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Background. Highly pathogenic avian in�uenza viruses can cause severe forms of acute lung injury (ALI) in humans, where 

pulmonary �ooding leads to respiratory failure. �e therapeutic bene�ts of bone marrow mesenchymal stromal cells (MSCs) have 

been demonstrated in a model of ALI due to in�uenza A(H5N1) virus. However, clinical translation is impractical and limited by a 

decline in e�cacy as the age of the donor increases. Umbilical cord MSCs (UC-MSCs) are easier to obtain by comparison, and their 

primitive source may o�er more-potent therapeutic e�ects.

Methods. Here we investigate the therapeutic e�cacy of UC-MSCs on the mechanisms of pulmonary edema formation and 

alveolar �uid clearance and protein permeability of A(H5N1)-infected human alveolar epithelial cells. UC-MSCs were also tested in 

a mouse model of in�uenza ALI.

Results. We found that UC-MSCs were e�ective in restoring impaired alveolar �uid clearance  and  protein permeability of 

A(H5N1)-infected human alveolar epithelial cells. UC-MSCs consistently outperformed bone marrow MSCs, partly because of 

greater growth factor secretion of angiopoietin 1 and hepatocyte growth factor. Conditioned UC-MSC medium and UC-MSC exo-

somes were also able to recapitulate these e�ects. However, UC-MSCs only slightly improved survival of A(H5N1)-infected mice.

Conclusions. Our results suggest that UC-MSCs are e�ective in restoring alveolar �uid clearance and protein permeability in 

A(H5N1)-associated ALI and confer functional in addition to practical advantages over conventional bone marrow MSCs.
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Fatality due to highly pathogenic avian in�uenza A virus infec-

tion in humans is o�en associated with severe forms of acute 

lung injury (ALI). Damage to the epithelial barrier of the pulmo-

nary alveolus causes accumulation of protein-rich edema �uid 

in the lumen, compromising gaseous exchange and ultimately 

resulting in respiratory failure [1]. Under normal physiological 

conditions, the depth of the alveolar lining �uid is maintained 

through the movement of ions through transporters that draw 

water from the alveolus into pulmonary interstitium through 

a process known as alveolar �uid clearance (AFC) [2]. �e 

integrity of the alveolar epithelium is also essential to prevent 

in�ux of protein-rich �uid from the plasma, as well as in�am-

matory cells, measured by alveolar protein permeability (APP). 

Impairment of AFC and APP in patients with severe in�uenza 

virus infection are primary mechanisms that drive pulmonary 

edema formation in ALI [3].

Mesenchymal stromal cells (MSCs) are a population of mul-

tipotent cells that possess immunomodulatory properties and 

secrete trophic growth factors to regulate pulmonary microen-

vironment [4]. Recently, we showed that bone marrow MSCs 

(BM-MSCs) can restore impaired AFC and APP of in�uenza 

A(H5N1) virus–infected alveolar epithelial cells (AECs) [5]. 

Although the therapeutic e�ects of BM-MSCs have been well 

demonstrated in various ALI models [6], the decline in function 

with the increase in donor age limits clinical application [7].  

Additionally, impracticalities such as invasive harvesting proce-

dures, long expansion times, and low isolation yields [8] prompt 

the need to investigate MSCs isolated from other tissues. 

Perinatal tissues such as the amnion, placenta, and umbilical 

cord are rich sources of MSCs, and they are becoming increas-

ingly popular for allogeneic therapy, because they share some 

characteristics with embryonic stem cells, suggesting that they 

are more primitive and of greater therapeutic potential than 

MSCs isolated from adult tissues [9]. Comparison studies have 

shown that umbilical cord MSCs (UC-MSCs) in particular have 

signi�cantly higher proliferation rates, immunomodulatory 

capacities [10, 11], growth factor secretion [12], and antiin�am-

matory e�ects [13]. �ere are also less practical disadvantages 

associated with isolation of UC-MSCs, because the umbilical 

cords are more easily accessible and because the isolation pro-

cedure does not carry any risk to the donor.
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Several therapeutic constituents of the MSC secretome, such 

as conditioned medium, growth factors, and extracellular vesi-

cles, have also been shown to be as e�ective as the cell they are 

derived from in alleviating ALI and other lung diseases [14–16], 

which contribute to the generation of cell-free therapy options. 

