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Abstract

Background: Mesenchymal stromal cells (MSCs) demonstrate considerable promise for acute respiratory distress
syndrome (ARDS) and sepsis. However, standard approaches to MSC isolation generate highly heterogeneous cell
populations, while bone marrow (BM) constitutes a limited and difficult to access MSC source. Furthermore, a range
of cell manufacturing considerations and clinical setting practicalities remain to be explored.

Methods: Adult male rats were subject to E. coli-induced pneumonia and administered CD362+ umbilical cord
(UC)-hMSCs using a variety of cell production and clinical relevance considerations. In series 1, animals were instilled
with E. coli and randomized to receive heterogeneous BM or UC-hMSCs or CD362+ UC-hMSCs. Subsequent series
examined the impact of concomitant antibiotic therapy, MSC therapeutic cryopreservation (cryopreserved vs fresh
CD362+ UC-hMSCs), impact of cell passage on efficacy (passages 3 vs 5 vs 7 vs 10), and delay of administration of
cell therapy (0 h vs 6 h post-injury vs 6 h + 12 h) following E. coli installation.

Results: CD362+ UC-hMSCs were as effective as heterogonous MSCs in reducing E. coli-induced acute lung injury,
improving oxygenation, decreasing bacterial load, reducing histologic injury, and ameliorating inflammatory marker
levels. Cryopreserved CD362+ UC-hMSCs recapitulated this efficacy, attenuating E. coli-induced injury, but
therapeutic relevance did not extend beyond passage 3 for all indices. CD362+ UC-hMSCs maintained efficacy in
the presence of antibiotic therapy and rescued the animal from E. coli injury when delivered at 6 h + 12 h, following
E. coli instillation.
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Conclusions: These translational studies demonstrated the efficacy of CD362+ UC-hMSCs, where they decreased
the severity of E. coli-induced pneumonia, maintained efficacy following cryopreservation, were more effective at
early passage, were effective in the presence of antibiotic therapy, and could continue to provide benefit at later
time points following E. coli injury.
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Introduction

Human mesenchymal stem/stromal cells (hMSCs) are a
promising therapeutic strategy for the treatment of acute
respiratory distress syndrome (ARDS) [1], demonstrating
beneficial effects in a number of pre-clinical models in-
cluding pulmonary [2–4] and abdominal sepsis [5–7],
ventilator-induced lung injury (VILI) [8], bleomycin-
induced acute lung injury [9] and fibrosis [10]. We have
previously shown that bone marrow (BM)-derived
hMSCs enhance resolution of VILI [11] and attenuate E.
coli-induced pneumonia severity [12]. Accordingly, BM-
derived MSCs are in early phase clinical testing, with a
phase 1 study demonstrating the safety of fresh allogen-
eic BM-derived hMSCs in patients with moderate to se-
vere ARDS [13] and another study advancing to phase 2
[14] (http://clinicaltrials.gov/ct2/show/NCT02611609).
A key focus in current research efforts is on develop-

ing MSC therapeutics that can be scaled to facilitate lar-
ger cohort clinical testing. However, three issues have
been identified in this regard. Firstly, current approaches
to isolating MSCs rely largely on the separation of the
“plastic adherent” component of the BM mononuclear
cell (MNC) population, followed by elucidation of their
cell surface marker profile and differentiation assays
[15]. This generates a heterogeneous hMSC population
that may increase batch-to-batch variability and may be
insufficiently pure to meet emerging regulatory require-
ments for advanced therapeutic medicinal products
(ATMPs). Our recent demonstration that BM-derived
CD362+ hMSCs can ameliorate both ventilator [11] and
E. coli-induced ARDS [16] provides proof of principle
for efficacy of this defined MSC subpopulation. Sec-
ondly, there are limitations in regard to the BM as an
MSC source, as harvesting requires an invasive proced-
ure, and the proliferative capacity of MSCs from this
source is relatively limited. Furthermore, the heterogen-
eity across donors may contribute to batch-to-batch
variability. As such, human umbilical cord (hUC) tissue
has a number of advantages over BM: hUC tissue is a
plentiful and easily accessible biologic waste product that
produces 10 times more early passage MSCs per cord
than a bone marrow harvest, allowing generation of high
numbers of early passage MSCs [17]. In addition, all
hUC-MSCs are the same “age” thus reducing variability
and potentially enhancing potency [18]. Thirdly, MSCs

