Figure 3A). The average 

fluorescence intensity of extravasated dye in the harvested small intestine and lung was 

measured at three hours after initiation of HS/T (Figure 3B, 3C). In the small intestine, 

HS/T resulted in increased vascular permeability in LR-treated mice compared to sham mice 

(sham 456±88, LR 1067±295, p=0.0001), which was attenuated by treatment with either 

MSCs (765±258, p=0.04 vs. LR) or MSC EVs (715±200, p=0.01 vs. LR). Similarly, in the 

lung, vascular permeability increased after HS/T in LR-treated mice (Sham 297±155, LR 

791±331, p=0.001) and was also attenuated by treatment with MSCs (331±172, p=0.001 

vs. LR) or MSC EVs (303±88, p=0.0004 vs. LR). The fluorescence intensities among mice 

treated with MSCs or MSC EVs were not significantly different from each other in either the 

small intestine (p=0.97) or the lung (p=0.99).

MSCs and MSC EVs decrease histopathologic injury in the small intestine and lung 
induced by HS/T

Histopathological analysis of the lungs revealed that HS/T mice treated with LR have 

significantly higher levels of inflammatory cell infiltrates compared to sham mice (p=0.004). 

Treatment with MSCs significantly attenuated the levels of inflammatory cell infiltrates 

(p=0.01 vs. LR), and there was a trend toward lower inflammatory cell infiltrates among 

mice treated with MSC EVs (p=0.07 vs. LR). The mean percentage of images with alveolar 

wall thickening per animal was 39% among sham mice, 60% among LR-treated mice, 37% 

among MSC-treated mice, and 45% among MSC EV-treated mice (Figure 4A, 4C).

Sections of small intestine evaluated using the Chiu grading system(31) demonstrated 

mild ischemic injury among LR-treated HS/T mice compared to sham mice (1.72±1.19 

vs 0.19±0.31, p=0.005). Compared to LR-treated mice, MSC-treated mice had a mean score 

of 0.74±0.76 (p=0.06) and MSC EV-treated mice had a mean score of 0.36±0.33 (p=0.007) 

(Figure 4B, 4D).

MSC conditioned media protects against oxidative stress-induced intestinal epithelial 
monolayer permeability

To evaluate whether MSCs or MSC EVs have effects on epithelial barrier integrity in the 

gut, Caco-2 human intestinal epithelial cell monolayers were subjected to H2O2 challenge 

and impedance tracings were analyzed at 4k Hz to assess paracellular permeability. 

Impedance tracings and area-under-the-curve (AUC) calculations from cells pre-treated with 

MSC control media, MSC conditioned media (MSC CM), or MSC EVs are shown in 

Figure 2. MSC CM, which contains the secreted products of MSCs, significantly attenuated 

H2O2-induced permeability compared to control media, which had not been exposed to 
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MSCs (AUC 3.85 vs 3.56, p<0.001). In contrast to MSC CM, MSC EVs did not exert 

protective effects against H2O2-induced permeability (AUC 3.72 vs 3.66, p=0.83) (Figure 5).

DISCUSSION

This study demonstrates that systemic infusion of either MSCs or MSC EVs decreases 

vascular permeability and injury in the small intestine and lung in mice subjected to HS/T. 

Our data also demonstrate that MSC EVs infused early after HS/T traffic to multiple organs

—predominantly to the liver and spleen but also to the lung and kidney within 30 minutes 

after delivery. Together these findings suggest that MSCs and MSC EVs may be able to 

mediate systemic therapeutic effects and attenuate multi-organ dysfunction in HS/T.

The gut is believed to be an important driver of systemic inflammation and MODS in 

critical illness, however therapies to protect intestinal integrity in these patients are limited.

(8, 9, 35) In the present study both MSCs and MSC EVs mitigated intestinal injury in 
vivo, however in Caco-2 intestinal epithelial cell monolayers in vitro, only MSC CM was 

protective against H2O2-induced permeability as measured by an ECIS impedance assay. 