Exosomes (diameter, 30–100 nm) are the smallest type of extra-

cellular vesicle constitutively secreted by all cell types as a means 

of cellular communication. �eir cargo includes proteins, lipids, 

messenger RNA (mRNA), and microRNA (miRNA) that can be 

transferred to recipient cells. A very recent study has shown that 

extracellular vesicles including exosomes reduced viral replica-

tion in an in�uenza-associated ALI swine model [17].

Here we investigate the e�cacy of UC-MSCs, using in vitro 

and in vivo models of ALI induced by A(H5N1) infection. �e 

potential therapeutic e�ects of conditioned UC-MSC medium 

and UC-MSC–derived exosomes on impaired AFC and APP in 

vitro were also studied.

MATERIALS AND METHODS

Human MSCs

BM-MSCs were obtained and cultured as previously described [5].  

UC-MSCs were isolated by HealthBaby Biotech (Hong Kong) 

and cultured in low-glucose (concentration 1.0 g/L) Dulbecco’s 

modi�ed Eagle’s medium (lgDMEM) supplemented with 10% 

HyClone fetal bovine serum (FBS), and 1% penicillin and strep-

tomycin was used for cell culture. Both MSC populations were 

cultured in a humidi�ed atmosphere (37°C and 5% CO
2
), with 

growth medium changed every 48 hours. Cells were detached 

for subculture by trypsin and seeded for experimental use upon 

70% con�uency. Surface marker expression was analyzed by �ow 

cytometry to meet the minimal criteria for de�ning MSCs pro-

posed by the International Society for Cell and Gene �erapy, 

as detailed by Chan et al [5]. Passage 4–5 MSCs were used in 

all experiments, and growth medium was changed to 0% serum 

before incubation with infected alveolar epithelial cells.

Human AECs

AECs were isolated from resected, nonmalignant lung tissue 

obtained from the Department of the Cardiothoracic Surgery, 

Queen Mary Hospital, University of Hong Kong, and cultured 

as previously described [18] and detailed in the Supplementary 

Materials, with ethics approval from the University of  Hong 

Kong and  the Hospital Authority (Hong Kong West) institu-

tional review board.

Influenza A Virus and Infection

In�uenza A/HongKong/483/97(H5N1) was used to model 

highly pathogenic avian in�uenza A  virus infection. Virus 

stocks were grown and propagated in Madin-Darby canine 

kidney cells and were titered by the plaque assay and the 50% 

tissue culture infective dose (TCID
50

) assay. All experiments 

were performed in a biosafety level 3 facility at the University 

of Hong Kong.

In Vitro Lung Injury Model

Human AECs were seeded on the apical chamber of 24-well 

Transwell inserts (pore diameter, 0.4 μM; Corning) at 1 × 105 

cells/well with 1  ×  105 BM-MSCs or UC-MSCs in the basal 

compartment without cell contact as previously described [19] 

and detailed in the Supplementary Materials.

Mouse Studies

Female BALB/C mice aged 6–8 weeks were intranasally inoc-

ulated with 106 log TCID
50

 of A/Hong Kong/486/1997(H5N1) 

in 25 μL. At day 5 a�er infection, mice were injected intrave-

nously with 5 × 105 UC-MSCs or National Institutes of Health 

3T3 mouse embryo �broblasts (ATCC) in 100  μL. Survival 

and body weight were monitored for 18 days. At days 7 and 

10 a�er infection, virus was titrated in 3 mouse lungs per 

group (MSC vs �broblast treatment groups). Bronchoalveolar 

lavage �uid was collected on day 7 a�er infection for a cyto-

kine assay. At days 7, 10, and 14 a�er infection, 3 mice per 

group were euthanized, and the level of Evans blue dye was 

measured as an indicator of �uid leakage into the alveolus. 

�ree mouse lungs per group were �xed for histopathologic 

analysis at day 10 a�er infection. �e animal infection exper-

iments were approved by the Committee on the Use of Live 

Animals in Teaching and Research of the University of Hong 

Kong (CULATR 3445-14).

AFC and APP

Fluorescein isothiocyanate (FITC)–dextran (Sigma) was used 

to measure of AFC and APP as described previously [5]. Brie�y, 

the net AFC per hour was calculated as [1 − (initial apical con-

centration)/(�nal apical concentration) × (volume in μL of 

FITC-dextran added) × (area in cm2 of the Transwell)]. �e net 

APP was measured as the �nal basal concentration divided by 

the initial apical concentration and expressed as the percentage 

change in FITC-dextran permeability.