must retain viability and efficacy following cryopreserva-
tion, storage, and transport, to be feasible as a clinical
therapy. Demonstration of efficacy when administered
immediately following thawing is therefore a key transla-
tional step particularly because MSCs need to demon-
strate efficacy in a variety of clinical settings.
We wished to address a number of issues that are key

to clinical translation in these studies, characterizing the
efficacy of UC-derived CD362+ hMSCs (trademark
Orbcel-C®) in a preclinical model of E. coli-induced
pneumonia in the rat. These cells have recently been
published as having broadly similar immunomodulatory
properties as the more traditionally employed plastic-
adherence isolated BM-MSCs [19]. We tested the fol-
lowing hypotheses: (a) that CD362+ UC-hMSCs would
be as effective as standard BM and UC-derived hMSCs
in attenuating E. coli pneumonia, (b) there is a thera-
peutic limit to the passaging of the hMSC, (c) CD362+

UC-hMSCs would prove effective in antibiotic treated
pneumonia, (d) cryopreservation of CD362+ UC-hMSCs
would retain efficacy, and (e) that delayed therapy with
CD362+ UC-hMSCs would be effective in E. coli
pneumonia.

Materials and methods
All work was approved by the Animal Care in Research
Ethics Committee of the National University of Ireland,
Galway, and conducted under license from the Health
Products Regulatory Agency, Ireland. Specific pathogen-
free adult male Sprague Dawley rats (Charles River La-
boratories, Kent, UK) weighing between 300 and 450 g
were used in all experiments.

CD362 isolation from human umbilical cord tissue
The heterogeneous BM and UC-hMSC and UC-derived
CD362+ hMSC cell populations were provided by Orb-
sen Therapeutics Ltd. (Galway, Ireland). CD362+ hUC-
MSC were prepared by a protocol similar to the bone
marrow MSC as previously described [16] and modified
for umbilical cord tissue source (Supplemental S1). All
hMSC populations were cultured at 37 °C, 95% humidity,
5% CO2, and hypoxic conditions of 2% O2, until 70–80%
confluent, and then trypsinized and culture expanded to
passage 3–4, whereupon they were trypsinized and re-
suspended in 300 μL of phosphate-buffered saline (PBS)
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for fresh delivery (all series). For cryofrozen delivery
(series 3), a cryovial containing 1 × 107 cryopreserved
cells in 1 mL was quickly thawed with 9 mL of PBS. One
milliliter of MSC suspension for each 100 g of animal
was pelleted at 400×g for 5 min and resupended in
300 μL of PBS ready for administration. Trypan blue ex-
clusion dye staining was performed intermittently imme-
diately post-thaw, indicating viability of 94.3 ± 1.5%. Of
note, CD362 levels rapidly diminish with passaging post-
isolation, and at the time of administration, all cell popu-
lations had identical low expression (data not shown).

In vivo experimental protocols
E. coli-induced lung injury
As previously described [20], adult male Sprague Dawley
rats were anesthetized with isoflurane (Pfizer, Kent, UK),
and 2 × 109 E. coli E5162 (serotype: O9 K30 H10) in a
300-μL PBS suspension was instilled into the trachea
under direct vision, and the animals were allowed to re-
cover [21].

Experimental design
Thirty minutes following intra-tracheal instillation of E.
coli bacteria, animals were randomized to receive 1 ×
107/kg hMSCs or PBS vehicle (300 μL) IV, and the de-
gree of injury assessed at 48 h. Series 1: (i) vehicle; (ii)
BM heterogeneous hMSCs; (iii) UC heterogeneous
hMSCs; and (iv) CD362+ UC-hMSCs. Series 2: (i) ve-
hicle; (ii) antibiotic ceftriaxone 100 mg/kg; (iii) CD362+

