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A B S T R A C T

Background: Mesenchymal stromal cells (MSCs) may be of benefit in acute respiratory distress syndrome
(ARDS) due to immunomodulatory, reparative, and antimicrobial actions. ORBCEL-C is a population of CD362
enriched umbilical cord-derived MSCs. The REALIST phase 1 trial investigated the safety and feasibility of
ORBCEL-C in patients with moderate to severe ARDS.
Methods: REALIST phase 1 was an open label, dose escalation trial in which cohorts of mechanically venti-
lated patients with moderate to severe ARDS received increasing doses (100, 200 or 400 £ 106 cells) of a sin-
gle intravenous infusion of ORBCEL-C in a 3 + 3 design. The primary safety outcome was the incidence of
serious adverse events. Dose limiting toxicity was defined as a serious adverse reaction within seven days.
Trial registration clinicaltrials.gov NCT03042143.
Findings: Nine patients were recruited between the 7th January 2019 and 14th January 2020. Study drug
administration was well tolerated and no dose limiting toxicity was reported in any of the three cohorts.
Eight adverse events were reported for four patients. Pyrexia within 24 h of study drug administration was
reported in two patients as pre-specified adverse events. A further two adverse events (non-sustained ven-
tricular tachycardia and deranged liver enzymes), were reported as adverse reactions. Four serious adverse
events were reported (colonic perforation, gastric perforation, bradycardia and myocarditis) but none were
deemed related to administration of ORBCEL-C. At day 28 no patients had died in cohort one (100 £ 106),
three patients had died in cohort two (200 £ 106) and one patient had died in cohort three (400 £ 106). Over-
all day 28 mortality was 44% (n = 4/9).
Interpretation: A single intravenous infusion of ORBCEL-C was well tolerated in patients with moderate to
severe ARDS. No dose limiting toxicity was reported up to 400 £ 106 cells.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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Research in context

Evidence before this study

Several phase 1 trials have reported traditionally manufactured
plastic adherent Mesenchymal Stromal Cells (MSCs) are safe
and well tolerated in patients with Acute Respiratory Distress
Syndrome (ARDS). The phase 2 START (Stromal cells for ARDS
Treatment) trial investigated bone marrow derived plastic
adherent MSCs in ARDS and did not demonstrate efficacy. Sev-
eral clinical trials of MSCs in ARDS, and COVID-19 ARDS, are
ongoing. ORBCEL-C is a defined population of CD362-enriched
umbilical cord-derived MSCs manufactured by advanced tech-
niques. They have not been investigated in clinical trials of
patients with ARDS previously.

Added value of this study

The REALIST (Repair of Acute Respiratory Distress with Stromal
Cell Administration) phase 1 trial aimed to investigate the
safety and tolerability of a single intravenous infusion of ORB-
CEL-C in patients with moderate to severe ARDS, prior to pro-
ceeding to a larger phase 2 trial evaluating efficacy. No dose
limiting toxicity was observed in any dose cohort (100, 200,
and 400 £ 106 cells), and a dose of 400 £ 106 cells was deter-
mined to be the maximum tolerated dose for the phase 2 study.

Implications of all the available evidence

Following completion of this phase 1 study, having demon-
strated the safety of ORBCEL-C and determined the maximum
tolerated dose, investigators have progressed to the REALIST
phase 2 study, investigating a single intravenous infusion of
400 £ 106 ORBCEL-C in patients with moderate to severe ARDS.
In light of the COVID-19 pandemic, an additional cohort of
patients with ARDS due to COVID-19 will be recruited to the
phase 2 study.
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1. Introduction

Acute respiratory distress syndrome (ARDS) is characterised by
hypoxaemia and bilateral radiographic opacities [1]. The mortality
burden is high, between 35 and 45%, and there is considerable physi-
cal and psychological morbidity in survivors [2�5]. ARDS is driven by
immune activation and cytokine release with loss of integrity of the
epithelial-endothelial interface resulting in alveolar and interstitial
oedema, loss of pulmonary compliance, and impaired gas exchange
[6]. The mainstay of therapy in ARDS is supportive treatment in the
critical care environment [7]. Numerous clinical trials have studied
pharmacological interventions in ARDS, but to date these have failed
to demonstrate therapeutic benefit [8]. More recently, immunomod-
ulatory therapies including dexamethasone and IL-6 antagonism
have proven to be of benefit in mechanically ventilated patients with
COVID-19, supporting the potential benefit of immunomodulation in
critically ill patients with respiratory failure [9�12].

Mesenchymal stromal cells (MSCs) have been proposed as a possi-
ble therapy for ARDS with pleiotropic immunomodulatory, repara-
tive, and antimicrobial effects [13�17]. The mechanisms of action of
MSCs include (a) paracrine secretion of growth factors, cytokines,
and antimicrobial peptides [17�23], (b) direct cell contact transfer-
ring functional mitochondria to damaged cells and immune cells [24,
25], and (c) release of extracellular vesicles which can transfer mito-
chondria, mRNA and microRNA [26�30]. In pre-clinical models of
ARDS, MSCs improve physiological outcomes, including oxygenation
and lung compliance, and survival [14�16, 31, 32]. In human ex vivo
lung perfusion (EVLP) models, MSC administration effectively
restored alveolar fluid clearance, a measure of the integrity of the
alveolar epithelial-endothelial barrier [33�35]. Phase 1 and phase 2
clinical trials of bone marrow, adipose, and umbilical cord derived
MSCs and MSC-like cells suggest these are safe in patients with ARDS
but these trials were not powered to test clinical efficacy [36�42].
The optimal cell type, source, manufacturing method, and dose to use
in patients with ARDS have also not been determined.

