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Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are characterized by pulmonary edema attributable to alveolar
epithelial-interstitial-endothelial injury, associated with profound
inflammation and respiratory dysfunction. The IL-33/IL-1 receptor-
like-1 (ST2) axis plays a key role in the development of immune-
inflammatory responses in the lung. Cell-based therapy has been
recently proposed as an effective alternative for the treatment of ALI
and ARDS. Here, we engineered human adipose tissue—-derived mesen-
chymal stem cells (hASCs) overexpressing soluble IL-1 receptor-like-1
(sST2), a decoy receptor for IL-33, in order to enhance their immuno-
regulatory and anti-inflammatory properties when applied in amurine
ALI model. We administered both hASCs and hASC-sST2 systemically at
6 hours after intranasal LPS instillation, when pathological changes had
already occurred. Bioluminescence imaging, immunohistochemistry,
and focused transcriptional profiling confirmed the increased presence
of hASCs in the injured lungs and the activation of an immunoregula-
tory program (CXCR-4, tumor necrosis factor-stimulated gene 6 pro-
tein, and indoleamine 2,3-dioxygenase up-regulation) in these cells,
48 hours after endotoxin challenge. A comparative evaluation of hASCs
and the actions of hASC-sST2 revealed that local sST2 overproduction
by hASC-sST2 further prevented IL-33, Toll-like receptor—4, IL-1B, and
IFN-y induction, but increased IL-10 expression in the injured lungs.
This synergy caused a substantial decrease in lung airspace inflammation
and vascular leakage, characterized by significant reductions in protein
content, differential neutrophil counts, and proinflammatory cytokine
(TNF-a, IL-6, and macrophage inflammatory protein 2) concentrations
in bronchoalveolarlavage fluid. In addition, hRASC-sST2-treated ALI
lungs showed preserved alveolar architecture, an absence of apoptosis,
and minimal inflammatory cell infiltration. These results suggest that
hASCs genetically engineered to produce sST2 could become a promis-
ing therapeutic strategy for ALI/ARDS management.
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Acute lung injury (ALI) and its most severe form, the acute re-
spiratory distress syndrome (ARDS), are leading causes of acute
respiratory failure in critically ill patients, with a variety of dis-
orders including sepsis, pneumonia, major trauma, acute pancre-
atitis, and drug overdose (1). The lung pathogenesis of ALI/
ARDS is characterized by the sequestration of neutrophils,
the up-regulation of proinflammatory mediators both systemi-
cally and locally, and disruption of the alveolar—capillary mem-
brane barrier. This leads to the development of noncardiogenic
proteinaceous alveolar edema and the subsequent impairment
of lung mechanics within hours to days of a predisposing insult,
such as bacterial infection. Despite advances in supportive treat-
ment, mainly related to protective ventilation (2) and a fluid con-
servative strategy (3), the morbidity and mortality of patients
remain unacceptably high (4). Therefore, innovative therapeutic
strategies are actively being pursued to improve prognoses.

Evidence has shown that mesenchymal stem cells (MSCs) dis-
play not only low immunogenicity, but are also capable of mod-
ulating the activity of innate and adaptive immune cells such as
dendritic cells, T cells, and B cells (5, 6), and are thereby anti-
inflammatory. Furthermore, MSCs given intravenously tempo-
rarily localize in the lungs and thus provide a local source of
trophic factors in the pulmonary environment (7, 8). Because
the immune-inflammatory process seems to play a major role in
both the alveolar epithelial and endothelial cell damage occur-
ring in ALI/ARDS, recent studies have suggested a therapeutic
benefit of MSC transplantation in different animal models of
acute pulmonary inflammation/injury (9, 10).

Moreover, beyond the attractive intrinsic features of MSCs,
they have a potential use as vectors or factories of desirable para-
crine factors or other gene products through ex vivo genetic
engineering, which may bring additional benefits in therapeutic
cell transplantation for a number of diseases with limited treat-
ment options, such as ALI/ARDS (11, 12).

IL-33 (interleukin-1 family member 11), the newest member
of the IL-1 family of cytokines, has been recently characterized
asaligand for the orphan IL-1 receptor-like-1 (ST2) receptor, and
it has been suggested to function as an alarmin because it is re-
leased upon endothelial or epithelial cell damage (13). The in-
teraction of IL-33 with ST2 is involved in the early induction
and further amplification of both the Thl and Th2 immune-
inflammatory responses, depending on the type of activated cell
and the microenvironment of the damaged tissue (14). Two
major products of the S72/T1 gene, a transmembrane form
(ST2L) and a soluble form (sST2), are produced by alternative
splicing under the control of two distinct promoters. ST2L is con-
sidered to be the functional component for the induction of IL-33
activities, whereas sST2 acts as a decoy receptor for IL-33. Further-
more, sST2 has been postulated as a repressor on its own of proin-
flammatory cytokine production by LPS-exposed macrophages, via
the inhibition of Toll-like receptor—-4 (TLR-4) expression (15).
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In this study, we aimed to assess the anti-inflammatory and re-
storative capabilities of infusing sST2-overexpressing human adipose
tissue—derived MSCs (hASC-sST2), to alleviate the pathological
events occurring in a murine LPS-induced lung injury model. This
combined gene and cell therapy strategy may prove particularly
beneficial in the treatment of ALI/ARDS.

MATERIALS AND METHODS
hASC Isolation

Discarded human adipose tissue from two healthy adult women undergo-
ing elective lipoaspiration was used as the source of hASCs throughout
this study, under Institutional Ethics Committee approval, as described else-
where (16). The isolated hASCs were expanded for 4 to 5 days (Passage 0),
substituting the culture medium every 2 days until achieving 80% conflu-
ence, and were amplified through periodic passaging (split ratio, 1:2).