UC-hMSCs; and (iv) antibiotic ceftriaxone 100mg/kg +
CD362+ UC-hMSCs. Series 3: (i) vehicle; (ii) fresh
CD362+ UC-hMSCs; (iii) frozen UC CD362+ hMSC.
Series 4: (i) vehicle; (ii) CD362+ UC-hMSCs passage 3;
(iii) CD362+ UC-hMSCs passage 5; (iv) CD362+ UC-
hMSCs passage 7; and (v) CD362+ UC-hMSCs passage
10. Series 5: (i) vehicle; (ii) time (T) 0 h fresh CD362+

UC-MSCs; T6h fresh CD362+ UC-hMSCs; T6h + T12h
fresh CD362+ UC-hMSCs.

Assessment of lung injury and recovery
In vivo assessment
At 48 h post-E. coli pneumonia induction, animals were
anesthetized with intraperitoneal ketamine 80 mg kg−1

(Ketalar™; Pfizer, Cork, Ireland) and xylazine 8 mg kg−1

(Xylapan™; Vetoquinol S.A., Lure Cedex, France). After
confirmation of depth of anesthesia by paw clamp, intra-
venous access was obtained via tail vein. Surgical trache-
ostomy was performed, and the trachea was intubated
with the insertion of a tracheostomy tube. Following
intra-arterial access, anesthesia was maintained with
alfaxalone (Alfaxan™; Vetoquinol S.A.) and paralysis with
cisatracurium besylate (Tracrium™; GlaxoSmithKline
PLC., London, UK), and mechanical ventilation was
commenced. Arterial blood pressure, airway pressure,

lung static compliance, and arterial blood gas analyses
were performed as previously described [22, 23].

Ex vivo analyses
Following exsanguination under anesthesia, bronchoal-
veolar lavage (BAL) was performed, and BAL fluid dif-
ferential leukocyte counts and lung bacterial colony
counts were performed. BAL concentrations of IL-1β,
CINC-1, and IL-6 were determined using ELISA (R&D
Systems, Abingdon, UK).

Statistical analysis
Data was analyzed using Sigma Stat (SYSTAT® software,
Richmond, CA, USA). The distribution of all data was
tested for normality using Kolmogorov-Smirnov tests.
Data were analyzed by one-way ANOVA, with post hoc
testing using Dunnett’s test with the vehicle group as the
single comparison group or with Student-Newman-
Keuls between group comparisons as appropriate.
Underlying model assumptions were deemed appropri-
ate on the basis of suitable residual plots. A two-tailed P
value of < 0.05 was considered significant.

Results
All animals in each series survived the E. coli instillation
and the recovery period. There were no significant differ-
ences between the groups at baseline in terms of pre-
injury variables or the amount of instilled E. coli bacteria.

Series 1—Efficacy of UC CD362+ hMSCs in E. coli lung
injury
Forty animals were entered into the experimental proto-
col, with 10 randomized to each group. All hMSC therapy
decreased the severity of E. coli-induced lung injury com-
pared to vehicle controls. Heterogeneous BM-derived,
heterogeneous UC-derived, and CD362+ UC-hMSC ther-
apy attenuated the decrease in arterial oxygenation that
was seen in the vehicle animal controls (Fig. 1a). hMSCs
attenuated the increase in lung microvascular permeability
with the wet to dry ratio significantly reduced in the BM
and CD362+ UC-hMSC groups (Fig. 1b). Static lung com-
pliance was increased in all hMSC treatment groups
(Fig. 1c), and BAL bacterial load was likewise significantly
reduced in all treatment groups (Fig. 1d). In cytological
evaluation of BAL, all hMSC therapy groups exhibited a
decrease in total infiltrating cell count (Fig. 1e), although
only BM and CD362+ UC-hMSCs were capable of redu-
cing neutrophil numbers (Fig. 1f). All cell types were cap-
able of ameliorating inflammatory cytokine secretion to
the BAL, with significant reduction in IL-1β (Fig. 1g),
CINC-1 (Fig. 1h), and IL-6 (Fig. 1i) concentrations. Histo-
logical analysis of lung tissue revealed an increase in air-
space in all hMSC treatment groups compared to vehicle,
with a corresponding amelioration of tissue percentage
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(Supplemental Figure S2). Representative images are also
provided (Supplemental Figure S2A–D) respective to each
experimental group.