The REALIST trial investigates ORBCEL-C, a defined cellular prod-
uct, consisting of CD362 enriched umbilical cord (UC)-derived MSCs.
UC-derived MSCs have the advantage over bone marrow derived cells
of both abundant source tissue and being readily obtained without
risk to donor, making them both less expensive and safe (for donors).
UC-derived MSCs have demonstrated comparable efficacy to bone
marrow (BM)-derived MSCs in a clinically relevant model of ARDS
induced by intratracheal Escherichia Coli administration [15]. CD362
is a heparan sulphate proteoglycan identified as a marker for MSC
isolation and therapeutic development [43]. A defined subpopulation
of MSCs offers an advantage in terms of purity of the cellular product,
which may be more likely to fulfil emerging standards regarding cell
isolation and characterisation. In preclinical models, CD362+
enriched MSCs isolated from UC-tissue were equally efficacious as
traditionally manufactured plastic adherent MSCs in attenuating bac-
terial and ventilator induced lung injury [14, 16].

In this phase 1 study we tested the safety of a single intravenous
infusion of ORBCEL-C in mechanically ventilated patients with mod-
erate to severe ARDS, defined by the Berlin criteria. The maximum
tolerated dose, over the range of 100 to 400 £ 106 cells, was deter-
mined.

2. Methods

2.1. Study design and participants

The REALIST phase 1 study was a UK multicentre (5 sites), open
label, dose escalation trial in which cohorts of patients with moderate
to severe ARDS, received increasing doses of a single intravenous
infusion of ORBCEL-C in a 3 + 3 design [44]. Eligible patients were
mechanically ventilated, within 48 h of the onset of moderate to
severe ARDS, defined by Berlin criteria [1]. Inclusion and exclusion
criteria are detailed in Table 1.

The trial was approved by a UK research ethics committee (18/NE/
0006) and the Medicines and Health products Regulatory Agency
(MHRA, CTA 32485/0034/001�0001 and Eudract Number
2017�000584�33). The study was registered on clinicaltrials.gov
(NCT03042143). The study protocol is available as a supplementary
file (Supplemental file 1: Protocol v 3.0 26.06.2019). Patients or their
relatives provided written informed consent.

Patients were treated with ascending doses of ORBCEL-C in a 3 + 3
design. Dose limiting toxicity (DLT, defined by the presence of a seri-
ous adverse reaction) was assessed at day 7. The DMEC convened
after each group of 3 patients had been recruited to a given dose and
had completed 7 days follow-up, to approve progression to the next
dose. The study planned to recruit 3 cohorts of 3 patients/cohort, but
up to 18 patients could be recruited according to the dose escalation
procedure if DLT toxicity occurred. The planned dose escalation pro-
cedure was as follows. If no patient within a dose cohort experienced
DLT, then the trial proceeded to the next dose. If one patient in the
cohort demonstrated DLT, a further three subjects would be treated
at the same dose level. This dose escalation procedure planned to
continue until at least two patients among a cohort of three to six
patients had DLT or until the maximum planned cell dose had been
tested. As a safety precaution only one patient across all sites received
the cell infusion at one time and no further patients received treat-
ment in the 24 h following the completion of their infusion.



Table 1
Inclusion and exclusion criteria .

Inclusion criteria
Moderate to severe ARDS as defined by the Berlin definition
Onset within 1 week of identified insult
Within the same 24 h time period
Hypoxic respiratory failure (PaO2/FiO2 ratio � 27 kPa on PEEP � 5 cm H20)
Bilateral infiltrates on chest X-ray consistent with pulmonary oedema not
explained by another pulmonary pathology
Respiratory failure not fully explained by cardiac failure or fluid overload
The patient is receiving invasive mechanical ventilation

Exclusion criteria
More than 48 h from the onset of ARDS
Age < 16 years
Patient is known to be pregnant (pregnancy test to be performed in female
patients of childbearing age)
Participation in clinical trial of an investigational medicinal product within
30 days
Major trauma in prior 5 days
Presence of any active malignancy (other than non-melanoma skin cancer)
that required treatment within the last year.
WHO Class III or IV pulmonary hypertension
Venous thromboembolism currently receiving anti-coagulation or within
the past 3 months
Currently receiving extracorporeal life support (ECLS)
Severe chronic liver disease with Child-Pugh score > 12
DNAR (Do Not Attempt Resuscitation) order in place
Treatment withdrawal imminent within 24 h
Consent declined
Prisoners
Non-English speaking patients or those who do not adequately understand
verbal or written information unless an interpreter is available
Previously enrolled in the REALIST trial
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2.2. Procedures

The investigational medicinal product (IMP) in REALIST phase 1
was ORBCEL-C. CD362-enriched cells were harvested from umbilical
cord and expanded under Good Medical Practice (GMP) conditions at
the National Health Service Blood and Transplant (NHSBT) Birming-
ham. Cells were cryopreserved and shipped frozen to cell therapy
facilities (CTFs) located in proximity to the clinical sites.

After informed consent, patients were allocated to receive either
100, 200 or 400 £ 106 cells of ORBCEL-C according to the dose escala-
tion protocol. IMP was thawed and diluted in Plasma-Lyte 148 to a
total volume of 200mls, according to the REALIST study specific stan-
dard operating procedure, at the site’s CTF. Laboratory studies dem-
onstrated > 70% viability of cells thawed and diluted in accordance
with the study SOP at 6 h. Patients were administered an intravenous
bolus of chlorphenamine 10 mg before administration of the IMP, to
reduce any histamine-mediated effects of the DMSO in the cell cryo-
preservant [45]. IMP was administered over 30�90 min, and the infu-
sion was completed within 6 h of the onset of the thaw process. All
other aspects of care were according to standard critical care guide-
lines and at the discretion of the treating physician. Lung protective
ventilation was the standard of care with a tidal volume of 6 ml/kg
predicted body weight (PBW) [7].

Baseline data (day 0) were collected in the 24 h before IMP admin-
istration. Physiological and ventilatory parameters, along with tem-
perature and vasopressor doses, were recorded immediately before
IMP administration, every 15 min during infusion of the IMP, and
every hour for the 5 h following IMP administration. Daily data were
collected until day 14 (or death or ICU discharge if sooner), including
Sequential Organ Failure Assessment (SOFA) score, temperature, ven-
tilatory, and arterial blood gas parameters, use of adjunctive thera-
pies, and clinical laboratory assessments. Vital status and adverse
events were followed up to day 90. Patients were followed up for sig-
nificant medical events, including death, at 1 year.