Lentiviral Vector Production and hASC Transduction

Transient triple-transfection on human embryonic kidney 293T cells, as
previously described (16), produced vesicular stomatitis virus G protein—
pseudotyped, high-titer lentiviral particles from pWPT-sST2FLAG2AEGFP
(a bicistronic lentiviral vector encoding the sST2-C-terminal FLAG
tag fusion and the enhanced green fluorescent protein (EGFP) cDNA
sequences, separated by the porcine teschovirus-1 2A sequence) (17)
and from its corresponding control counterpart pWPT-EGFP. The
hASCs administered throughout the in vivo ALI model assays were
transduced with the appropriate lentiviral vector particles at an opti-
mized multiplicity of infection (MOI) of 20.

Murine Model of LPS-Induced ALl and Study Design

Ten- to 12-week-old male BALB/c mice (Harlan, Horst, The Nether-
lands) were anesthetized with 2% isoflurane and challenged with a single
intranasal instillation of 8 mg/kg LPS (Escherichia coli 055:BS5; Sigma-
Aldrich, St. Louis, MO), dissolved in 50 pl of PBS, or else the mice re-
ceived 50 pl of PBS alone. Six hours after the induction of injury, mice
received engineered hASCs expressing the reporter EGFP (hASCs),
engineered hASCs expressing the sST2-2A-EGFP fusion (hASC-sST2;
1 X 10° cells in 200 w1 of PBS in both cases), or 200 l of PBS by tail-vein
injection. All mice were analyzed at 48 hours after LPS/PBS instillation.
For each batch of hASC-sST2 used, we confirmed adequate sST2 protein
expression levels by ELISA, as previously indicated.

All procedures involving mice were reviewed and approved by the
Ethics Committee of Animal Experimentation at the Vall d’Hebron
Research Institute (Barcelona, Spain; CEEA study number 61/09).

Bronchoalveolar Lavage, Cell Count,
and Protein Measurement

Bronchoalveolar lavage (BAL) was performed in the treated mice at 48 hours
after intranasal instillation. The lungs were lavaged three times in situ with
0.7 ml of sterile saline (0.9% NaCl) at room temperature, and the recovered
fluid was pooled. Cells were counted with a hemocytometer (total cells), and
the BAL fluid (BALF) was centrifuged (1,500 X g, 10 min). The superna-
tant was frozen (—80°C) until further analysis. Total protein was measured
in the BALF with the bicinchoninic acid assay (Pierce, Rockford, IL).

BALF and Plasma Cytokine/Chemokine Assessment

‘We measured concentrations of murine TNF-«, IL-6 (both from Diaclone,
Besancon Cedex, France), macrophage inflammatory protein 2 (MIP-2;
IBL, Gunma, Japan), and IL-33 (R&D Systems, Abingdon, UK) in
undiluted BALF and in serum (from blood drawn via cardiac puncture,
and centrifuged for 30 min at 2,000 X g) by ELISA, according to the
manufacturer’s instructions.

Histopathology and Immunohistochemistry

Tracheas from hASC-treated, hASC-sST2-treated, and PBS-treated
ALI animals not undergoing BAL were cannulated at 48 hours after

LPS/PBS intranasal instillation, and the lungs were fixed by inflation to
total lung capacity with 1 ml of 4% paraformaldehyde under a constant
inflation pressure of 25 cm H,O. After overnight fixation, lung tissue
was embedded in paraffin, cut into 3-um-thick sections, and stained
with hematoxylin and eosin.

For immunohistochemistry, formalin-fixed tissues were dehydrated
with an ethanol gradient, cut, and embedded in paraffin. Sliced 5-pym
sections were mounted on poly-L-lysine—coated glass slides and immu-
nostained as previously described (18).

Detailed methodologies for the isolation and characterization of
hASCs, sST2 cloning, hASC transduction, Western blot analysis, 1L-33—
sST2 interactions, bioluminescence imaging, RNA isolation and analysis,
differential cell counts, the flow cytometry of BALF cells, histopathology,
immunohistochemistry, and the measurement of lung mechanics are de-
scribed in the online supplement.

Statistical Analysis

Unless indicated otherwise, we represent data as mean values = SEMs,
or as individual points in a vertical dot plot, with a line to indicate the
mean value. We used one-way ANOVA, adjusted for multiple compar-
isons (Bonferroni test), or an unpaired ¢ test for statistical analyses
(GraphPad Prism, version 5.00; GraphPad Software, Inc., San Diego,
CA). In all instances, we considered P < 0.05 statistically significant.

RESULTS

Behavior of Transplanted hASCs in the Mouse ALl Model:
Biodistribution and Activation