Series 2—Effect of CD362+ UC-hMSCs in the presence of
antibiotic therapy
Forty animals were entered into the experimental proto-
col, with 10 allocated to each group. Over 48 h, CD362+

UC-hMSC therapy, with or without antibiotic, was more
effective than antibiotic alone or vehicle, ameliorating E.
coli-induced pneumonia injury. Both the CD362+ UC-
hMSC and CD362+ UC-hMSC plus antibiotic groups sig-
nificantly reduced the decrement in arterial oxygen pres-
sure versus antibiotic and vehicle (Fig. 2a). No changes in
wet to dry ratio were observed in this series (Fig. 2b), but
both CD362+ UC-hMSC with or without antibiotic, ame-
liorated the reduction in static compliance (Fig. 2c). As
might be expected, the BAL bacterial load of the CD362+

UC-hMSC and CD362+ UC-hMSC plus antibiotic groups
were significantly reduced versus vehicle, but not when

compared to the antibiotic control group (Fig. 2d).
CD362+ UC-hMSC and CD362+ UC-hMSC plus anti-
biotic significantly reduced the total infiltrating cell count
versus vehicle or antibiotic alone, but combination therapy
was not superior to CD362+ UC-hMSC alone (Fig. 2e).
Neutrophil count followed a similar pattern, with CD362+

UC-hMSC reducing numbers in the presence or absence
of antibiotic to a comparable level (Fig. 2f). In BAL cyto-
kine analysis, IL-1β levels were not significantly amelio-
rated compared to vehicle control by any regimen,
although CD362+ UC-hMSC plus antibiotic was superior
to antibiotic alone (Fig. 2g). CINC-1 and IL-6 levels were
reduced with both CD362+ UC-hMSC and CD362+ UC-
hMSC plus antibiotic therapy (Fig. 2h, i).

Series 3—Effect of cryopreservation on CD362+ UC-hMSC
therapy
Twenty-four animals were entered into the experimental
protocol, with 8 allocated to each group. The efficacy of
the cryofrozen CD362+ UC-hMSCs was comparable to

Fig. 1 CD362+ UC-hMSCs decrease E. coli-induced lung injury. CD362+ UC-hMSCs ameliorated the decrement in arterial oxygenation to a similar
degree as heterogeneous BM or UC-hMSC therapy (a). Heterogeneous BM and CD362+ UC-hMSC reduced the wet to dry ratio of lung tissue (b),
while all hMSC types restored the decrement in static lung compliance (c), reduced lung E. coli bacterial load (d), and dampened total infiltrating
cell count in BAL (e) compared to vehicle. Heterogeneous BM and UC CD362+, but not heterogeneous UC-hMSC significantly reduced BAL
neutrophil counts (f). All 3 cell types attenuated the increase in BAL IL-1β (g), CINC-1 (h), and IL-6 (i) concentrations. Abbreviations: vehicle,
treatment with vehicle alone; BM, bone marrow-derived heterogeneous hMSC; UC, umbilical cord-derived heterogeneous hMSC; UC 362+,
umbilical cord-derived CD362+ hMSC; BAL, bronchoalveolar lavage; IL-1β, interleukin 1 beta; CINC-1, cytokine-induced neutrophil chemoattractant
1; IL-6, interleukin 6. Error bars represent standard deviation. *Significantly (P < 0.05) different from the vehicle control group
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that seen with freshly harvested cells. hMSC therapy
with freshly harvested or cryofrozen cells was equally ef-
fective in attenuating E. coli-induced pneumonia ARDS
with the decrement in arterial oxygen pressure signifi-
cantly reversed in both groups (Fig. 3a). No significant
changes in the wet to dry ratio were observed in this
series (Fig. 3b), while freshly harvested cells were more
effective in reducing the decrement in static lung com-
pliance (Fig. 3c). BAL bacteria CFU count (Fig. 3d), total
BAL cell count (Fig. 3e), and BAL neutrophil count
(Fig. 3f) were significantly decreased compared to PBS
vehicle animals in both hMSC regimens. In BAL cyto-
kine analysis, both CD362+ UC-hMSC fresh and frozen
groups significantly reduced IL-1β (Fig. 3g) and IL-6
(Fig. 3i) concentrations compared to the PBS vehicle

animals. CINC-1 trended towards decrease in both
groups compared to controls (Fig. 3h) but did not reach
significance.