A focused set of biological markers was measured by ELISA (Duo-
set kits, R&D systems) in plasma collected at day 0, 4, 7, and 14. This
included markers of systemic inflammatory response that are associ-
ated with outcome in ARDS (IL-6, IL-8 and IL-18), and markers of epi-
thelial injury (Surfactant protein-D [SP-D]) and endothelial
activation/injury (ICAM-1 and Angiopoietin-2 [Ang2]). Anti-HLA anti-
bodies were measured in serum samples collected at day 0, and day
28, using Luminex antibody detection and single antigen bead meth-
ods (One Lambda LABScreen). HLA typing was performed on retained
ORBCEL-C samples administered to patients who developed anti-HLA
antibodies at day 28, to determine if donor specific antibody reactiv-
ity had occurred.

2.3. Adverse event reporting

REALIST phase 1 recruited patients were already critically ill.
Events expected in the critically ill (examples include transient hypo-
xaemia, agitation, delirium, organ failure, nosocomial infections, skin
breakdown, and gastrointestinal bleeding) were not reported as
adverse events unless considered to be related to the IMP or unex-
pectedly severe or frequent.

The following pre-specified adverse events occurring within 6 h of
the start of infusion were collected

� An increase in vasopressor dose greater than or equal to the fol-
lowing:

� Noradrenaline: 0¢1 mcg/kg/min
� Adrenaline: 0¢1 mcg/kg/min
� Commencement of any vasopressor including noradrenaline,
adrenaline, vasopressin, phenylephrine, and dopamine

� New ventricular tachycardia, ventricular fibrillation or asystole
� New cardiac arrhythmia requiring cardioversion
� hypoxaemia requiring an increase in FiO2 of 0¢2 or more and an
increase in PEEP of 5 or more to maintain Sp02 in the target
range

� Clinical scenario consistent with transfusion incompatibility or
transfusion related infection (e.g. urticaria, new broncho-
spasm).

� The following pre-specified adverse events occurring within
24 h of the start of infusion were collected:

� Any death
� Any cardiac arrest
� Temperatures recorded as > 38¢5 °C or temperatures that are
recorded as > 38¢5 °C prior to study drug administration and
have increased by � 1 °C

As ORBCEL-C had not been administered to patients with ARDS
previously, all adverse events considered by the site investigator to
be related to IMP (thereby an adverse reaction, AR) were considered
unexpected. All serious adverse events (SAEs) related to the IMP
(thereby a serious adverse reaction, SAR) were considered to be a sus-
pected unexpected serious adverse reaction (SUSAR).

2.4. Outcomes

The primary objective of this study was to determine the safety of
a single intravenous infusion of ORBCEL-C and to define a safe dose
for a subsequent phase 2 trial. The primary safety outcome was the
incidence of serious adverse events. Adverse events, including pre-
specified infusion related adverse events, are reported to day 90.
Although this phase 1 trial was not designed to evaluate efficacy, the
primary efficacy outcome reported was oxygenation index (OI) at
day 7. OI, calculated as (mean airway pressure [cmH2O] x FiO2 x
100)/PaO2[kPa]) independently predicts outcome in ARDS [46]. Sec-
ondary outcomes reported included: OI at day 4 and 14; physiological
indices of pulmonary function (respiratory compliance, driving pres-
sure, and PaO2/FiO2 (PF) ratio) and organ failure measured by SOFA
score on days 4, 7, and 14. Clinical outcome measures including
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extubation, reintubation, ventilator-free-days (VFDs) at day 28, dura-
tion of ventilation, length of ICU and hospital stay, as well as 28- and
90-day mortality are reported. Definitions of clinical outcomes are
provided in the phase 1 statistical analysis plan, available as a supple-
mental file (Supplemental file 2: Phase 1 Statistical Analysis Plan).
Exploratory outcomes including biological markers of systemic
inflammatory response, epithelial and endothelial injury, indices of
coagulation, and anti-HLA antibodies are reported. Additional explor-
atory outcomes detailed in our protocol (which covered the phase 1
and the subsequent phase 2 studies) that were not measured in this
phase 1 trial included pulmonary markers of inflammation and cell
injury (as bronchoalveolar lavage was not carried out during the
phase 1 study) and cardiac function (as echocardiography was not
routinely conducted during this phase 1 trial). These exploratory out-
comes will be assessed in the subsequent phase 2 clinical trial. Sur-
vival status and significant medical events at 1 year are reported.

2.5. Statistical analysis

The primary analysis was descriptive and focused on serious
adverse events. Pulmonary and non-pulmonary organ function, clini-
cal outcomes, and exploratory outcomes are reported as descriptive
analyses with mean (standard deviation, SD) or median [Interquartile
range, IQR] (see Supplemental file 2: Phase 1 Statistical Analysis
Plan). For pulmonary and non-pulmonary organ function, as data
was not available at all specified timepoints, imputed data from the
last observed value is also provided.

2.6. Role of funding source

The trial was funded by the Wellcome Trust Health Innovation
Challenge Fund [reference 106939/Z/15/Z] and sponsored by the Bel-
fast Health and Social Care Trust. The funder had no role in the study
design, conduct or analysis.

Orbsen Therapeutics Ltd. has granted a non-exclusive, trial-spe-
cific licence to the Cellular and Molecular Therapies Division of the
National Health Service Blood and Transplant Service to manufacture
ORBCEL-C to GMP standards for the REALIST trial. Orbsen Therapeu-
tics Ltd. has had no role in the study design, data acquisition, data
analysis or manuscript preparation.

