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Background aims: The acute respiratory distress syndrome (ARDS) resulting from coronavirus disease 2019
(COVID-19) is associated with a massive release of inflammatory cytokines and high mortality. Mesenchymal
stromal cells (MSCs) have anti-inflammatory properties and have shown activity in treating acute lung
injury. Here the authors report a case series of 11 patients with COVID-19-associated ARDS (CARDS) requir-
ing mechanical ventilation who were treated with remestemcel-L, an allogeneic MSC product, under individ-
ual patient emergency investigational new drug applications.
Methods: Patients were eligible if they were mechanically ventilated for less than 72 h prior to the first infu-
sion. Patients with pre-existing lung disease requiring supplemental oxygen or severe liver or kidney injury
were excluded. Each patient received two infusions of remestemcel-L at a dose of 2 million cells/kg per infu-
sion given 48�120 h apart.
Results: Remestemcel-L infusions were well tolerated in all 11 patients. At the end of the 28-day follow-up period,
10 (91%, 95% confidence interval [CI], 59�100%) patients were extubated, nine (82%, 95% CI, 48�97%) patients
remained liberated from mechanical ventilation and were discharged from the intensive care unit and two (18%,
95 CI%, 2�52%) patients died. The median time to extubation was 10 days. Eight (73%, 95% CI, 34�100%) patients
were discharged from the hospital. C-reactive protein levels significantly declined within 5 days of MSC infusion.
Conclusions: The authors demonstrate in this case series that remestemcel-L infusions to treat moderate to
severe CARDS were safe and well tolerated and resulted in improved clinical outcomes.

© 2022 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
Key Words:
mesenchymal stromal cells
COVID-19
acute respiratory distress syndrome
Remestemcel-L
atology and Oncology, Tisch
ai, One Gustave L. Levy Place,

f International Society for Cell & Gene Therapy.
Introduction

The novel severe acute respiratory syndrome coronavirus 2 with
its associated coronavirus disease 2019 (COVID-19) is a global public
health emergency, with over 69 million confirmed cases and 860386
deaths in the United States [1]. Although most affected patients
recover from COVID-19 infection without sequelae, reports in the
early days of the pandemic demonstrated that up to 42% of hospital-
ized patients developed acute respiratory distress syndrome (ARDS)
[2�5]. Patients with COVID-19-associated ARDS (CARDS) have
unique features, including relatively high lung compliance in the
early phase; however, there may be progression to a more typical
presentation of ARDS, with poorly compliant lungs, worsening alveo-
lar infiltrates and high mortality [6]. In a retrospective cohort of 201
Chinese patients with COVID-19, mortality was 66% among those
who received mechanical ventilation [3]; however, more recent
reports suggest that mortality rate may vary [7]. There are no cur-
rently approved therapies for CARDS. The current standard of care
includes lung-protective ventilation and conservative fluid manage-
ment [8]. In the early phase of CARDS, targeting a lower positive end-
expiratory pressure and reducing rigorous spontaneous inspiratory
efforts may lower the shear forces on the hyperpermeable microvas-
culature [6]. Given the burden of this pandemic on health care
resources, there is an urgent need to improve the morbidity and
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mortality of patients and to reduce ventilator days and intensive care
unit (ICU) length of stay.

Recent publications have identified the “cytokine storm,” a massive
inflammatory cytokine release, as an underlying insult leading to lung
injury in COVID-19 [9]. The authors reasoned that infusions of alloge-
neic mesenchymal stromal cells (MSCs), which exert broad, anti-
inflammatory effects, may be of benefit in patients with this condition,
which is characterized by pathological immune activation and inflam-
mation. MSCs suppress T-cell proliferation in response to alloantigenic
and mitogenic challenge, decrease the secretion of inflammatory cyto-
kines such as interferon gamma and tumor necrosis factor alpha (TNF-
a) and increase the secretion of anti-inflammatory cytokines such as
IL-4 and IL-10 via multiple immune cell subsets [10�12]. MSCs are
also characterized by a hypoimmunogenic phenotype that decreases
rejection of these allogeneic cells by the host.