Preparation of Conditioned MSC Medium

AECs in Transwells were infected at a multiplicity of infection 

of 2 with BM-MSCs or UC-MSCs in the basal compartment. 

At 24 hours a�er infection, MSC supernatant was collected and 

�ltered through a 100-kDa–pore �lter (Millipore) and stored at 

−80°C until use.

Exosome Isolation

At 60% con�uency, UC-MSCs were washed 3 times with Hank’s 

balanced salt solution to remove HyClone FBS and was replen-

ished with 10% exosome-depleted FBS lgDMEM. Supernatant 

was collected by passing through a 0.22-μM–pore �lter at 48 

hours and stored at −20°C until exosome isolation. Supernatant 

was thawed gently on ice and used to isolate the exosome by 

�ltration, using the ExoEasy Maxi Kit (Qiagen), or by precip-

itation, using the miRCURY Exosome Isolation Kit (Exiqon), 

according to manufacturer’s instructions.
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Statistical Analyses

Mean values from 3 independent experiments were com-

pared by 1- or 2-way analysis of variance with a post hoc 

Bonferroni test as appropriate. Differences were consid-

ered significant at a P  value of <.05. All statistical analy-

ses were performed using GraphPad Prism, version 5.0 for 

Windows. Survival and body weight loss among mice in 

MSC and fibroblast treatment groups were compared in 3 

independent experiments, using the log-rank test and a lin-

ear regression model.

RESULTS

UC-MSCs Are Effective in Correcting Impaired AFC and APP of A(H5N1)-

Infected Human AECs

First, we assessed the e�ects of UC-MSC on A(H5N1)-infected 

AECs in an in vitro lung injury model. �e AFC rate of infected 

AECs decreased to a minimum 24 hours a�er infection but 

was largely restored by UC-MSCs (Figure 1A). BM-MSCs also 

restored the AFC rate, but the restoration was less e�ective than 

that for UC-MSCs. At 24 hours a�er infection, A(H5N1) infec-

tion caused a great increase in the APP of AECs. Similar to the 

AFC, UC-MSCs prevented a change in the APP to a greater 

extent than BM-MSCs (Figure  1B). �e phosphate-bu�ered 

saline control has no e�ect on either the AFC or APP of infected 

AECs. We found that UC-MSCs exerted more-potent resto-

ration e�ects on the AFC and APP in a cell-number-dependent 

manner (Supplementary Figure 1).

UC-MSCs Reduce A(H5N1)-Induced Downregulation of Ion Transporters

AFC is driven by vectorial movement of ions through epithelial 

transporters, which creates an osmotic gradient for water to exit 

the alveolar lumen [20]. AEC ion transporters are downregu-

lated during in�uenza virus infection, so we studied the e�ect 

of UC-MSCs on gene expression of the epithelial Na+ channel 

(ENaC), Na+,K+-ATPase, and cystic �brosis transmembrane con-

ductance regulator (CFTR) in infected AECs 24 hours a�er infec-

tion. Consistent with our previous studies, A(H5N1) infection 

signi�cantly decreased expression of the genes encoding CFTR 

and subunits of ENaC and Na+,K+-ATPase. �is was prevented 

by UC-MSCs, with ENaC and Na+,K+-ATPase subunit expression 

returning to at least 50% of the value for the mock-infected control, 

and CFTR expression was almost completely restored to the level 

for the mock-infected control (Figure 2A). BM-MSCs also restored 

ion transporter gene expression but not as e�ectively as UC-MSCs. 

Accordingly, protein expression of α1-Na+,K+-ATPase and CFTR 

was greater in A(H5N1)-infected AECs with UC-MSCs, compared 

with infected AECs alone or with BM-MSCs (Figure 2B).