3. Results

3.1. Participants

Nine patients were recruited between the 7th January 2019 and
14th January 2020, all from one of the participating sites: three patients
per dose cohort (100 £ 106, 200 £ 106, and 400 £ 106 cells). 127
patients were assessed for eligibility across the five sites, of whom 118
were excluded with reasons for exclusion provided in Fig. 1 (Fig. 1:
CONSORT diagram). All patients recruited completed infusion of the
IMP and no patients were lost to follow up at day 90. Summary base-
line characteristics for the included patients are described in Table 2.
Individual baseline characteristics are described in Table 3.

3.2. Safety outcomes and adverse events

Study drug infusion was generally well-tolerated with no adverse
haemodynamic or respiratory physiological changes during infusion
and for the 5 h following IMP administration (data not shown).
Adverse events, including pre-specified infusion related events, are
summarised in Table 4. In summary, eight adverse events were
reported in four patients. Four adverse events, reported in three
patients, were considered to be serious adverse events (SAEs). These
SAEs were considered to be severe but were deemed unlikely to be,
or not, related to study drug administration. Four adverse events
were considered to be mild and possibly related to study drug admin-
istration therefore are categorised as adverse reactions (ARs). Two of
these events, specifically pyrexia within 24 h of study drug adminis-
tration, were reported as pre-specified infusion related adverse
events. There was no dose limiting toxicity in any cohort and
400 £ 106 cells was determined to be the maximum tolerated dose.

In the lowest dose cohort, one patient experienced four adverse
events (patient 1, Table 4). This patientwas admittedwith ARDS and sep-
sis due to Streptococcus pneumoniae and influenzae A. The patient devel-
oped pyrexia within 24 h of study drug administration which was
reported as pre-specified infusion related event. Transient non-sustained
ventricular tachycardia (NSVT) was reported on day 1, but not within the
six hourwindow for reporting of pre-specified events. The NSVT resolved
without haemodynamic compromise although the patient was com-
menced on an anti-arrhythmic. Both events were considered possibly
related to the study drug. On day 24, this patient developed a perforated
duodenal ulcer, requiring laparotomy and readmission to ICU. This was
considered unrelated to study drug administration. Six weeks following
study drug administration the patient underwent a cardiac MRI to inves-
tigate severe left ventricular systolic dysfunction noted during ICU admis-
sion. MRI findings were consistent with recent myocarditis, which was
felt to have a viral aetiology and unlikely to be related to the IMP admin-
istration. The patient recovered and subsequent cardiology follow up at
nine months after study drug administration found cardiac function had
improved.

In the intermediate dose cohort, one patient experienced two
adverse events (patient 6, Table 4). Pyrexia occurred within 24 h of
study drug administration (reported as pre-specified infusion related
event). On day 9 colonic perforation was demonstrated on computer-
ised tomography (CT). The patient deteriorated clinically, with
increased organ support requirements, was deemed too unstable for
surgical intervention and subsequently died. Underlying decompen-
sated alcoholic liver disease was felt to have contributed to the
patients’ death. Of note, Child Pugh score at recruitment, was within
eligible range. The colonic perforation was considered unlikely to be
related to the study drug.

In the highest dose cohort, two patients experienced a single
adverse event. One patient (patient 8, Table 4) had a bradycardic epi-
sode with brief loss of cardiac output requiring a short period (30 s)
of cardiopulmonary resuscitation prior to return of spontaneous cir-
culation and resolution of the event. This event occurred on day 15
and was considered to be unrelated. Another patient developed acute
derangement of liver function tests within six hours of study drug
administration (patient 7, Table 4). This was considered possibly
related, however improved spontaneously over the following six
days. This patient died on day 8 due to sequelae of their underlying
disease (multiorgan failure due to intra-abdominal sepsis and stran-
gulated hernia). The death was unrelated to study drug administra-
tion and the deranged liver function was not felt to have contributed.

3.3. Physiological and clinical outcomes

Measures of pulmonary and systemic organ function, including OI,
PF ratio, respiratory compliance, driving pressure, and SOFA score
until day 14 are presented in Fig. 2 and tabulated in Supplementary
Table 1. Imputed data (using last observed value) for these outcomes
are also provided in Supplementary Fig. 1 and Supplementary Table
1. There was no evidence of any dose dependent effects of MSCs on
these physiological measures. Clinical outcomes and adjuvant thera-
pies are reported in Table 5.

3.4. Biological and clinical laboratory measures

We measured plasma markers of systemic inflammation (IL-6, IL-
8, and IL-18), epithelial cell injury (SP-D) and endothelial injury /acti-
vation (Ang-2/ICAM-1), which have all been shown to be elevated in



Fig. 1. Consort diagram.
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patients with ARDS. There were no important trends over time (from
baseline to day 4, 7 and 14) identified, and there were no apparent
dose dependent effect of MSCs on any of these markers (Fig. 3). Indi-
vidual patient biomarker measurements are included in the supple-
ment (Supplementary Table 2). Clinical laboratory data (including
CRP, renal indices, indices of coagulation, haemoglobin or leucocytes)
following study drug administration did not show any trends or sig-
nals of harm in relation to the study drug administration (Supple-
mental Table 3).

3.5. Anti-HLA antibodies

Baseline (n = 9) and day 28 (n = 4) serum samples were analysed
for anti-HLA antibodies (Supplemental Table 4). At day 28 samples
were not available for four patients who had died, and one patient
was unable to provide a sample. No patients had anti-HLA antibodies
at baseline, and of the four patient samples analysed at day 28, two
developed anti-HLA antibodies (patient 1 and patient 8). One of these
patients (patient 1) had antibody reactivity towards one antigen
found on HLA typing of the donor ORBCEL-C infusion. However, the
HLA antigen (HLA-A*01) is common [47], and as the patient had been
transfused blood products between day 0 to 28, they may have been
exposed to this antigen during transfusion. This patient also had
HLA-antibody reactivity towards HLA-B antigens which were not
accounted for by the HLA type of the donor ORBCEL-C infusion. None
of the HLA-antibodies developed by patient 8 matched the HLA type
of the donor ORBCEL-C infusion.