A thorough phenotypic and functional characterization was first
performed on the adherent fibroblast-like hASCs isolated from
lipoaspirates (16) (Figure E1 in the online supplement). The
lentiviral vector-mediated transduction of hASCs with the bicis-
tronic EGFP-2A-firefly luciferase configuration (19) (Figure
1A) facilitated the sensitive tracking of the infused hASCs by
bioluminescence imaging. Therefore, we confirmed the reten-
tion and further gradual clearance of intravenously infused
hASCs in the lungs of healthy mice, lasting nearly 1 week (Fig-
ure E2). Moreover, flow cytometric analysis of the EGFP-
positive cells stained with the macrophage-1 antigen (MAC-1)
from the BALF of ALI mice, generated by intranasal instilla-
tion of the endotoxin LPS, indicated that phagocytosis by
mouse alveolar macrophages might contribute, at least in part,
to hASC clearance (Figure E3). Next, we evaluated the in vivo
organ biodistribution of hASCs at two different times after their
intravenous administration in the mouse ALI model, as already
described. The exclusive presence of the bioluminescent signal
in the lungs of transplanted animals, irrespective of PBS or LPS
instillation, confirmed the retention of intravenously infused
hASCs throughout the pulmonary parenchyma (Figures 1B
and 1C). Interestingly, at 48 hours after transplantation, a signif-
icantly increased presence of hASCs was evident in the LPS-
instilled lungs compared with the PBS-instilled control lungs
(Figures 1B-1D). This increase was probably attributable to
transient hASC expansion in the injured environment, because
the transcript levels of the human Ki67 proliferation marker
from both LPS-instilled and PBS-instilled mice were found to
be the same at 48 hours after hASC infusion (Figure 2A). In-
deed, an analogous outcome was observed in vitro, after hASC
induction with different proinflammatory stimuli (Figure E4).
On the other hand, hASC activation in the LPS-induced proin-
flammatory milieu of the lung was evident because of significant
up-regulation of the chemokine receptor CXCR-4, which is critical
for the trafficking of MSCs toward the stromal cell-derived factor—
la secreted at injury sites (20), and of key anti-inflammatory
and immunosuppressive transcripts encoding soluble factors such
as the IL-1/TNF-inducible protein tumor necrosis factor-stimulated
gene 6 protein (TSG-6); the indoleamine 2,3-dioxygenase (IDO)
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Figure 1. Noninvasive in vivo imaging of
human adipose tissue-derived mesenchy-
mal stem cell (hASC) biodistribution into
unchallenged and endotoxin-challenged
mice with acute lung injury (ALI). (4)
Schematic proviral configuration of the
lentiviral vector with peptide 2A sequence
(LV-T2A) lentiviral vector used. The result-
ing bicistronic transcript contains, in a 5’
to 3’ orientation, the enhanced green
fluorescent protein (EGFP) reporter gene,
followed by the picornavirus-derived 2A
peptide mediating cotranslational cleav-
age from the second cistron, the firefly
luciferase (fLuc) gene. (B) Bioluminescent
signals as a consequence of fLuc activity
generated by LV-T2A-transduced hASCs
intravenously injected into mice (1 X
10° cells/mouse). Graphic images were
recorded at 0.5 hour and 48 hours after
hASC administration in both control PBS-
instilled mice (left) and LPS-instilled mice
(right), with a 6-hour interval between in-
stillation and cell administration (two rep-
resentative animals per group are shown).
The color scale (represented in photons/s/
cm?/steradian) next to the images indi-
cates signal intensity, where red and
blue represent the highest and lowest sig-
nal intensities, respectively. (C) Graphic

(15/:uf3/ud) @3uepEY L0T%

LPS /hASC

images show the ex vivo bioluminescent signal detected in excised lung lobes from four representative animals per group at 48 hours after intravenous
LV-T2A-transduced hASC administration. (D) Bar diagram of in vivo fLuc activity quantification. Photon flux (ph/s) values were extracted from the
recorded images (above) and plotted versus the elapsed time after hASC inoculation, after background subtraction (n = 10 mice per group). *P < 0.05,

LPS compared with PBS. ns, not significant.

enzyme, involved in tryptophan catabolism; and, to a lesser extent,
the inducible prostaglandin-producing enzyme cyclooxygenase-2
(COX-2) and the immunoregulatory cytokine transforming growth
factor (TGF)-B (Figure 2A). All these mediators play a central role
in the immunomodulatory actions of MSCs (6, 21).

Furthermore, immunostaining of human Ki67 protein from
infused, mitotically active hASCs revealed appreciable differen-
ces in their cellular localization. Thus, in the lung tissue from
PBS-instilled mice, hASCs were sparsely present, and were dis-
tributed as discrete small clusters likely retained within the alve-
olar microcapillaries. In contrast, in LPS-induced mice, hASCs
showed a more abundant and scattered presence throughout
the lung parenchyma (Figure 2B).

Thus, the acute proinflammatory lung-injury environment
seems to induce an anti-inflammatory and immunomodulatory
activation program in lung-retained hASCs.

Generation and Characterization of hASCs Overexpressing
Murine sST2

Growing evidence supports an important role for IL-33 in innate
airway inflammation. Thus, we explored whether the genetic en-
gineering of hASCs as vectors and factories of the IL-33 decoy
receptor sST2 could endow them with additional or synergistic
therapeutic benefits when transplanted into an ALI mouse model.

Therefore, we designed a bicistronic lentiviral vector incorpo-
rating a picornaviral 2A sequence flanking at a 5’ to 3’ orien-
tation the C-terminus FLAG-tagged murine sST2 cDNA and
the reporter EGFP cDNA (Figure 3A). The transduction of
hASCs with the lentiviral vector confirmed the cotranslational
cleavage of the polyprotein product into the murine sST2-
FLAG peptide and the reporter EGFP, according to Western
blot analysis. The EGFP reporter also permitted us to visualize

and estimate the transduction efficiency of hASCs by both flow
cytometry and fluorescence microscopy (Figure 3B). In addition,
increasing the MOI was correlated with an augmented produc-
tion and secretion of recombinant murine sST2 by hASCs. Thus,
at a MOI of 20, we reached an average 80% = 5% transduction
efficiency, and a concentration of secreted sST2 (35 = 15 ng/ml)
comparable to that induced by the LPS treatment of National
Institutes of Health 3T3 fibroblasts (Figure 3C). This optimized
MOI of 20 was selected for the transduction of hASCs used in all
in vivo administration assays. Furthermore, we evaluated the
functionality of the recombinant murine sST2-FLAG secreted
by the transduced hASCs. The sST2-FLAG decoy was able to in-
terfere significantly, in a dose-dependent manner, with I1L-33-T1/
ST2 signaling in P815 mouse mastocytoma cells by reducing the
induction of proinflammatory IL-6 (22) (Figure 3D). As previously
reported (16), lentiviral vector-mediated hASC transduction did not
change their phenotype and functional properties (data not shown).