UC-MSCs Are Potent in Regulating Inflammatory Responses of 

A(H5N1)-Infected AECs

A(H5N1) infection causes excessive cytokine production by 

epithelial cells [18] that can impair AFC by inhibiting ion trans-

porter proteins [21], impair the APP [5], and induce apopto-

sis of AECs [22]. Previous studies in conjunction with our own 

have reported attenuation of lung proin�ammatory responses 
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Figure 1. Umbilical cord mesenchymal stromal cells (UC-MSCs) are more effective than bone marrow MSCs (BM-MSCs) in correcting impaired alveolar fluid clearance 

(AFC) and alveolar protein permeability (APP) of infected alveolar epithelial cells (AECs). AECs in the apical compartment of the Transwell system were infected with influenza 

A(H5N1) virus (A/HK/483/97) at a multiplicity of infection of 0.1 with small airway epithelial cell growth medium (SAGM), BM-MSCs, UC-MSCs, or phosphate-buffered 

saline (PBS) in the basal compartment. AFC (A) and APP (B) were measured 24 hours after infection. Data are representative of 3 independent experiments and plotted as 

means ± standard errors of the mean. *P < .05, **P < .01, and ***P < .001, by 1-way analysis of variance with the Bonferroni post hoc test, for comparisons to A(H5N1)-

infected AECs alone (*), mock-infected AECs (^), or A(H5N1)-infected AECs with BM-MSCs (#).
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Figure 2. Umbilical cord mesenchymal stromal cells (UC-MSCs) restore influenza A(H5N1) virus–downregulated ion transporter expression in infected alveolar epithelial 

cells (AECs). A, Messenger RNA gene expression of cystic fibrosis transmembrane conductance regulator (CFTR), α-epithelial Na+ channel (ENaC), β-ENaC, and α1-Na+K+AT-

Pase, α2-Na+K+ATPase, and β2-Na+K+ATPase in AECs 24 hours after infection (multiplicity of infection, 2). B, Protein expression of ion transporters 48 hours after infection, as 

detected by Western blot (top), with corresponding densitometry values (bottom). All data are representative of 3 independent experiments and plotted as means ± standard 

errors of the mean. *P < .05, **P < .01, and ***P < .001, by 2-way analysis of variance with the Bonferroni post hoc test, for comparisons to A(H5N1)-infected AECs alone (*) 

or with bone marrow MSCs (BM-MSCs; #).
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by BM-MSCs in ALI [23, 24]. We found that UC-MSCs reduced 

A(H5N1) induction of several major proin�ammatory cyto-

kines in infected AECs: interferon β (IFN-β), IFN-λ1, inter-

leukin 6 (IL-6), interleukin 1β (IL-1β), IFN-γ–induced protein 

10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), and 

regulated on activation normal T-cell expressed and secreted 

(RANTES), compared with infected AECs alone (Figure  3A). 

Notably, UC-MSCs reduced IL-6, MCP-1, and RANTES induc-

tion more signi�cantly than BM-MSCs. Interestingly, IFN-β 

induction was only reduced in infected AECs with UC-MSCs.

We also measured gene expression of a panel of the following 

antiin�ammatory cytokines: interleukin 4 (IL-4), interleukin 10 

(IL-10), interleukin 11 (IL-11), interleukin 13 (IL-13), and IL-1 

receptor antagonist (IL-1RA). Infected AECs with UC-MSCs 

showed signi�cantly enhanced responses of all antiin�amma-

tory cytokines, compared with AECs alone (Figure  3B). �is 

enhancement was also seen in infected AECs with BM-MSCs, 

although it was weaker than  that for AECs with UC-MSCs. 

Particularly, UC-MSCs stimulated greater IL-10, IL-11, and 

IL-RA responses, compared with BM-MSCs.

Conditioned Medium From UC-MSCs Restores A(H5N1)-Impaired AFC 

and APP

�e therapeutic properties of MSCs have been widely attributed 

to paracrine mechanisms through studies that replace MSCs 

with their supernatant [21, 25], so we proceeded to test the 

e�cacy of the UC-MSC secretome in the lung injury model. 

First, UC-MSC supernatant conditioned by A(H5N1)-infected 

alveolar epithelial cells in the apical compartment was collected 

and identi�ed as conditioned UC-MSC medium (UC-CdM). 