3.6. Survival and long term follow up

Four patients died within 28 days of study drug administration
(Table 5, day 28 mortality 44%). All patients within the intermediate



Table 2
Summary baseline characteristics for each cohort.

100 x 106 cells 200 x 106 cells 400 x 106 cells Total
n = 3 n = 3 n = 3 n = 9

Gender Male
Female

2(66¢7%)
1(33¢3%)

2(66¢7%)
1(333%)

2(66¢.7%)
1(33¢3%)

6(66¢7%)
3(33¢3%)

Age in years 58(14¢2) 56(6¢7) 47(20¢1) 54(13¢8)
Temperature ( °C) 37¢2(1¢0) 37¢6(2¢1) 37¢8(1¢4) 37¢5(1¢4)
Aetiology of ARDS*
Gastric content aspiration 0(0¢0%) 2(66¢7%) 1(33¢3%) 3(33¢3%)
Thoracic trauma 1(33¢3%) 0(0¢0%) 0(0¢0%) 1(11¢1%)
Pneumonia 2(66¢7%) 2(66¢7%) 3(100¢0%) 7(77¢8%)
Sepsis 2(66¢7%) 2(66¢7%) 2(66¢7%) 6(66¢7%)

APACHE II Score 16¢3(5¢5) 25¢0(2¢6) 17¢7(6¢7) 19¢7(6¢1)
Murray Lung Injury Score (LIS) 2¢0(0¢5) 3¢1(0¢6) 2¢5(0¢4) 2¢5(0¢6)
First Qualifying PaO2/FiO2 Ratio
[Min, Max]

16¢6(3¢6)
[12¢5, 18¢9]

18¢4(8¢9)
[8¢1, 24]

23¢6(1¢4)
[22¢0, 24¢8]

19¢5(5¢8)
[8¢1, 24¢8]

Worst PaO2/FiO2 ratio**
[Min, Max]

21¢7(8¢2)
[12¢5,28¢3]

12¢7(4¢9)
[8¢0,17¢7]

21¢2(3¢6)
[17¢2,24¢0]

18¢5(6¢7)
[8¢0,28¢3]

Total SOFA Score 12¢0(4¢2)
n = 2

16¢3(4¢6) 10¢3(3¢2) 13¢0(4¢4)
n = 8

Oxygenation Index (cmH2O/kPa) 44¢4(16¢1)
n = 2

133¢7(141¢0) 62¢2(21¢1) 84¢6(86¢9)
n = 8

Lowest Mean Arterial Pressure (mmHg) 62¢0(3¢6) 54¢3(4¢2) 61¢3(6¢1) 59¢2(5¢5)
PEEP (cmH2O) 8¢3(3¢5) 12¢3(2¢5) 9¢0(3¢6) 9¢9(3¢4)
Plateau Pressure (cmH2O) 17¢5(6¢4)

n = 2
30¢3(4¢2) 25¢7(1¢5) 25¢4(6¢3)

n = 8
Driving Pressure (cmH2O) 9¢0 (1¢4)

n = 2
18¢0(2¢6) 16¢7(4¢5) 15¢3 (4¢8)

n = 8
Mode of Ventilation
SIMV 2(66¢7%) 3(100¢0%) 3(100¢0%) 8(88¢9%)
PS 1(33¢3%) 0(0¢0%) 0(0¢0%) 1(11¢1%)
Other 0(0¢0%) 0(0¢0%) 0(0¢0%) 0(0¢0%)
None 0(0¢0%) 0(0¢0%) 0(0¢0%) 0(0¢0%)

Tidal Volume (ml/kg PBW)
[Min, Max]

6¢2(0¢6)
[5¢5, 6¢7]

7¢2(1¢3)
[5¢8, 8¢5]

6¢7(1¢0)
[5¢6, 7¢4]

6¢7(1¢0)
[5¢5, 8¢5]

Adjuvant therapy at baseline (n,%)
Neuromuscular blocking drugs 1(33¢3%) 2(66¢6%) 2(66¢6%) 5(55¢5%)
APRV 0(0¢0%) 0(0¢0%) 0(0¢0%) 0(0¢0%)
Nitric Oxide 0(0¢0%) 2(66¢6%) 1(33¢3%) 3(33¢3%)
Prone positioning 0(0¢0%) 0(0¢0%) 0(0¢0%) 0(0¢0%)
RRT 0(0¢0%) 0(0¢0%) 0(0¢0%) 0(0¢0%)

Mean (SD) or Median [IQR] presented for continuous variables and no. (%) for all categorical variables.
*Patients may have > 1 aetiology of ARDS.
**Worst PF Ratio recorded on Day 0/24 h prior to randomisation.
ARDS = Acute Respiratory Distress Syndrome; APACHE = Acute Physiology and Chronic Health Evaluation; APRV = Airway
Pressure Release Ventilation; SOFA = Sequential Organ Failure Assessment; PEEP = Positive End Expiratory Pressure;
RRT = Renal Replacement Therapy.
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dosing cohort had died before day 28. One patient in this intermedi-
ate dose cohort was transferred to a different unit for ECMO therapy
on day 2 due to refractory hypoxaemia and subsequently died on day
14 due to multiorgan failure (patient 5). Another patient in the inter-
mediate dose cohort died on day 7 due to multiorgan failure as
sequelae of pulmonary aspiration (patient 4). The death of the third
patient in the intermediate dose cohort (patient 6) and one patient in
the highest dose cohort (patient 7) are described earlier. Each death
was reviewed in detail, and none were felt to be related to study drug
administration. No further patients had died at day 90 following
study drug administration. All surviving patients have been followed
up to one year and none had died by this time point. One patient
(patient 2) has had two significant medical events necessitating hos-
pital admissions (1) mechanical fall with a spinal fracture (2) acute
stroke. The remaining surviving patients have had no significant
medical events reported at follow up.