Series 4—Effect of passage on CD362+ UC-hMSCs
Fifty animals were entered into the experimental proto-
col, with 10 allocated to each group. CD362+ UC-hMSC
therapy with passage 3 cells ameliorated the E. coli-in-
duced pneumonia, attenuating the decrement in arterial
oxygen pressure, but the effect was lost at higher passage
(Fig. 4a). In this instance, the increase in lung wet to dry
ratio (Fig. 4b), the decrement in static lung compliance
(Fig. 4c), and the total bacterial load in the lung (Fig. 4d)
were significantly improved with passage 3 cells only, al-
though bacterial clearance exhibited a strong trend at all

Fig. 2 CD362+ UC-hMSCs decrease E. coli-induced lung injury in the presence of antibiotic therapy. CD362+ UC-hMSCs reduced the decrement in
arterial oxygenation in the presence or absence of antibiotic therapy compared to vehicle, but antibiotic alone was ineffective (a). There was no
effect of any treatment on lung wet to dry ratio (b). CD362+ UC-hMSCs, with or without antibiotics, reduced the decrease in lung static
compliance (c), while all therapy groups reduced BAL E. coli bacterial load (d). CD362+ UC-hMSC therapy, with or without antibiotics, reduced
both total leukocyte (e) and neutrophil (f) counts in the BAL, where antibiotic alone did not. No therapy regimen reduced IL-1β concentrations
with respect to vehicle control, although CD362+ UC-hMSCs reduced levels compared to antibiotic therapy alone (g). CD362+ UC-hMSCs
significantly reduced BAL CINC-1 (h), and IL-6 (i) concentrations in the presence or absence of antibiotic therapy where antibiotic therapy alone
did not. Abbreviations: vehicle, treatment with vehicle alone; ABX, antibiotic therapy; UC 362+, umbilical cord-derived CD362+ hMSC. BAL,
bronchoalveolar lavage; CINC-1, cytokine-induced neutrophil chemoattractant 1; IL-6, interleukin 6; IL-1β, interleukin 1 beta; vehicle, treatment
with vehicle alone. Error bars represent standard deviation. *Significantly (P < 0.05) different from vehicle control group. †Significantly (P < 0.05)
different from the ABx therapy group
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hMSC passages. Interestingly, CD362+ UC-hMSC ther-
apy decreased overall alveolar inflammatory cell infiltra-
tion (Fig. 4e) and substantially decreased neutrophil
count (Fig. 4f) in the alveolar fluid at passage 3, 5, 7, and
10 treated animals, compared with the PBS vehicle ani-
mals. BAL cytokine concentrations were affected in a
similar manner with administration of later passage
CD362+ UC-hMSCs, with levels of the pro-inflammatory
cytokine CINC-1 not ameliorated beyond hMSCs at pas-
sage 3 (Fig. 4h) and IL-6 levels not reduced beyond pas-
sage 7 (Fig. 4i). There were no significant changes in IL-
1β concentration, though there was an observed trend
towards increase with later passage (Fig. 4g).

Series 5—Effect of dose timing and regimen on CD362+

UC-hMSC efficacy
Thirty-two animals were entered into the experimental
protocol, with 8 allocated to each of the groups. CD362+

UC-hMSC therapy administered at 6 h + 12 h was similar
to that at delivered at 0 h, with both equally effective in
attenuating the E. coli-induced ARDS, while one dose of
hMSC therapy at 6 h time point was ineffective. Al-
though again no changes were seen in wet to dry ratio
(Fig. 5b), the decrements in arterial oxygen pressure
(Fig. 5a) and static lung compliance (Fig. 5c) were sig-
nificantly reversed. BAL bacterial load was significantly
reduced in the 6 h + 12 h dual dosing group (Fig. 5d),
while BAL total cell count (Fig. 5e) and BAL neutrophil
count (Fig. 5f) were also significantly reduced compared
to vehicle control animals. BAL inflammatory cytokines
had a similar pattern, with IL-1β and IL-6 signifi-
cantly reduced under either 0 h or 6 h + 12 h dosing
regimen, but not with 6 h post-injury induction ther-
apy alone (Fig. 5g, i). In contrast, CINC-1 was signifi-
cantly reduced with all hMSC delivery groups
(Fig. 5h).