In a separate experiment, infected AECs were incubated with 

UC-CdM in the basal compartment. Similar to previous results, 

the AFC (Figure  4A) and APP (Figure  4B) of infected AECs 

were restored by UC-CdM as e�ectively as its MSC counterpart. 
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Figure 4. Umbilical cord mesenchymal stromal cell (UC-MSCs) are potent in restoring alveolar fluid clearance (AFC) and alveolar protein permeability (APP) of influenza 

A(H5N1) virus–infected AECs, partially because of greater angiopoietin 1 (Ang-1) and hepatocyte growth factor (HGF) secretory responses. AECs in the apical compartment of 

the Transwell system were infected with A/HK/483/97(H5N1) at a multiplicity of infection of 0.1 with small airway epithelial cell growth medium (SAGM), bone marrow MSCs 

(BM-MSCs), UC-MSCs, conditioned medium from BM-MSCs (BM-CdM) or UC-MSCs (UC-CdM), or phosphate-buffered saline (PBS) control in the basal compartment. A and 

B, AFC (A) and APP (B) was measured 24 hours after infection. Data are representative of 3 independent experiments and expressed as means ± standard errors of the mean 

(SEMs). *P < .05, **P < .01, and ***P < .001, by 1-way analysis of variance with the Bonferroni post hoc test, for comparisons to mock-infected AECs (*), A(H5N1)-infected 

AECs with no MSC (#), or A(H5N1)-infected AECs with BM-MSC (+). C and D, Basal MSC supernatant with mock-infected AECs or A(H5N1)-infected AECs on the apical com-

partment was analyzed for Ang-1 (C) and HGF (D) by enzyme-linked immunosorbent assay 24 hours after infection. All data are plotted as means ± SEMs and indicative of 3 

independent experiments. *P < .05, **P < .01, and ***P < .001, by 1-way analysis of variance with the Bonferroni post hoc test, for comparisons to mock (*) or BM-MSC (#).
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On the basis of our �ndings in Figure 1, we also proposed that 

the UC-MSC secretome would be more potent than that of 

BM-MSCs in restoring A(H5N1)-impaired AFC and APP. 

Accordingly, conditioned BM-MSC medium did not perform 

as well as UC-CdM in correcting the AFC and APP.

We then measured levels of 2 known MSC secretory growth 

factors involved in epithelial repair, angiopoietin 1 (Ang-1) and 

hepatocyte growth factor (HGF), in UC-MSC supernatant by 

an enzyme-linked immunosorbent assay.

Minimal Ang-1 was detected in UC-MSCs with uninfected 

apical AECs (the mock-infected control), but A(H5N1) 

infection of AECs stimulated a 49-fold increase of the 

Ang-1 level (Figure  4C). A  similar trend was observed for 

HGF, whereby higher protein concentration (7-fold) was 

detected in UC-MSCs incubated with A(H5N1)-infected 

AECs, compared to uninfected AECs (Figure 4D). When we 

analyzed BM-MSC supernatant in parallel, we found that, 

although basal Ang-1 and HGF concentrations were higher 

in BM-MSCs (the mock-infected control), the fold change 

increase in response to A(H5N1) infection of AECs was sig-

ni�cantly less (2-fold for both Ang-1 and HGF) than that 

observed in UC-MSCs.

UC-MSCs Restore A(H5N1)-Impaired AFC and APP Partly Through Ang-1 

and HGF Secretion

To further elucidate the roles of Ang-1 and HGF, recombinant 

proteins were used in place of conditioned MSC medium in the 

in vitro model. Recombinant Ang-1 (rhAng-1) signi�cantly 

increased AFC, but the increase was less e�ective than that for 

UC-MSCs (Figure 5A). �e presence of both Ang-1 and HGF 

was slightly more e�ective than that of Ang-1 alone, but it was 

still not comparable to that for UC-MSCs. Interestingly, AFC 

of infected AECs with recombinant HGF (rhHGF) was the 

least e�ective treatment group. rhAng-1 and rhHGF individ-

ually restored the A(H5N1)-impaired APP, but the restoration 

was less e�ective, compared with UC-MSCs and rhAng-1 and 

rhHGF together (Figure  5B). �e e�ect of the 2 recombinant 

proteins together was comparable to that of UC-MSCs in 

reducing the APP. However, no statistical di�erence was found 

between all 4 treatment conditions.

UC-MSCs transfected with Ang-1 or HGF small interfering 

RNA (siRNA; siAng-1 or siHGF) also restored AFC, but the res-

toration was less e�ective than that for UC-MSCs (Figure 5C). 