4. Discussion

In this phase 1 trial, CD362 enriched human umbilical cord
derived MSCs (ORBCEL-C) were well tolerated in patients with mod-
erate to severe ARDS. No severe adverse events related to study drug
administration or dose limiting toxicity were reported in any dose
cohort (100, 200 or 400 £ 106 cells). Adverse reactions considered
possibly related to study drug administration included pyrexia, non-
sustained ventricular tachycardia, and deranged liver function. These
events occurred early after study drug administration therefore a
relationship could not be excluded, but this was a critically ill popula-
tion in whom these events may have been related to their underlying
condition. Follow up of patients to one year following MSC adminis-
tration has not identified safety concerns. These findings support the
safety of intravenous administration of ORBCEL-C, up to a dose of
400 £ 106 cells, in patients with moderate to severe ARDS.

The emerging safety profile of MSC therapy in critically ill patients
with ARDS, is supported by the findings of other MSC clinical trials. A
recent systematic review of intravascular MSC therapy for a range of
clinical conditions demonstrated MSCs compared to control therapy
was associated with an increased risk of fever, but there was no asso-
ciation with non-fever infusional toxicity, infection, thrombotic
embolic events, death or malignancy [48]. In other trials of MSCs in
ARDS, no infusion related toxicity or serious adverse events related
to MSC administration has been reported [36�42]. There has been
variation in dosing regimens and tissue sources of MSCs investigated
in ARDS. Matthay and co-investigators, in the START phase 1 trial,



Table 3
Baseline patient characteristics.

Patient 1 2 3 4 5 6 7 8 9

Treatment Dose 100 x 106 100 x 106 100 x 106 200 x 106 200 x 106 200 x 106 400 x 106 400 x 106 400 x 106

Gender Female Male Male Female Male Male Male Female Male
Age (years) 42 63 69 58 49 62 64 51 25
Temperature (°C) 38¢1 37¢5 36¢1 36¢2 36¢7 40 36¢4 39¢2 37¢7
ARDS aetiology Sepsis Thoracic trauma

Pneumonia
Pneumonia

Sepsis
Aspiration

Pneumonia
Sepsis

Aspiration Pneumonia
Sepsis

Pneumonia
Sepsis

Pneumonia
Sepsis

Aspiration
Pneumonia

APACHE II Score 20 10 19 23 24 28 25 16 12
Murray Lung Injury Score (LIS) 2.5 2.0 1.5 2.8 3.8 2.8 2.3 3.0 2.3
First Qualifying PaO2/FiO2 Ratio 12¢5 18¢4 18¢9 23¢0 8¢1 24¢0 24¢0 22¢0 24¢8
Worst PaO2/FiO2 ratio ** 12¢5 28¢3 24¢3 12¢5 8¢0 17¢7 24¢0 17¢2 22¢4
Total SOFA Score 15¢0 9¢0 � 19¢0 19¢0 11¢0 14¢0 9¢0 8¢0
Oxygenation Index (cmH2O/kPa) 55¢8 � 33¢0 59¢1 296¢3 45¢6 47¢6 86¢4 52¢7
Lowest Mean Arterial Pressure (mmHg) 59¢0 66¢0 61¢0 59¢0 51¢0 53¢0 56¢0 68¢0 60¢0
PEEP (cmH2O) 12¢0 8¢0 5¢0 10¢0 15¢0 12¢0 5¢0 10¢0 12¢0
Plateau Pressure (cmH2O) 22¢0 � 13¢0 29¢0 35¢0 27¢0 26¢0 27¢0 24¢0
Driving Pressure (cmH2O) 10¢0 � 8¢0 19¢0 20¢0 15¢0 21¢0 17¢0 12¢0
Mode of Ventilation SIMV PS SIMV SIMV SIMV SIMV SIMV SIMV SIMV
Tidal Volume (ml/kg PBW) 6¢3 6¢7 5¢5 7¢2 8¢5 5¢8 7¢0 7¢4 5¢6
Vital Status, Day of ICU Discharge or
death

Alive, Day 24 Alive, Day 9 Alive, Day 9 Dead, Day 7 Dead, Day 14 Dead, Day 9 Dead, Day 8 Alive, Day 25 Alive, Day 11

*Patients may have > 1 aetiology of ARDS.
**Worst PF Ratio recorded on Day 0/24 h prior to randomisation.
ARDS = Acute Respiratory Distress Syndrome; APACHE = Acute Physiology and Chronic Health Evaluation; SOFA = Sequential Organ Failure Assessment; PEEP = Positive End Expira-
tory Pressure.
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administered a single intravenous infusion of either 1, 5, or
10 £ 106 BM-derived cells/kg PBW and in the absence of safety con-
cerns proceeded to investigate a single intravenous infusion of
10 £ 106 cells/kg PBW in their phase 2 trial [37, 38]. Yip et al. investi-
gated the same dose regimen in a phase 1 dose escalation study of
UC-derived MSCs [40]. The MUSTARDS trial investigated administra-
tion of a single intravenous infusion of either 300 or 900 £ 106 cells/
dose of Multistem (BM-derived multipotent adult progenitor cells,
BM-MAPC) in their phase 1 trial, and proceeded with the higher dos-
ing regimen in phase 2 [39]. Zheng et al., investigated a single intra-
venous infusion of 1 £ 106 adipose-derived MSCs in a small RCT. [36]
Lv et al., investigated a single intravenous infusion of 1 £ 106 UC-
derived MSCs in a single arm open label study [49].

These trials have not convincingly demonstrated dose dependent
effects, despite evidence of dose-dependent effects in preclinical
investigations in ARDS [16, 50]. In START phase 1 numerically greater
improvements in lung injury score and SOFA score were reported in
the highest dose cohorts, but the sample size in each dose cohort was
small (n = 3) and differences were not statistically significant [37]. In
a study of healthy male volunteers, MSC administration in a model of
lipopolysaccharide (LPS) induced systemic inflammation demon-
strated dose dependent adverse effects at 4 £ 106 cells/kg compared
to lower doses of 1 £ 106 cells/kg, 0¢25 £ 106 cells/kg or placebo [51].
These included an enhanced febrile response and a transient increase
Table 4
Adverse events and serious adverse events .