Fig. 3 Freshly harvested or cryopreserved CD362+ UC-hMSCs have comparable therapeutic effects in E. coli-induced lung injury. Freshly harvested
from culture or thawed from cryostorage and immediately administered, CD362+ UC-hMSCs ameliorated E. coli ARDS-induced decrement in
arterial oxygenation (a). There were no significant changes in lung tissue wet to dry ratio (b). Freshly harvested CD362+ UC-hMSCs alone
significantly reversed the decrease in lung static compliance (c). Both fresh and cryopreserved CD362+ UC-hMSCs reduced lung E. coli bacterial
load (d), total BAL infiltrating leukocytes (e) BAL neutrophils (f), BAL IL-1β (g), and BAL IL-6 (i), and had a trending but not significant effect on
CINC-1 (h) in this series. Abbreviations: vehicle, treatment with vehicle alone; UC 362+ fresh, umbilical cord-derived CD362+ hMSC freshly
harvested from culture; UC 362+ cryo, umbilical cord-derived CD362+ hMSC thawed from cryostorage and immediately administered; BAL,
bronchoalveolar lavage; IL-1β, interleukin 1 beta; CINC-1, cytokine-induced neutrophil chemoattractant 1; IL-6, interleukin 6. Error bars represent
standard deviation. *Significantly (P < 0.05) different from vehicle control group
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Discussion
In this study, we show that the severity of E. coli-in-
duced pneumonia in a rodent model is effectively
reduced following the administration of a specific
CD362-positive subpopulation of umbilical cord-derived
hMSCs. We demonstrate that these CD362+ UC-MSCs
reduced lung damage and cleared the E. coli bacterial
load from the lungs. The CD362+ UC-MSCs decreased
both physiological indices and cytokine responses that
are evident in E. coli-induced lung injury. Taken to-
gether, these data provide important insights regarding
the therapeutic potential of a more homogeneous and
easily sourced UC-derived CD362+ hMSC subpopulation
for the treatment of E. coli pneumonia.

Rationale for investigating specific hMSC subpopulations
This study continues our investigation of defined
hMSC subpopulations, as previously shown using
CD362+ MSCs from bone marrow [16] and now from

UC sources. hMSCs isolated using specific cell surface
antigens rather than conventional plastic adherence
techniques have a number of potential advantages
with regard to clinical translation. This includes the
reduction of hMSC population heterogeneity, more
thorough characterization in early isolation, and a
better-defined MSC end product. These attributes per-
tain to the suggestion that heterogeneous hMSC pop-
ulations may not be sufficiently defined to meet
European Union (EU CAT/571134) and British Stand-
ard Institute (PAS-93) clinical grade standards accord-
ing to the regulatory requirements for Advanced
Therapeutic Medicinal Products for clinical use. Due
to the heterogeneity of MSCs, the FDA’s MSC Consor-
tium is focusing on methods of determining MSC
activity and improving cell therapy product
characterization. The use of a specific MSC marker
would not only provide a more uniform MSC popula-
tion to study, but would also feed into both the