Transfection with both siRNA sequences produced the smallest 

e�ects on AFC, although this was not statistically di�erent from 

the A(H5N1) infection condition. For the APP, UC-MSCs trans-

fected with Ang-1 or HGF siRNA still increased the APP, com-

pared with A(H5N1)-infected AECs with no UC-MSCs, and 

were only slightly less e�ective than nontransfected UC-MSCs 

(Figure 5D). However, UC-MSCs transfected with both siAng-1 

and siAng-1 only reduced the APP to approximately 50% of the 

changes induced by A(H5N1), and this was statistically di�er-

ent from the APP measured for all other conditions.

UC-MSC Exosomes Restore A(H5N1)-Impaired AFC and APP

To explore another therapeutic component of UC-MSCs, exo-

somes were isolated and applied to the in vitro ALI model. 

UC-MSC exosomes restored the impaired AFC of AECs 

induced by A(H5N1) infection, but this change was less statisti-

cally signi�cant than the restoration by UC-MSCs (Figure 6A). 

However, exosomes prevented changes in the APP in a fashion 

similar to that of UC-MSCs (Figure 6B).

Therapeutic Effects of UC-MSCs in A(H5N1)-Induced ALI In Vivo

In light of the promising therapeutic e�ect of UC-MSCs in 

restoring AFC and APP in A(H5N1)-infected AECs in vitro, the 

therapeutic e�ect of UC-MSCs was studied in a mouse model of 

A(H5N1)-induced ALI (Figure 7). Young BALB/c mice (age, 6–8 

weeks) were challenged with a clinical isolate of A(H5N1) (A/

HK/486/97), and 5 × 105 UC-MSCs or �broblasts were adminis-

tered intravenously on day 5 a�er infection. E�ects of UC-MSC 

treatment on survival, body weight, lung alveolar permeability, 

and cytokine levels were assessed at various times a�er infection.

Survival began to decline at day 8 and dropped to approx-

imately 30% by day 18 (Figure  7A). Although survival was 

slightly higher in the UC-MSC treatment group, no statisti-

cal significance was found between the UC-MSC and fibro-

blast groups. On day 18, survival of the UC-MSC treatment 

group fell to 40%. The slight improvement by UC-MSCs was 

also reflected by body weight measurements. Body weights 

of infected mice that received UC-MSC treatment were 

marginally higher than in the control group and were sig-

nificantly greater on days 16 and 17 (Figure  7B). The level 

of Evans blue dye was measured as an indicator of fluid 

clearance into the alveolar airspace. Lower concentrations 

of Evans blue dye were found in the lungs of infected mice 

administered UC-MSCs as compared to fibroblasts, with sta-

tistical significant differences on days 10 and 14 (Figure 7C).

Proin�ammatory cytokine and chemokine protein levels in 

bronchoalveolar lavage from A(H5N1)-infected mice with and 

those without UC-MSC treatment was determined on day 7 a�er 

infection. IP-10, MCP-1, RANTES, TNF-α, IL-1β, IL-6, and IL-8 

protein levels were all signi�cantly lower in the UC-MSC treatment 

group, compared with the mouse �broblast group (Figure  7D). 

Signi�cance was greatest for IP-10, MCP-1, RANTES, and IL-6.

Lung viral titers were measured on days 7 and 10 to con�rm 

infection and antiviral e�ects of UC-MSCs. No di�erences in 

lung viral titers were detected between UC-MSC and �bro-

blast treatment groups at either time point (Supplementary 

Figure 4A). Comparable lung pathology was observed between 

MSC-treated and untreated mice infected with A(H5N1) 

(Supplementary Figure 4B).
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Figure 5. Effects of angiopoietin 1 (Ang-1) and hepatocyte growth factor (HGF) on alveolar fluid clearance (AFC) and alveolar protein permeability (APP) of A(H5N1)-infected 

alveolar epithelial cells (AECs). AECs in the apical compartment of the Transwell system underwent mock or influenza A/HK/483/97(H5N1) infection at a multiplicity of 

infection 0.1, with umbilical cord mesenchymal stromal cell (UC-MSCs), recombinant Ang-1 (rhAng-1), HGF (rhHGF), both (rhAng-1/HGF) or UC-MSCs transfected with Ang-1 