Superior Therapeutic Effects of hASCs Overexpressing sST2
on Acute LPS-Induced Pulmonary Inflammation

The IL-33-ST2 axis plays a key role in bridging innate and adap-
tive immune responses in the lung during infection, inflammation,
and tissue damage (13). Therefore, we sought to elucidate whether
combining sST2-mediated local IL-33 blockade and the inherent
anti-inflammatory and immunomodulatory actions of hASCs
yielded a therapeutic effect superior to that of administering
hASCs alone in a murine model of ongoing ALI induced by
LPS (Figure 4A). LPS triggers a large influx of polymorphonu-
clear cells into the airspaces. This influx peaks at around 48 hours,
and is associated with increased microvascular permeability (23).

Macroscopically, LPS-instilled and PBS-treated mice evidenced
overt symptoms of endotoxemia at 48 hours after challenge,
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Figure 2. Activation status of hASCs after intrapulmonary retention in
the mouse ALI model. (A) The relative mRNA expression of the prolif-
eration marker gene human Ki67 and of the hASC activation-related
genes IL-1RA, keratinocyte growth factor (KGF)-1, KGF-2, CXCR-4, inter-
cellular adhesion molecule-1 (ICAM-1), tumor necrosis factor-stimulated
gene 6 protein (TSG-6), indoleamine 2,3-dioxygenase (IDO), cyclooxy-
genase-2 (COX-2), and transforming growth factor (TGF)-B in hASC-
treated murine lung tissue was determined by TagMan quantitative
RT-PCR with the corresponding human-specific probes, and normalized
through the housekeeping gene GUSB. Data are presented as fold induc-
tion of the indicated gene from LPS-challenged and hASC-treated mice
(LPS/hASC; solid bars), relative to the same gene from PBS-instilled
and hASC-treated mice (PBS/hASC; open bars) (n = 3-6). *P < 0.05.
**P < 0.01. ns, not significant. (B) Representative immunohistochemical
images of human Ki67-stained lung tissue from hASC-treated mice at 48
hours after LPS induction (LPS/hASC) or PBS instillation (PBS/hASC)
(above). Corresponding control images of Ki67-stained lung tissue from
LPS-instilled and PBS-instilled and untreated mice (below). Arrows indicate
positive staining. Scale bar = 20 pm.

characterized by a hunched appearance, raised hair, sweating,
reduced locomotor and exploratory behavior, and decreased
responses to external stimuli. In contrast, mice instilled with LPS
and treated with hASCs or hASC-sST2 at 6 hours after endotoxin
challenge showed a lesser degree of sickness when evaluated for the
same symptoms. Moreover, a preliminary gross lung examination
of the LPS-injured mice revealed that the PBS-treated animals con-
tained petechial hemorrhages and necrotic lung lobes. By contrast,
considerably fewer morphological alterations or lesions were seen
in the lungs from LPS-instilled plus hASC-treated and, particularly,
from LPS-instilled plus hASC-sST2-treated mice (Figure 4B).
hASCs overexpressing the sST2-FLAG transgene were immuno-
localized in the LPS-injured lungs from all hASC-sST2-transplanted
mice, which evidenced the local delivery of this anti-inflammatory

decoy into the inflamed lung parenchyma (Figure 4C, left column).
Furthermore, the presence of hASCs in the transplanted lungs was
confirmed by reporter EGFP expression (Figure 4C, right column).

It was suggested that endotoxin-induced ALI could be regu-
lated by both the ST2-1L-33 and the ST2-TLR4 axes (15, 24).
Therefore, we assessed whether hASCs on their own, or hASCs
overexpressing transgenic sST2, would be able to modulate the
expression of the ST2-related proinflammatory mediators IL.-33
and TLR4, as well as other relevant inflammatory cytokines
such as IL-1B, IFN-y, and IL-10 in LPS-injured lungs. Indeed,
whereas hASC treatment was able to reduce the expression of
the proinflammatory mediators IL-33, TLR4, IL-1p3, and IFN-y
to different degrees in LPS-challenged mice, hASC-sST2 treat-
ment not only fully prevented their transcriptional induction,
but also significantly up-regulated the anti-inflammatory cyto-
kine IL-10, as determined by the quantitative RT-PCR of
mRNA isolated from lung homogenates (Figures SA and 5B).

In addition, although undetectable in the BALF, increased pro-
inflammatory IL-33 production was observed in the sera of LPS-
instilled mice at 48 hours after challenge. Interestingly, treating
mice with hASC-sST2 precluded the LPS-mediated overproduc-
tion of circulating IL.-33 (Figure 5C).

Notably, when compared with PBS-instilled control mice,
LPS-instilled mice experienced marked proinflammatory altera-
tions in the lungs, such as pulmonary vascular leakage, edema,
and immune cell shedding into the epithelial lining fluid at
48 hours after endotoxin challenge. Conversely, immune cell counts
(Figure 6A), neutrophil counts (Figure 6B), and total protein
content (Figure 6C) in the BALF of hASC-treated mice were
decreased with respect to those observed in untreated mice. Re-
markably, both the proinflammatory cellular infiltrates and the
lung vascular barrier compromise observed in endotoxin-treated
mice were further attenuated by sST2 overexpression in hASC-
sST2-treated lungs.

Increased amounts of both the proinflammatory cytokines
TNF-a and IL-6, and the neutrophil chemoattractant MIP-2,
are known to be actively involved in the pathophysiology of
endotoxin-mediated pulmonary inflammation. Notably, the concen-
trations of TNF-a, IL-6, and MIP-2 were found to be significantly
reduced in the BALF of LPS-challenged and hASC-sST2-treated
mice, compared with those concentrations in LPS-challenged and
untreated mice (Figures 6D-6F). However, hASC treatment after
LPS challenge yielded intermediate BALF cytokine/chemokine
concentrations. The same trend was also perceived in the sera
of the analyzed animals, although the concentrations of these
proinflammatory mediators were at just about the threshold of
detection (data not shown).