The divergent effects of MSC EVs in vitro and in vivo are similar to previous findings in 

our lab in which we demonstrated that both MSCs and MSC EVs were protective against 

HS/T-induced lung permeability in vivo, however in human lung endothelial cells in vitro, 

MSC CM but not MSC EVs were protective against thrombin-induced permeability.(22) 

Additionally, labeled MSC EVs were identified in multiple organs but not in the sections of 

small intestine that were obtained 30 minutes after administration. Together, the discrepancy 

between the in vitro and in vivo findings and the lack of EVs in the small intestine suggest 

that the protective effects of MSC EVs on the intestine in vivo may rely on interaction of the 

EVs with other cell types such as circulating inflammatory cells, specifically macrophages 

and neutrophils, which were not present in the Caco-2 cell culture. For example, others 

have found that MSC EVs exert protective effects on the gut both in vitro and in vivo 
in mouse models of colitis via the promotion of M2 macrophage polarization.(36, 37) We 

hypothesize that one reason why the MSC CM was still protective of the intestinal epithelial 

barrier in vitro even in the absence of inflammatory cells is that MSC CM contains the 

entire MSC secretome, which includes not only EVs but also other RNAs, proteins (e.g. 

cytokines, chemokines, and growth factors), and lipids which are biologically active and 

may be responsible for this finding. We have in the past found similar effects with MSCs 

in a model of TBI. In our murine models of TBI, we found that MSCs present in small 

numbers in the brain (4 cells per tissue section out of the 1×106 injected intravenously), but 

the MSCs had potent biological effects on the brain on blood brain barrier permeability and 

vascular protection.(38) We hypothesize that the effects of the MSC EVs are similar, i.e. 

the MSC EVs act systemically on both inflammation and vascular barrier protection. We are 

currently investigating further the effects of MSCs and MSC EVs on inflammation and gene 

expression to better elucidate the mechanism of benefit seen in this study on gut and lung 

injury after HS/T.

An important limitation of this study is that vascular permeability and injury were evaluated 

in vivo at a single time point after a single dose of MSCs or MSC EVs. We chose to 

evaluate these endpoints acutely 2 hours after resuscitation, a time point known to result in 
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vascular permeability and injury in the lung in mice subjected to HS/T. The rationale for 

early delivery of MSCs or MSC EVs after HS/T is to target the changes in inflammation 

and vascular barrier compromise that occur early after HS/T and likely are responsible 

for the development of MODS. However, the duration and longer-term effects of these 

therapies in HS/T are unknown and will require further investigation and may lend insight 

into the effects of these treatments on prolonged organ injury. It is possible that repeated 

dosing of MSCs or MSC EVs may provide longer lasting effects than a single dose shortly 

after injury occurs. A second limitation is that this model of HS/T involves controlled 

bleeding with complete hemostasis at the end of the shock period, which reduces variability 

in injury between mice but does not reflect hemorrhage in the typical trauma patient. 

Studies in models of uncontrolled hemorrhage are warranted. Third, the MSCs and MSC 

EVs were delivered intra-arterially in this model rather than intravenously. Although the 

intravenous route is more likely to be used clinically, both routes have been using in various 

preclinical models for systemic administration, and the MSC EV biodistribution in this study 

appears similar to other preclinical disease models where MSC EVs were administered 

intravenously.(39)

While the benefits of MSC- and EV-based therapies have been demonstrated in a 

variety of preclinical animal models involving organ injury and MODS, translating these 

therapies into patients in the trauma and critical care setting is only in its infancy.(12, 

40) Fortunately, MSC-based therapy is a rapidly growing field with over 1,000 trials 

currently registered on clinicaltrials.gov and published completed trials showing positive 

results without serious adverse effects.(41) While others have expressed concern that 

MSC and MSC EVs have procoagulant effects in vitro,(42) a recent systematic review of 

randomized controlled trials found that intravascular MSC delivery does not increase the 

risk of thromboembolic complications in adults.(43) There are also a small but growing 

number of trials planned or currently underway evaluating EV-based therapies for diseases 

characterized by inflammation, including ARDS and COVID-19.(44) The present study 

suggests that MSCs and MSC EVs may also play a role in the treatment of patients after 

HS/T in order to mitigate MODS. Moreover, EV-based therapies offer several advantages 

over MSCs. As a cell-free therapy, EVs cannot proliferate and differentiate following 

administration, have a lower risk of vascular obstruction or capillary entrapment, and are 

stable in circulation.(45)

In conclusion, this study suggests that MSC EVs may be a potential cell-free therapy 

targeting multi-organ dysfunction in HS/T. MSC EVs trafficked to multiple organs and 

similar to MSCs were protective in both the small intestine and lungs in an acute model. 