The promising efficacy of MSC infusions has been demonstrated in
clinical trials of steroid-refractory acute graft-versus-host disease
(GVHD) [13�15] and in pre-clinical models of acute lung injury
[10,16]. MSCs have demonstrated safety in phase 1/2a trials of ARDS
[17,18]. A small study in China reported that seven patients with
COVID-19 pneumonia who were not mechanically ventilated recov-
ered quickly with improved inflammatory markers after being
treated with MSCs [19]. In this study, the authors used remestemcel-
L, an investigational, allogeneic, bone marrow-derived, off-the-shelf,
cryopreserved MSC product candidate, to treat patients with moder-
ate to severe CARDS requiring mechanical ventilation.

Methods

This study involved a series of consecutive cases of patients with
CARDS treated at a single academic center between March 2020 and
April 2020. Patients were observed, at a minimum, until death or ICU
discharge, whichever came first. Each patient was treated under indi-
vidual emergency investigational new drug (eIND) applications
approved by the United States Food and Drug Administration and the
institutional review board of the Icahn School of Medicine at Mount
Sinai. Informed consent was obtained from patients or their legally
authorized representative. CARDS was defined according to the mod-
ified Berlin criteria as the acute onset of hypoxemic respiratory fail-
ure manifested by bilateral opacities on chest imaging not fully
explained by pleural effusions, lobar collapse or lung nodules [20].
Furthermore, the clinical deterioration could not be fully explained
by cardiac failure or fluid overload. The degree of oxygen impairment
was characterized by the ratio of partial pressure of oxygen in arterial
blood to the fraction of inspired supplemental oxygen (P:F) on a min-
imum positive end-expiratory pressure �5 cm of water. Moderate
ARDS was defined as a P:F ratio between 101 mmHg and 200 mmHg,
and severe ARDS was defined as a P:F ratio �100 mmHg.

Patients were eligible if they had severe acute respiratory syn-
drome coronavirus 2 infection confirmed by real-time reverse tran-
scription polymerase chain reaction assay on nasopharyngeal
sampling with moderate to severe ARDS. The severity of ARDS was
determined by the lowest P:F ratio within the first 24 h of intubation.

Additional inclusion criteria were invasive mechanical ventilation
for less than 72 h prior to infusion, C-reactive protein (CRP) level (a
non-specific marker of inflammation) �4.0 mg/dL (or 40 mg/L), base-
line Acute Physiology and Chronic Health Evaluation (APACHE) II
score (a measure of ICU mortality risk assessed by the worst physio-
logical parameters within 24 h of ICU admission) [21] �5 and absence
of severe liver injury (alanine and aspartate aminotransferase less
than five times the upper limit of normal) or renal dysfunction
(serum creatinine <2.0 mg/dL or creatinine clearance �30 mL/min)
(see supplementary Table 1). Patients were excluded from participa-
tion if they were currently receiving extracorporeal membrane oxy-
genation, had known hypersensitivity to dimethyl sulfoxide or
porcine or bovine proteins, had severe baseline pulmonary disease
requiring oxygen therapy prior to diagnosis of ARDS due to COVID-
19 infection or had any end-stage organ disease.

Cellular therapy product and treatment

Remestemcel-L is an investigational allogeneic cell product com-
posed of ex vivo-expanded MSCs isolated from the bone marrow of
adult healthy donors. The cells express mesenchymal lineage
markers, including CD73, CD90, CD105 and CD166, and lack expres-
sion of hematopoietic cell surface antigens such as CD45 and CD31
[22]. The cells also express low levels of major histocompatibility
complex class I, are negative for major histocompatibility complex
class II molecules and are negative for co-stimulatory molecules
CD40, CD80 and CD86.

MSCs were harvested after five passages and then formulated in a
cryopreservation medium composed of Plasma-Lyte A, 10% dimethyl
sulfoxide and human serum albumin solution. The cryopreserved
remestemcel-L product for administration was stored in the vapor
phase of liquid nitrogen (��135°C) until use. Each dose was thawed
and reconstituted in Plasma-Lyte A immediately prior to administra-
tion. Nomanipulation occurred between thawing and administration.