Moreover, a blinded histopathological examination of lung sec-
tions from the LPS-induced, untreated mice revealed a marked in-
flammatory infiltrate consisting of polymorphonuclear leukocytes
and macrophages at 48 hours after endotoxin challenge, which
was slightly reduced in LPS-induced and hASC-treated mice. In
addition, hASC-sST2 treatment further reduced the immune—
inflammatory infiltrates present in LPS-challenged mice, leading
to an improved histological appearance similar to that from un-
challenged control mice (i.e., preserved lung architecture and bet-
ter tissue-injury scoring) (25) (Figures 7A and 7C). Likewise,
hASC treatment prevented the widespread apoptosis and necrosis
of bronchial tissue (i.e., epithelial cells and infiltrating neutrophils)
induced after LPS instillation, as assessed by terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate nick-end
labeling staining (Figure 7B).

Finally, although our lung injury model was mainly designed to
evaluate reversions of acute lung inflammation, we also explored
the quantification of mechanical parameters from a pulmonary
functional standpoint through forced oscillation mechanics.
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Figure 3. Generation and characteriza-
tion of genetically engineered hASCs over-
expressing soluble IL-1 receptor—like-1
(sST2). (A) Schematic proviral configu-
ration of the pWPT-sST2FLAG2AEGFP

B P q,ggs?q (PWPT-sST2-EGFP) lentiviral vector used.
(& l\;.;‘ The resulting bicistronic transcript con-

‘Q@" '@»\Q tains, in a 5’ to 3’ orientation, sequences

\‘@0 véoc’ encoding the C-terminus FLAG-tagged

KD 1 2 murine sST2 gene, followed by the picor-
navirus-derived 2A peptide mediating

64 _| S | we: Anti-FLAG EGFP expressing-hASC cotranslational cleavage from the second

84,5% cistron, the EGFP reporter gene. (B) Left:
pWPT-sST2-EGFP-transduced hASCs ex-
press both the sST2 and the EGFP trans-
genes. sST2 and EGFP protein expression
was assessed in cell extracts by Western
blotting. Top blot: Detection of the spe-
cific 64-kD sST2-FLAG band in hASCs
transduced with pWPT-sST2-EGFP (lane
2), but not in hASCs transduced with the
control counterpart pWPT-EGFP (lane T),
both at multiplicity of infection (MOI) =
20. Middle blot: The reporter EGFP protein
was detected in both pWPT-sST2-EGFP-
transduced and pWPT-EGFP-transduced
hASCs. Bottom blot: Endogenous tubulin
expression. Center: Representative flow
cytometric histogram overlay of pWPT-
sST2-EGFP-transduced hASCs (MOI =
20) shows transduction efficiency as the
percentage of EGFP-positive hASC (dark
line) over the autofluorescent background
from nontransduced hASCs (gray line).
Right: EGFP expression of pWPT-sST2-EGFP-transduced hASCs (MOI = 20) by fluorescence microscopy. Scale bar = 200 pm. (C) sST2 protein
expression was assessed in cell-culture supernatants by ELISA. The concentrations of murine sST2 were evaluated from supernatants collected 48
hours after lentiviral transduction at the indicated MOIs. Open columns, pWPT-sST2-EGFP-transduced hASCs. Gray column, pWPT-EGFP-transduced
hASCs. The sST2 concentrations of National Institutes of Health 3T3 mouse fibroblast supernatants induced with LPS (10 wg/ml) for 48 hours were
determined for comparison (solid column). Data are presented as means = SDs (n = 3). *P < 0.05, compared with pWPT-EGFP-transduced hASC
supernatants. ns, not significant. (D) sST2-FLAG secreted from pWPT-sST2-EGFP-transduced hASCs interferes with IL-33-T1/ST2 (IL-1 receptor-like-1)—
mediated IL-6 production by P815 mastocytoma cells. Before stimulation, IL-33 (1 ng/ml) was coincubated for 15 minutes at 37°C with culture
supernatants from pWPT-EGFP-transduced hASCs (SN-EGFP), or from pWPT-sST2-EGFP-transduced hASCs (SN-sST2), at different dilutions (undiluted,
1:2, and 1:4). The resultant mixtures were added to P815 cells for 48 hours, and the induced IL-6 concentrations were assessed in the corresponding
culture supernatants by ELISA. Control samples included untreated P815 supernatants (basal), and noninduced (no IL-33), SN-EGFP-treated, or
SN-sST2-treated supernatants. Results shown are presented as means = SDs, including triplicate measurements from three independent experiments.
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Therefore, at 48 hours after endotoxin challenge, tissue damping
or energy dissipation and lung-tissue elastance tended to in-
crease in LPS-induced mice compared with PBS-instilled control
mice. In contrast, both mechanical parameters were reduced to
control values in both hASC-treated and hASC-sST2-treated
mice after LPS induction (Figure ES5).

DISCUSSION

In this study, we have approached a combined strategy of gene-
based and cell-based therapy to comprehensively modulate the
ongoing pulmonary immune-inflammatory process induced by in-
tranasal LPS instillation in an endotoxin-based murine ALI model.
For that purpose, we first isolated and characterized hASCs (16), and
further exploited their immunomodulatory and anti-inflammatory
properties (5, 6, 21) in endotoxin-injured lungs.