MSC CM was also protective against intestinal epithelial permeability in vitro, however 

this finding was not seen with MSC EVs. Future investigation should further evaluate 

the mechanisms of action of MSCs and MSC EVs, timing of delivery after injury, and 

repeated dosing in order to optimize longer-term outcomes following HS/T and move toward 

translating these therapies into clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MSC EV characterization via flow cytometry and nanoparticle tracking analysis.
(A) EV size determination using size reference beads. (B) Negative markers for MSC 

EVs including HLA-DR, CD45, and CD31 were not expressed in the MSC EVs. (C) 

Positive expression of EV-specific markers CD9, CD63, and CD8. Treatment with NP-40 

appropriately results in loss of expression of these markers. (D) Positive expression of 

MSC-origin specific markers CD73 and CD90 but not CD105. Treatment with NP-40 

appropriately results in loss of expression of CD73 and CD90.
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Figure 2. MSC EVs traffic to the liver, spleen, lungs, kidneys, and ischemic hindlimb muscle 30 
minutes after delivery.
Far-red images are shown on the top left at 40x magnification of a slide with PBS and a slide 

with PBS containing labeled MSC EVs colorized cyan. The remaining images demonstrate 

presence of the labeled EVs predominantly in the liver and spleen but also in the lungs 

and kidneys of both the naïve mouse and the mouse subjected to HS/T. Labeled EVs were 

identified in the hindlimb muscle only in the mouse subjected to HS/T, which includes 

cannulation and subsequent ligation of the femoral artery. Labeled EVs were not detected in 

the blood or the small intestine at this time point.
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Figure 3. MSCs and MSC EVs are protective against vascular permeability in the small intestine 
and lungs in vivo in a mouse model of HS/T.
(A) Mean arterial pressures (MAPs) in mice subjected to HS/T are shown during the 

30 minutes following resuscitation with LR, MSCs, or MSC EVs. MAPs were similar 

among LR-, MSC-, and MSC EV-treated animals. (B) Representative images of fluorescence 

intensity of dextran dye in the small intestine and lungs as a measure of vascular 

permeability. (C) Quantitation of fluorescence intensity demonstrating increased vascular 

permeability in the small intestine and lungs of LR-treated animals that was significantly 

reduced by treatment with either MSCs or MSC EVs. Columns indicate mean±SD. *p<0.05, 

**p<0.01, ***p<0.001 by one-way ANOVA with post-hoc Tukey’s tests. N=6–10 mice per 

group.
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Figure 4. Histopathologic analysis of the small intestine and lungs after H&E stain.
(A) Representative images of the lungs and (B) representative images of the small intestine 

from each treatment group. (C) Quantitation of inflammatory infiltrates and presence of 

alveolar wall thickening in the lungs. The lungs of LR-treated mice had significantly 

increased inflammatory infiltrates compared to sham mice (p=0.004); MSC treatment 

significantly attenuated inflammatory cell infiltration compared to LR (p=0.01) and there 

was a trend toward attenuation by MSC EV treatment (p=0.07). Alveolar wall thickening 

scores were not significantly different between groups. (D) Mean Chiu ischemic injury score 

in the small intestine demonstrating significant injury in LR-treated mice compared to sham 

mice. Injury scores trended lower among MSC-treated mice compared to LR-treated mice 

(p=0.06) and were significantly lower among MSC EV-treated mice (p=0.007). *p<0.05 by 

one-way ANOVA with post-hoc Tukey’s tests.
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Figure 5. MSC CM and MSC EVs have differential effects in vitro in Caco-2 intestinal epithelial 
cell monolayers.
(A) ECIS impedance tracings after pre-treatment with MSC control media which has not 

been exposed to MSCs, MSC CM which contains the MSC secretome, or MSC EVs. (B) 

Area under the curve (AUC) quantitation after exposure to H2O2. *Indicates significant 

difference compared to control; + indicates significant difference compared to MSC control 

media by one-way ANOVA with post-hoc Tukey’s tests (p<0.05). N=4 cell replicates per 

group.
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