(siAng-1), HGF (siHGF) or both Ang-1 and HGF (siAng1+siHGF) small interfering RNA (siRNA) in the basal compartment. AFC (A and C) and APP (B and D) were measured 24 

hours after infection. Data are representative of 3 independent experiments and expressed as means ± standard errors of the mean. *P < .05, **P < .01, ***P < .001, by 1-way 

analysis of variance with the Bonferroni post hoc test, for comparisons to mock-infected AECs (*) or A(H5N1)-infected AECs (#).
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Figure 6. Effects of umbilical cord mesenchymal stromal cell (UC-MSC)–derived exosomes versus UC-MSCs on alveolar fluid clearance (AFC) and alveolar protein per-

meability (APP) of infected alveolar epithelial cells (AECs). AECs in the apical compartment of the Transwell system underwent mock or influenza A/HK/483/97(H5N1) virus 

infection at a multiplicity of infection of 0.1 with UC-MSCs or exosomes (UC-Exo) derived from UC-MSCs (UC) in the basal compartment. AFC (A) and APP (B) were measured 

24 hours after infection. Data are representative of 3 independent experiments and expressed as means ± standard errors of the mean. *P < .05, **P < .01, and ***P < .001, 

by 1-way analysis of variance with the Bonferroni post hoc test, for comparisons to mock-infected AECs (*) or A(H5N1)-infected AECs (#).
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DISCUSSION

In this study, we demonstrated that UC-MSCs are e�ective 

in restoring an impaired AFC, APP and major epithelial ion 

transporter expression of A(H5N1)-infected AECs in vitro, 

partly through immunomodulation and potent secretion of 

Ang-1 and HGF. Moreover, UC-MSCs consistently outper-

formed BM-MSCs, which have many limitations in respect 

to clinical application, further highlighting the potential of 

UC-MSCs as a novel therapeutic option for the treatment of 

in�uenza-associated ALI.

UC-MSCs have many practical advantages, such as high 

proliferation rates, that enable robust in vitro culture to obtain 

numbers su�cient for clinical use. As such, in vivo studies have 

shown that UC-MSCs reduce bleomycin-induced [26], pre-

natal [27], and lipopolysaccharide-induced lung injury [28]. 

However, comparison studies of di�erent types of MSCs in 

human lung disease models are lacking. Here we have used an 

adult and perinatal source of MSC in parallel, using an in vitro 

model, �rst to directly compare their therapeutic e�cacy and 

second to elucidate mechanistic di�erences between the action 

of BM-MSCs and UC-MSCs in ALI.

Cytokines can compromise AFC by inhibiting ion trans-

porter proteins [16, 30] and APP by damaging tight junctions or 

inducing apoptosis of infected epithelial cells. �erefore, strong 

immunomodulatory capacities of UC-MSCs are likely central to 

their role in repairing the A(H5N1)-injured alveolar epithelium. 

UC-MSCs e�ectively reduced expression of a panel of major 

proin�ammatory cytokines associated with A(H5N1) infection 

and, as expected, to a greater extent than BM-MSCs. Superior 

immunosuppressive capacities of UC-MSCs have mostly been 

shown by interaction with host immune cells, whether in ani-

mals or mixed lymphocyte reactions [11, 13]. Our in vitro 

model demonstrates that UC-MSCs have a greater intrinsic 

ability to simply sense and regulate cytokines in their micro-

environment. Furthermore, in AECs infected with BM-MSCs 

and UC-MSCs, we found upregulated levels of genes encoding 

antiin�ammatory interleukins that were not previously studied. 

In particular, UC-MSCs enhanced IL-10, IL-11, and IL-1RA 

responses, compared with BM-MSCs, all of whose bene�-

cial roles in lung injury have been established [29–31]. Gene 

expression analyses have shown that BM-MSCs tend to express 

more genes involved in osteogenesis, whereas UC-MSCs show 
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Figure 7. Highly pathogenic influenza model of acute lung injury in young mice. BALB/c mice were inoculated with influenza A(H5N1) virus. Umbilical cord mesenchymal 

stromal cells (UC-MSCs) or fibroblasts were administered intravenously on day 5. A and B, Survival (A) and body weight (B) were monitored until mice were euthanized, on day 

18. C and D, Mice were euthanized at various days for measurement of Evans blue dye extravasation (on days 7, 10, and 14; C), viral titers in bronchoalveolar lavage (on day 

7; D). All data are plotted as means + standard errors of the mean and indicative of 3 data points. * P < .05, ** P < .01, and *** P < .001. BM-MSC, bone marrow MSC; IL-1β, 

interleukin 1β; IL-6, interleukin 6; IL-8, interleukin 8; IP-10, interferon γ–induced protein 10; MCP-1, monocyte chemoattractant protein 1; RANTES, regulated on activation 

normal T-cell expressed and secreted; TNF-α, tumor necrosis factor α.
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higher expression of genes involved in angiogenesis and matrix 

remodeling [32], re�ecting the function of their respective sites 

of origin, and may explain why UC-MSCs are a better candidate 

in wound healing and treatment of in�ammatory diseases for 

which immunosuppressive action is required [33].