Fig. 4 CD362+ UC-hMSCs lose function after passage 3 in E. coli pneumonia. Passage 3 CD362+ UC-hMSCs ameliorated the E. coli-induced
decrement in arterial oxygenation (a), the increase in wet to dry ratio (b), the decrease in static lung compliance (c) and BAL bacterial load (d)
compared to vehicle control. These effects were not observed at any later hMSC passage. All CD362+ UC-hMSC passages reduced the total
infiltrating leukocyte (e) and neutrophil count (f) in BAL compared to the vehicle control. There was no effect of CD362+ UC-hMSCs on BAL IL-1β
concentration (h) compared to the vehicle control. Passage 3 CD362+ UC-hMSCs ameliorated the E. coli-induced increase in BAL CINC-1
concentration (i) compared to the vehicle control, while passages 3 to 7 decreased IL-6 concentration (j). Abbreviations: vehicle, treatment with
vehicle alone; passage, passage number of umbilical cord-derived CD362+ hMSC, BAL, bronchoalveolar lavage; IL-1β, interleukin 1 beta; CINC-1,
cytokine-induced neutrophil chemoattractant 1; IL-6, interleukin 6. Error bars represent standard deviation. *Significantly (P < 0.05) different from
the vehicle control group
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prediction of functionality and characterization of the
product, fulfilling both of these objectives.

CD362+ hMSC subpopulation
Minimum MSC characterization criteria according to
the ISCT include the cell surface marker expression of
CD105, 73, and 90 but not CD45, 34, 14, 11b, 79α, and
19, or HLA-DR [15]. Cell surface marker-based
characterization is hindered because these and other
currently described markers are not unique to MSCs
[24] and the validity of this method has been called into
question [25]. This has necessitated a drive to discover
new cell surface markers to isolate potentially superior
subpopulations of MSCs. As previously described, Orb-
sen Therapeutics Ltd. identified the CD362 protein (Syn-
decan-2) expressed on the surface of hMSCs as a novel
isolation marker for BM-derived hMSCs [16].

Subsequently, the CD362 protein was found to be a
novel isolation marker for MSCs derived from hUC tis-
sue, which is a more accessible and advantageous source.
As such, UC-derived CD362+ hMSCs were used in this
study.

CD362+ hMSCs improved E. coli-induced pneumonia
CD362+ UC-hMSCs attenuated the severity of E. coli-in-
duced pneumonia acute lung injury, as demonstrated by
a clear reduction in the presentation of impaired physio-
logic indices of lung dysfunction, such as an improve-
ment in arterial blood oxygenation and restoration of
lung compliance. Importantly, CD362+ UC-hMSCs ap-
peared to be equally efficacious when compared to plas-
tic adherence isolated (heterogeneous) BM- or UC-
hMSCs, while remaining superior with regard to

Fig. 5 Repeat dosing with CD362+ UC-hMSCs extends the therapeutic window in E. coli-induced ARDS. CD362+ UC-hMSCs administered
contemporaneously or at 6 h plus 12 h post-commencement of E. coli ARDS, ameliorated the decrement in arterial oxygenation (a), reduced lung
E. coli bacterial load (d), total BAL infiltrating leukocytes (e) and neutrophils (f) compared to vehicle control or a single dose of CD362+ UC-hMSCs
delivered 6 h post-induction. There were no significant changes in lung tissue wet to dry ratio (b), and the contemporaneous delivery alone
significantly reversed the decrease in lung static compliance (c). CD362+ UC-hMSCs administered contemporaneously or at 6 h plus 12 h post-E.
coli injury significantly reduced E. coli ARDS-induced levels of BAL inflammatory cytokines IL-1β (h), and BAL IL-6 (j), while each dosing regimen
decreased BAL CINC-1 (i). Abbreviations: vehicle, treatment with vehicle alone; UC 362+, umbilical cord-derived CD362+ hMSC; 0 h, delivery at 0 h
post-E. coli instillation alone; 6 h, delivered at 6 h post-E. coli instillation alone; 6 h + 12 h, delivered at 6 h and 12 h post-E. coli instillation; BAL,
bronchoalveolar lavage; IL-1β, interleukin 1 beta; CINC-1, cytokine-induced neutrophil chemoattractant 1; IL-6, interleukin 6. Error bars represent
standard deviation. *Significantly (P < 0.05) different from the vehicle control group
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definition of medicinal product and availability of tissue
source for isolation.
On presentation to the clinic, all patients diagnosed with