Patient Dose Cohort Description Timing Severity

Non-serious adverse events
1 100 x 106 Pyrexia Day 1 (< 24 h) Mild (G
1 100 x 106 Non-sustained ventricular tachycardia Day 1 (> 6 h) Mild (G
6 200 x 106 Pyrexia Day 1 (< 24 h) Mild (G
7 400 x 106 Deranged LFTs Day 1 (< 6 h) Mild (G
Serious adverse events
1 100 x 106 Perforated Duodenal Ulcer Day 24 Severe (
1 100 x 106 Myocarditis Six weeks* Severe (
6 200 x106 Colonic Perforation Day 9 Death (
8 400 x 106 Bradycardia Day 15 Severe (

*diagnosis on MRI at six weeks, for investigation of left ventricular systolic dysfunction duri
in markers of coagulation activation, however this did not translate
into clinically relevant thromboembolic events [51]. In our trial
standardised doses were used rather than doses per body weight to
support the feasibility of manufacture and delivery of the MSC prod-
uct. The doses chosen (100, 200, and 400 £ 106) are equivalent to
approximately 1¢5, 3, and 6 £ 106 cells/kg respectively, for an average
adult with PBW of 70 kg. Lower maximum doses were chosen, com-
pared to other studies of MSCs in ARDS, in light of the evidence of
dose dependent coagulation activation in the healthy human LPS
model [51]. We did not observe any dose dependent effects in either
physiological markers of lung or systemic organ dysfunction nor in
biological markers of inflammation or cell injury. However, in our
phase 1 study, there was no placebo group to allow for suggestion of
efficacy and with n = 3 per group there is no power to show signifi-
cant differences between dose cohorts.

Efficacy of MSC therapy in patients with ARDS has yet to be deter-
mined and clinical trials to date have been underpowered to report
clinical outcomes. In the MUSTARDS phase 2 randomised placebo
controlled trial of MultiStem in 30 patients with ARDS, a possible
improvement in clinical outcomes was reported (day 28 mortality
25% vs 40%; VFD 12¢9 vs 9¢2; ICU free days 10¢3 vs 8¢9) [39]. However
the full peer reviewed report is awaited, and conclusions about effi-
cacy must be guarded given the study size. Matthay et al., reported
no significant difference in 28-day mortality (30% MSC group vs 15%
Causality Expectedness Pre-specified adverse event Classification

rade 1) Possibly Unexpected Yes AR
rade 1) Possibly Unexpected No AR
rade 1) Possibly Unexpected Yes AR
rade 1) Possibly Unexpected No AR

Grade 3) Not related N/A No SAE
Grade 3) Unlikely N/A No SAE
Grade 5) Unlikely N/A No SAE
Grade 3) Not related N/A No SAE

ng ICU admission.



Fig. 2. Pulmonary (Oxygenation Index, P/F ratio, Respiratory Compliance, Driving pressure) and non-pulmonary organ function (SOFA score) outcomes Mean (SD) are provided for
each dose cohort (dose 1: 100 £ 10 6; dose 2: 200 £ 10 6; dose 3: 400 £ 10 6) at day 0 (baseline), day 4, day 7 and day 14. (A) Oxygenation index (B) P/F Ratio (C) Respiratory Com-
pliance (D) Driving Pressure (E) SOF A Score.
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placebo group, odds ratio 2¢4, 95% CI 0¢5 to 15¢1) in their 60 patient
START phase 2 randomised, placebo-controlled trial of bone marrow-
derived MSC therapy using a dose of 10 £ 106 cells/kg [38]. In this
study cell viability was measured post thaw and found to be less than
expected in some cases (range 36 to 85%). Interestingly in a post-hoc
analysis the authors found that patients treated with higher viability
cells appeared to have improved OI, and lower mortality compared
with those receiving cells with lower viability. However, this post-
hoc analysis involved very small numbers and the findings need to
be validated in a larger study. A procedure to wash the dimethyl sulf-
oxide (DMSO) containing cryoprotectant from the final cellular prod-
uct before administration was implicated in loss of cell viability. In
response to this, cells for the REALIST study underwent cryopreserva-
tion in a lower concentration of DMSO and in human albumin-con-
taining cryopreservant. After thaw the cryopreserved cells were
added directly to crystalloid solution, with no wash step, and patients
were pre-treated with an antihistamine to counter any DMSO related
effects [45]. Validation work during manufacture of the cellular prod-
uct confirmed ORBCEL-C infusions had a post thaw cell viability
> 70% for at least 6 h following the thaw procedure.
Biological markers of inflammation (IL-6, IL-8, and IL-18), and of
epithelial (SP-D) and endothelial (Ang-2/ICAM-1) cell injury, were
evaluated as part of the exploratory analysis in this REALIST phase 1
study. These biological markers are elevated in ARDS and predictive
of poorer clinical outcomes [52�56]. In this REALIST phase 1 study
we do not demonstrate any important trends in these biological
markers over time following MSC administration. The small numbers,
and absence of control group for comparison, limit any conclusions
which can be drawn. Other investigators have reported positive find-
ings in relation to biological markers following MSC administration.
In the small RCT (n = 5 in each group) by Zheng et al., plasma SP-D
concentration reduced significantly from baseline to day 5 following
MSC administration, and plasma IL-6 and IL-8 numerically reduced
from baseline to day 5, however there was no significant differences
compared to the placebo group [36]. Similarly, in the START phase 1
study the median concentration of biomarkers (IL-6, IL-8, Ang-2 and
RAGE (receptor for advanced glycation end-products)) reduced from
baseline to day 3 following MSC administration, but there was no pla-
cebo group for comparison [37]. In the START phase 2 trial, a post-hoc
analysis demonstrated patients treated with higher viability cells had



Table 5
Clinical outcomes.