Some studies suggest that highly pathogenic viruses can also 

compromise epithelial permeability by directly damaging tight 

junctions [34]. �e slightly lower expression of the in�uenza 

virus matrix gene detected in infected AECs with UC-MSCs 

suggests that they may have some intrinsic antiviral activity 

that BM-MSCs lack. �e role of MSCs in suppressing host viral 

infection has not been well studied, although paracrine antivi-

ral activity of UC-MSCs has been reported for hepatitis C virus 

through secretion of speci�c miRNA sequences [35].

As UC-MSCs are of neonatal origin, they are more primitive 

than adult-tissue-derived BM-MSCs and so may exert bigger 

responses to injurious stimuli. We observed that UC-MSCs 

showed greater secretion of 2 paracrine soluble factors—

Ang-1 and HGF—upon infection, compared with BM-MSCs. 

Ang-1 is a Tie2 receptor ligand involved in angiogenesis that 

restores alveolar epithelial permeability in ALI by upregulating 

tight-junction claudin 18 [19]. However, we have previously 

shown that BM-MSC–secreted Ang-1 only partially accounts 

for the therapeutic e�ect of MSCs on AFC and APP, so we also 

studied another major MSC secretory protein. HGF is a pulmo-

trophic factor that regulates cell growth, motility, and morpho-

genesis by binding to the c-Met receptor and has been shown to 

inhibit epithelial apoptosis [36]. More recently, it was reported 

to restore lung permeability by protecting tight junctions and 

inhibiting endothelial apoptosis in a bacterial ALI model [37]. 

�erefore, higher concentrations of Ang-1, HGF and other 

paracrine factors may also explain why UC-MSCs were more 

e�ective in correcting AFC and APP. Ang-1 and HGF are both 

important in accounting for the restorative e�ects of UC-MSCs 

on AFC and APP in A(H5N1)-induced ALI in vitro.

Previous in vivo studies in conjunction with our own have 

found that BM-MSCs failed to improve survival of young mice 

(age, 6–8 weeks) inoculated with A(H1N1), 2009 pandemic 

A(H1N1), or A(H5N1) and that MSC treatment was only ben-

e�cial to older mice (age, 8–12 months), re�ecting age-related 

di�erences in mechanisms of lung pathology and repair [38]. 

�us, we reasoned that neonatal UC-MSCs, whose functions 

are not limited by age, would more therapeutically potent than 

BM-MSCs and perform better in young mice with in�uenza-as-

sociated ALI. However, the therapeutic bene�ts of UC-MSCs 

in mice shown here are only marginal, prompting several 

improvements of the current in vivo model that could be made, 

including optimization of the UC-MSC dosage, frequency of 

administration, and delivery route.

Emerging studies have shown that BM-MSCs can alleviate 

ALI by secreting extracellular vesicles that carry reparative pro-

tein and RNA (eg, mRNA and miRNA) to injured cells [39].  

�us, we isolated exosomes, the smallest known type of extra-

cellular vesicle and applied it �rst to our in vitro model in 

direct comparison with UC-MSCs. Our data show that exo-

somes derived from UC-MSCs are as potent in restoring AFC 

and APP as their parent cells, suggesting that exosomes are an 

alternative therapy to UC-MSCs. It would also be interesting to 

explore di�erent administration methods for exosomes, as they 

have potential for aerosol delivery.

In conclusion, our data show that UC-MSCs, in addition to 

their constituents, such as conditioned medium, speci�c secre-

tory growth factors, and exosomes, are potent attenuators of 

A(H5N1)-associated ALI and may o�er a promising therapeu-

tic alternative to conventionally used BM-MSCs in establishing 

improved preclinical models for severe human in�uenza.
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