sepsis are likely to be placed immediately on a regimen of
broad spectrum antibiotics, as even recent advances in
pathogen identification do not allow more tailored medi-
cines until hours after the critical window of intervention
has been passed. We have shown that CD362+ UC-MSC
therapy is compatible with antibiotic use during pneumo-
nia, in some cases superior to antibiotic use, and can po-
tentially enhance the overall well-being of the patient
beyond what is seen with antibiotics alone.
From a cell manufacturing perspective, we have now

established that hMSC therapy may be subject to a limita-
tion with regard to the dose size that can be generated from
a single donor. It has previously been demonstrated that
some therapy relevant properties of MSCs such as inhib-
ition of T cell proliferation and CD73 expression do change
over passage, but in these studies, we found that overall
therapeutic efficacy in ARDS was lost beyond passage 3.
Interestingly, some of the anti-inflammatory properties of
the hMSCs may still be intact at these later passages, even
though the demanding therapeutic needs of pneumonia-
induced lung injury, requiring a multi-modal mechanism of
action, are not addressed. This finding could have ramifica-
tions to specific potency assays for MSC batch release from
cell therapy manufacturers and on practicalities of generat-
ing human scaled doses of these cell therapies.
Assessing the therapeutic window following pneumo-

nia induction, we demonstrated that MSC effect was lost
when cells were administered 6 h post-infection. How-
ever, the therapeutic window could be rescued by the
administration of a further dose of MSCs at 12 h post-
pneumonia induction. While there is evidence the MSC
responds to the inflammatory environment and this can
enhance therapeutic effect, our experiments would point
to administration at the earliest possible opportunity as
being superior. Injury is already evolving in our relatively
rapid E.coli pneumonia model at 6 h, which makes us
think the rescue of effect with the additional interven-
tion is more due to the extra dose than the time of the
dose, as, if anything, the earlier dose at 6 h would be the
most prophylactic. However, clinical relevance is import-
ant, so it was vital we show efficacy of a dosing regimen
in an already evolving pneumonia. In light of the recent
somewhat disappointing START trial results [14], the
option of repeat dosing may be an important consider-
ation for future clinical trials, particularly where the pa-
tient is at a relatively advanced stage of ARDS [16].
Finally, we have shown that a cryopreserved stock of

CD362+ UC-hMSCs is a viable strategy for use as an ef-
fective therapeutic in pneumonia. This is of critical im-
portance in a rapid onset acute disease such as sepsis,
where there is insufficient time to prepare a human-

sized dose of hMSCs for fresh harvest from culture. Fur-
thermore, cryopreserved hMSCs would further reduce
inter-batch variability and ensure multiple doses of a
homogenous end-therapy.
These data extend prior findings demonstrating the thera-

peutic potential of xenogeneic hMSC therapy in murine
models of endotoxin [26] and bacterial lung injury [27] and
in the ex vivo human lung [28]. We utilized a rodent E. coli
model of lung injury in order to examine the efficacy of xeno-
geneic hMSC transplantation in immune competent animals
and to determine the effect on lung injury severity, indices of
inflammation, bacterial clearance, and histologic injury.
These studies provide insights into the therapeutic ef-

fects of UC-derived CD362+ hMSCs, yet additional stud-
ies are required particularly in terms of deciphering their
mechanism(s) of therapeutic action. Furthermore, a
homogenous cell population would indeed yield less
variability but does not add to the assurance of their po-
tency, and this also warrants further investigation. Other
studies should also examine optimal routes and doses of
administration to clarify the most opportune method for
administering the lowest effective dose. Finally, caution
as always must be taken when extrapolating from pre-
clinical models to the clinical condition, particularly in
xenogeneic cell therapy experiments.

Conclusions
In these studies, we demonstrate that UC-derived
CD362+ human MSCs transplanted xenogeneically into
the immune competent rat reduces an E. coli-induced
acute lung injury. We have also established that cryofro-
zen storage of the therapeutic is a viable option, as is ad-
ministration in parallel with an antibiotic regimen.
Taken together with our recent finding that BM-derived
CD362+ hMSCs can ameliorate E. coli-induced injury,
these data provide important insights regarding the
therapeutic potential of a defined subset of hMSCs, spe-
cifically CD362+ for pneumonia.
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