An additional attractive feature of MSCs relates to their lung
retention after systemic administration. The intravenous infusion
of MSCs has been shown to lead to their homogeneous distribution
into the lung parenchyma (7, 26), attributable to a known cell-
trapping phenomenon occurring in the pulmonary microvasculature

(27). Moreover, through in vivo bioluminescence imaging, we dem-
onstrated that LPS-induced injury significantly increased the pres-
ence of hASCs in the damaged lungs as a consequence of hASC
recruitment (through CXCR-4 up-regulation) and activation. In-
deed, we demonstrated the induction of an anti-inflammatory/
immunosuppressive program in hASCs (TSG-6, IDO, and to a
lesser extent, COX-2 and TGF-B overexpression) within stressed
airways. Moreover, the pattern of mitotically active hASC dis-
tribution, as assessed by immunohistochemistry, changed from
scarce and clustered in uninjured lungs, to spread out and more
abundant in LPS-injured lungs, likely attributable to both the
transient expansion and vascular leakage of activated hASCs
(23), although additional studies will be needed to establish these
points. Accordingly, recent reports have also shown both a signif-
icantly increased presence of MSCs in the lungs of a ragweed-
induced allergic inflammation model when compared with the
unchallenged state (28), and the activation or licensing of MSCs
toward an anti-inflammatory, immunomodulatory state in differ-
ent ALI models (9, 10).

In addition, we confirmed by bioluminescence analysis a grad-
ual decay of the infused hASCs within the lungs of uninjured,
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immunocompetent host mice. An analogous study in nude mice
also reported lung retention and a further 1 week removal of in-
travenously infused hASCs, which suggests a predominant role
of the innate immune system in hASC lung clearance (29). In-
deed, flow cytometric analyses of EGFP and phycoerythrin—
MAC-1 double-stained cells in the BALF from LPS-injured
and hASC-treated mice suggest the contribution of alveolar
macrophages as a relevant factor for hASC clearance in LPS-
injured lungs. MSC-educated macrophages were recently re-
ported to display anti-inflammatory and increased phagocytic
activities (30). In contrast, hASCs seem to display a low suscep-
tibility to natural killer (NK) cell-mediated lysis, which could

Sacrifice

LPS / hASC-sST2

Figure 4. Engineered hASC transplantation in
the endotoxin-induced ALl model. (A) Experi-
mental design for the in vivo hASC transplanta-
tion study. BALB/c mice initially received LPS or
PBS by nasal instillation, followed by intrave-
nous injection 6 hours later of PBS, genetically
engineered hASC-overexpressing EGFP (hASC),
or genetically engineered hASCs overexpressing
both sST2 and EGFP (hASC-sST2). Mice were
killed 48 hours after the initial pathogenic chal-
lenge, to evaluate therapeutic efficacy. (B) Gross
appearance of representative lungs from control,
PBS-instilled mice (PBS/PBS); LPS-challenged,
untreated mice (LPS/PBS); LPS-challenged
plus hASC-treated mice (LPS/hASC); and LPS-
challenged plus hASC-sST2-treated mice (LPS/
hASC-sST2) at 48 hours after LPS instillation.
(€) Immunohistochemical localization of geneti-
cally engineered hASCs overexpressing both mu-
rine sST2-FLAG and EGFP in endotoxin-injured
lungs. Representative lung section images of
LPS/hASC mice (top), LPS/hASC-sST2 mice (mid-
dle), and LPS/PBS control mice (below) at 48 hours
after LPS instillation. Arrows indicate the brown
label detection of sST2-FLAG-stained hASCs
(left column), and of EGFP-stained hASCs (right
column). Scale bar = 10 pm.

be mediated through the actions of soluble factors such as IDO
metabolites (31). Further studies will be needed to establish the
relative contributions of the different innate and adaptive im-
mune cells influencing hASC lung clearance. Nonetheless, be-
cause of the temporary pathological scenery of ALI/ARDS, our
results suggest that in an adoptive cell-therapy strategy based on
the transfer of allogeneic hASCs as “universal donors,” the trans-
ferred cells would remain in the lung tissue long enough to bal-
ance the immune-inflammatory response before being cleared.
Several recent reports indicate the usefulness of human MSC
administration in LPS-induced or E. coli-induced murine ALIL
Three of these reports involved umbilical cord blood-derived
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human MSCs, which reduced pulmonary inflammation and oxida-
tive stress, enhancing alveolar CD4"CD25"Foxp3™ T-regulatory
cells and bacterial clearance (32-34). A comparative study of hu-
man and mouse ASCs also concluded that treatment with both cell
sources was able to attenuate LPS-induced ALI significantly in
mice (35). Nevertheless, none of these studies has characterized
the biodistribution and/or activation state of infused human MSCs
in the injured host. Furthermore, an interesting study assessing
the activation status of bone marrow—derived human MSCs in
LPS-induced ALI mice concluded that secreted TSG-6, which
we also found to be up-regulated significantly, plays an essential
anti-inflammatory role and contributes to reducing proinflamma-
tory cytokines, neutrophil counts, and total protein in BALF (36).
In all these studies, cell therapy was administered shortly after
LPS challenge (30 min to 4 h). Thus, our results improve the
therapeutic window of sST2-overexpressing hASC therapy by up
to 6 hours after the intervention, when the inflammatory pathol-
ogy has significantly progressed (34). Of note, Lee and colleagues
(37, 38) have also shown that treatment with allogeneic human
MSCs restored alveolar fluid clearance and reduced inflammation
in ex vivo perfused human lungs injured by either E. coli endotoxin
or live bacteria.