100 x 106 cells 200 x 106 cells 400 x 106 cells Total
n = 3 n = 3 n = 3 n = 9

Time to 1st successful extubation (hours) n = 3
151¢5(166¢3)

92¢8[22¢5339¢1]

n = 0 n = 2
292¢4(185¢6)

292¢4[161¢1423¢6]

n = 5
207¢8(168¢5)

161¢1[92¢8339¢1]
Total number of reintubation after a planned extubation 2 0 0 2
Average number of reintubations per patient 0¢7(1¢2)

0[0,2]
0(0¢0)
0[0,0]

0(0¢0)
0[0,0]

0¢2(0¢7)
0[0,0]

Ventilation Free Days at day 28 15¢7(13¢7)
22[0,25]

0(0,0)
0[0,0]

9.0(9.5)
8[0,19]

8.2(10.8)
0[0,19]

Duration of Ventilation (days) z 8¢3(6¢8)
6¢0[3¢0,16¢0]

9¢0(3¢6)
8¢0[6¢0,13¢0]

12¢0(7¢0)
9¢0[7¢0,20¢0]

9¢8(5¢5)
8¢0[6¢0,13¢0]

Length of ICU stay (days) n = 3
13¢0(8¢7)

8¢0[8¢0, 23¢0]

n = 3
9¢0(3¢6)

8¢0[6¢0, 13¢0]

n = 3
13¢7(9¢1)

10¢0[7¢0, 24¢0]

n = 9
11¢9(6¢9)

8¢0[8¢0, 13¢0]
Length of hospital stay (days) n = 3

44¢3(10¢5)
44¢0[34¢0, 55¢0]

n = 3
9¢0(3¢6)

8¢0[6¢0, 13¢0]

n = 3
20¢3(15¢3)

17¢0[7¢0, 37¢0]

n = 9
24¢6(18¢3)

17¢0[8¢0, 37¢0]
28 day mortality y 0(0¢0) 3(100¢0%) 1(33¢3%) 4(44¢4%)
90 day mortality y 0(0¢0) 3(100¢0%) 1(33¢3%) 4(44¢4%)
Adjuvant therapy required between day 1 and day 14 (n,%)
Neuromuscular blocking drugs 1(33¢3%) 2(66¢7%) 3(100¢0%) 6(66¢7%)
Nitric Oxide 0(0¢0%) 2(66¢7%) 3(100¢0%) 5(55¢6%)
APRV 0(0¢0%) 1(33¢3%) 0(0¢0%) 1(11¢1%)
ECMO or ECCO2R 0(0¢0%) 1(33¢3%) 0(0¢0%) 1(11¢1%)
Prone position 0(0¢0%) 0(0¢0%) 1(33¢3%) 1(11¢1%)
RRT 0(0¢0%) 1(33¢3%) 0(0¢0%) 1(11¢1%)

Mean (SD), median[IQR] or n(%) presented.
*Row percentages displayed.
yPercentages calculated based on total number of patients recruited to each group.
z Duration of ventilation is counted from time of study drug administration to being successfully free from assisted breathing.
ECMO = Extracorporeal membrane oxygenation; ECCO2R = Extracorporeal carbon dioxide removal; APRV = Airway Pressure Release Ventilation;
RRT = Renal Replacement Therapy.
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a greater fall in Ang-2 concentrations [38]. Importantly, in a subse-
quent report of biomarkers from bronchoalveolar lavage (BAL) at
48 h in the START phase 2 trial (n = 17 MSC group, n = 10 placebo
group), MSC administration significantly reduced BAL Ang-2, IL-6 and
TNF receptor-1 concentrations compared to placebo [57]. These bio-
logical markers will be assessed in our phase 2 trial.

MSCs are considered to be relatively immune evasive, lacking
MHC Class II antigen expression on their surface [58]. As part of the
exploratory analysis in the REALIST phase 1 study, we report the
development of anti-HLA antibodies in two patients after MSC
administration, one of whom developed donor specific anti-HLA anti-
bodies. Development of anti-HLA antibodies following MSC infusion
has been evaluated in clinical trials in other conditions [59�63],
though development of donor specific anti-HLA antibodies has been
rarely reported [60, 61, 63]. The incidence of developing anti-HLA
antibodies in critically ill patients is unknown, and these patients
may have other sensitising events, such as blood transfusions, which
can also lead to the development of anti-HLA antibodies. Immunolog-
ical responses to MSC administration in ARDS will be evaluated fur-
ther in Phase 2.

In this trial there was a 44% in a cohort of patients with moderate
to severe ARDS. This is towards the upper range of mortality previ-
ously been reported in this population [4]. In a systematic review and
meta-analysis of control arm mortality in randomised controlled tri-
als in ARDS, when the inclusion criteria included a PF ratio consistent
with moderate to severe ARDS, the control arm mean mortality rate
was 35¢1% [5]. The mortality rate in this phase 1 study is consistent
with the baseline severity of illness. In the intermediate dose cohort
for example, patients had a mean APACHE II score of 25 which is
known to predict mortality rates greater than 50% [64]. No deaths in
the study were deemed to be related to MSC infusion, and as a single
arm study with a small sample size no conclusions can be made
regarding the impact of MSC infusion on mortality. Limited reports of
long-term follow up after MSC administration in ARDS have not
raised safety concerns [38, 42, 65]. Our trial is the first to conduct
long term follow up for significant medical events, as well as mortal-
ity, and supports the long-term safety profile of ORBCEL-C in this
patient population.

In conclusion, the REALIST phase 1 trial study has shown that
administration of a single intravenous infusion of ORBCEL-C, up to
400 £ 106 cells, is safe and feasible in critically ill patients with mod-
erate to severe ARDS. Based on the absence of dose limiting toxicity
or safety concerns in this phase 1 trial, a dose of 400 £ 106 cells has
been approved as the intervention for the planned phase 2 rando-
mised placebo-controlled REALIST trial (NCT03042143). This phase 2
trial will assess efficacy of MSC therapy in ARDS and, in light of the
COVID-19 pandemic, will also evaluate MSC therapy in a separate
cohort of patients with ARDS due to COVID-19 [66].
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