In addition, we sought to improve the therapeutic potential of
hASCs in our ongoing ALI model through the overexpression of
sST2, a decoy receptor for IL-33, by genetic engineering (hASC-
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Figure 5. Involvement of pro-
inflammatory 1L-33/ST2/Toll-like
receptor—4 (TLR4) signaling in
the endotoxin-induced ALI
model. (A) The relative mRNA
expression of the murine tran-
scripts IL-33 (n = 3-5 per
group), TLR4 (n 6-8 per
© group), IL-1B, IFN-y, and IL-10
(n = 4-5 per group/each) were
measured in lung tissue by Tag-
Man quantitative RT-PCR at 48
hours after LPS or PBS instilla-
tion, using the constitutively
expressed Cebpa gene for nor-

o * malization. Data are presented
g " as fold induction of the indi-
5 8 cated gene from LPS-challenged
3 6 and untreated mice (LPS/PBS)
;{ 4 or hASC-treated mice (LPS/
T Ll s ns hASC and LPS/hASC-sST2) (solid
o columns), relative to the same
a0 & & A gene from PBS-instilled, un-
SO & & treated mice (PBS/PBS) (open
SN \‘\\5’ columns). (B) Serum IL-33 con-

£ centrations from control, PBS-
instilled (PBS/PBS) (open column),
and LPS-challenged, untreated
mice (LPS/PBS), LPS-challenged
plus hASC-treated mice (LPS/
hASC), and LPS-challenged plus
hASC-sST2-treated mice (LPS/
hASC-sST2) (solid columns) (n =
8-9 per group), were deter-
mined by ELISA, as indicated in
MATERIALS AND  METHODS. *P <
0.05, **P < 0.01, and ***P <
0.001, compared with the LPS/
PBS group. ns, not significant.

sST2). We were particularly interested in targeting the proin-
flammatory cytokine IL-33 because it has been shown to interact
with the T1/ST2 receptor and to induce not only Th2-type but
also Thl-type immune responses (24, 39). At the transcriptional
level, behind the immunomodulatory activity of unmodified
hASCs, hASC-sST2 treatment was able to abrogate the expres-
sion of key proinflammatory mediators such as I1L-33 itself, IL-13,
and IFN-y that were significantly up-regulated in the lungs of our
LPS-instilled ALI mice, and hASC-sST2 treatment concomitantly
induced the anti-inflammatory cytokine IL-10. Accordingly, we
found an increased production of IL-33 in the sera of LPS-
instilled mice, which was attenuated to basal concentrations only
after hASC-sST2 treatment, but not after hASC treatment. This
finding is in agreement with IL-33 functioning in ALI as a
“damage-associated molecular pattern” or alarmin, which is re-
leased on endothelial and epithelial cell damage, targeting resi-
dent innate immune cells, particularly in the lung alveoli (40).
Recent reports have suggested a key role for IL-33 as an ampli-
fier of innate immunity, and have shown that IL-33~'~ mice were
resistant to endotoxin shock in comparison with IL-33"'* mice
after LPS injection (41). Furthermore, the ST2-IL-33 axis has
been shown to increase the expression of the LPS receptor com-
ponents lymphocyte antigen 96 (MD2) and TLR4 in macro-
phages, preferentially inducing the MyD88-dependent pathway,
and this axis can also activate NK and invariant natural killer T
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cells to produce Th1 cytokines (39). Thus, the local release of the
sST2 decoy receptor by our engineered hASCs in endotoxin-
injured lungs could complete a dual role, by (I) trapping
IL-33 and preventing it from binding to T1/ST2 on the surface
of various target cells, and (2) binding directly to macrophages
through an undefined receptor and down-modulating TLR4
and TLR1 (15). Certainly, we have found a significant down-
regulation of TLR4 in the lungs of ALI mice treated with hASC-
sST2, compared with mice either untreated or hASC-treated.

Regarding the functional parameters dysregulated in ALI,
our study demonstrates that hASC-sST2 treatment was superior
to treatment with hASCs administered alone. Interestingly,
hASC-sST2 treatment reduced pulmonary vascular leakage, leu-
kocyte influx, and especially, neutrophil influx and proinflamma-
tory TNF-a, IL-6, and MIP-2 in the BALF of LPS-challenged
mice. This outcome was correlated with a minor degree of symp-
tomatic sickness, and with a viable lung appearance both macro-
scopically (minimal petechial hemorrhages and an absence of
necrotic lung lobes), and microscopically (preserved alveolar archi-
tecture and minimal inflammatory-cell infiltration). Furthermore,
in LPS-injured lungs, both hASC and hASC-sST2 treatments were
able to prevent extensive apoptosis/necrosis (42) and a short-term
deterioration in respiratory function. Nevertheless, our pulmonary
function analysis has been optimized for chronic murine models
(43), and seems to have limited sensitivity in ALI models.

The adenovirus-mediated overexpression of sST2 was recently
reported to provide a protective effect in mice with LPS-induced
ALI (44), although in that study, gene transfer was performed
before lung injury, which questions the effectiveness of a post-
treatment strategy and its relevance for clinical therapy.

Furthermore, two studies pioneered the use of genetically
engineered allogeneic MSCs overexpressing the vasculoprotec-
tive factor angiopoietin-1 (Ang-1) in the LPS-induced ALI
model, and found that both MSCs and Ang-1 played a synergistic
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Figure 6. Bronchoalveolar la-
vage fluid (BALF) analyses after
C LPS-induced lung inflammation
* in mice. Numbers of inflamma-
ns tory cells (A) and neutrophils
2500 ,’_‘ (B) in the lung airspace, and
2000 ' vascular Iee?kage measur.ed t?y
. total protein accumulation in
the BALF (C), were determined
at 48 hours after LPS or PBS
instillation (PBS-instilled groups,
n = 6-8; LPS-challenged
& eé‘w & & ﬂé‘m groups, n = 8-16). Concentra-
& tions of the proinflammatory
& & cytokines TNF-a (D) and IL-6
(E), and of the chemokine mac-
rophage inflammatory protein
2 (MIP-2) (F), were measured
at 48 hours after LPS or PBS
instillation through specific ELI-
SAs (n = 5-7 per group). PBS/
PBS, PBS-instilled, untreated
mice; PBS/hASC, PBS-instilled,
hASC-treated mice; LPS/PBS,
LPS-challenged, untreated mice;
LPS/hASC, LPS-challenged, hASC-
o o o treated mice; LPS/hASC-sST2,
&L \@% NAR 4 \@% LPS-challenged, hASC-sST2-
Sl treated mice. *P < 0.05,
**P < 0.01, and ***P < 0.001,
compared with the LPS/PBS

group. ns, not significant.
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role in reducing alveolar inflammation and permeability (11, 12).
Both studies used syngeneic MSCs for cell therapy, which
avoids the issue of a potential host immune response. We have
overcome this limitation, showing that xenogeneic hASCs be-
come immunomodulatory and are well tolerated when trans-
planted into the mouse ALI model. Indeed, in terms of safety,
the increasing experience with the systemic administration of
allogeneic MSCs, including a recent trial in patients with
chronic obstructive pulmonary disease (45), demonstrates no
obvious infusional toxicity or safety issues, although longer-
term follow-up studies are needed to encourage MSC-based
therapy in the clinic. Moreover, the use of hASCs as local sST2
factories in the injured lung has obvious advantages compared
with alternative gene therapy strategies such as systemic, sST2-
overexpressing, adenoviral vector administration (44). Because of
their immunogenicity, the systemic delivery of adenovirus vectors
may trigger serious adverse events (46). The transient presence of
xenogeneic/allogeneic genetically engineered hASCs in the trea-
ted lungs also reduces safety concerns regarding the persistence
of these implanted cells for longer than required. Furthermore,
given the wide variety of cellular responses regulated by I1L-33, its
widespread and/or sustained inhibition through the sST2 decoy
receptor should be approached with caution (47).

Finally, although our endotoxin-based mouse ALI model is
very reproducible and has been used extensively (25), particu-
larly to evaluate the potential of MSCs (9), the use of sterile
injury may represent a limitation in our study. Specifically, we
could infer that the blockade of IL-33 activity through the use of
sST2-overexpressing hASCs might worsen outcomes in a model
of bacterial pneumonia, because intravenous IL-33 supplemen-
tation has been shown to improve outcomes in a cecal ligation
and puncture (CLP) model of sepsis in mice (48). Conversely,
two recent reports using relevant models of bacterial pneumo-
nia confirmed the usefulness of modulating the IL-33-ST2 axis
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Figure 7. Lung histopathology
in the mouse ALl model. Histo-
logical evaluation of the thera-
peutic potential of hASCs and
hASC-sST2 on LPS-induced
murine acute lung injury. Rep-
resentative images of hema-
toxylin and eosin-stained (A)
and terminal deoxynucleotidyl
transferase—-mediated deoxy-
uridine triphosphate nick-end
labeling-stained (B) lung sec-
tions from control, PBS-instilled,
untreated mice (PBS/PBS), LPS-
challenged, untreated mice
(LPS/PBS), LPS-challenged,
hASC-treated mice (LPS/hASC),
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for lessening sepsis-induced lung injury. One approach involved
ST2 knockout mice, which were protected against the lethality
of secondary pneumonia with Pseudomonas aeruginosa during
CLP-induced sepsis, possibly by inhibiting Type 1 cytokine
production by T cells (49). The other approach showed that
an overexpression of the ubiquitin ligase FBXL.19 abrogated the
proapoptotic and inflammatory effects of IL-33, and lessened the
severity of lung injury in mouse models of pneumonia by an
intratracheal administration of LPS or E. coli, selectively medi-
ating the degradation of the ST2 receptor in the proteasome (50).
Therefore, both studies supported a protective anti-inflammatory
and immunomodulatory role of sST2-mediated pulmonary IL.-33
blockade, stressing the importance of the model system used and/
or the route of IL-33 administration, thus supporting the validity
of our approach. However, additional studies, including more
clinically relevant models involving sepsis and pneumonia in-
duced by live bacteria, will be needed to reproduce our findings
in the LPS-based ALI model of sterile inflammation.

In conclusion, hASCs, whether autologous or allogeneic, can
be easily obtained and expanded. These cells are able to sense
the immune-inflammatory environment and to reestablish the
physiological epithelial/endothelial balance when retained in
the injured pulmonary microvasculature, owing to their particular
control over innate and adaptive immune response cells. We have
supplemented the intrinsic features of hASCs by genetic

and LPS-challenged, hASC-
sST2-treated mice (LPS/hASC-
sST2) at low (top and bottom)
and high (middle) magnifica-
tion. Scale bars = 20 pm. (C)
Histological parameter scoring
included alveolar space poly-
morphonuclear cells (PMN),
interstitial space PMN, and
proteinaceous debris. PBS/
PBS, PBS-instilled, untreated
mice (open columns), LPS/PBS,
LPS-challenged, untreated mice
(solid columns); LPS/hASC, LPS-
challenged, hASC-treated mice
(dark gray columns); LPS/hASC-
sST2, LPS-challenged, hASC-
sST2—treated mice (light gray
columns). Three hundred alveoli
were examined per mouse. Data
are presented as means = SDs
(n = 6-9 per group). *P < 0.05,
**P < 0.01, and ***P < 0.001,
compared with the LPS/PBS
group. ns, not significant.
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engineering through local sST2 overexpression. Thus, recombi-
nant sST2 exerts an additional protective action against the in-
nate immune-inflammatory response occurring in ALI. Although
we acknowledge the limitations of the LPS-induced lung injury
model to reproduce the full complexity of clinical ALI/ARDS in
human patients, our targeted gene-based and cell-based therapy
was proven to restore the acute histopathological and biochem-
ical changes occurring after endotoxin challenge of the airways.
Thus, our approach may offer therapeutic potential in ALI/
ARDS, although further studies using more pathophysiologically
oriented ALI models will be necessary in the advance toward
clinical applications.
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