Each patient received two intravenous remestemcel-L infusions at a
dose of 2 £ 106 cells/kg per infusion given 48�120 h apart. This dose
was chosen based on the safety and efficacy data in steroid-refractory
acute GVHD studies, in which this dose was given twice weekly for 4
weeks [13�15]. Cell viability ranged from 78% to 90%. Patients were pre-
medicated with hydrocortisone and diphenhydramine at least 30 min
prior to each remestemcel-L infusion as per institutional standard prac-
tice for cellular therapy infusions and manufacturer instructions. Patients
were monitored for infusion-associated reactions by vital sign assess-
ment 15 min prior to the infusion, every 15 min for the first hour after
the start of the infusion and at 120min.

Data collection

Clinical assessments included baseline APACHE II score, daily Sequen-
tial Organ Failure Assessment (SOFA) score (which represents a compos-
ite measure of organ failure) [23], P:F ratio, days in the ICU, days on
mechanical ventilation and discharge disposition. Laboratory assessments
included hematology, chemistry, CRP and ferritin, the latter two repre-
senting non-specific markers of inflammation. A pre-infusion baseline
was established as the values on the day of intubation or the following
24-h period, not including the day of the first remestemcel-L infusion, if
data were missing. No imputations were made for data missing at day 0,
day 3 or day 5. Chest radiography was performed at baseline and only as
needed thereafter by standard of care protocols of the ICU.

Outcomes

The primary outcome was ICU mortality, and patients were fol-
lowed, at a minimum, until death or discharge from the ICU. Second-
ary outcomes included the proportion of patients who were
extubated for greater than 48 h, time to extubation after the initial
remestemcel-L infusion, total duration of mechanical ventilation,
proportion of patients discharged from the ICU and proportion of
patients discharged from the hospital.

Statistical analysis

Given the nature of eINDs, where the number of patients is small
and a control group is lacking, standard descriptive statistics were
used. Categorical variables were reported as proportions with corre-
sponding Clopper�Pearson 95% confidence intervals (CIs) for out-
come variables. Continuous, non-normally distributed variables were
reported as medians and interquartile ranges (IQRs). Time to extuba-
tion was calculated using the Kaplan�Meier method. Changes in



Table 1
Demographic and pre-treatment disease characteristics on ICU admission.

Patient ID Sex Age, years Coexisting conditions Body mass index, kg/m2 APACHE II score P:F nadir on admission, mmHga

1 Male 60 Obesity 32.0 14 78
2 Male 39 Obesity 38.9 15 132
3 Male 35 Obesity 37.7 16 91
4 Male 60 Obesity, asthma 32.9 12 80
5 Male 51 Obesity 34.4 13 133
6 Female 67 Obesity, diabetes mellitus, hypertension 37.8 14 106
7 Male 48 Diabetes mellitus 23.0 11 127
8 Male 58 Hypertension, asthma 25.2 14 144
9 Female 34 Obesity 36.4 8 134
10 Male 50 Obesity, diabetes mellitus, hypertension 35.6 16 151
11 Male 60 � 23.6 17 71

ID, identifier.
a Values within 24 h of intubation used for screening.
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physiological parameters were assessed for significance using the
Friedman test, with post-hoc analysis with Wilcoxon signed-rank
test (comparing day 0 with day 3 and day 5) of parameters that were
significantly changed overall from pre-infusion baseline to day 5
post-infusion. The Bonferroni correction method was applied to
account for multiple comparisons.
Figure 1. Effects of remestemcel-L infusions on clinical outcomes. (A) Swimmer plot of
events according to time from remestemcel-L infusion. Numbers on the left represent
individual patient IDs as indicated in Table 1. (B) CRP levels. Median and IQR of CRP
were plotted according to time from remestemcel-L infusion. IDs, identifiers. (Color
version of figure is available online).
Results

Eleven patients were treated with remestemcel-L at Mount Sinai
Hospital per eIND treatment plan and were included in this analysis.
All patients were screened within 24 h of intubation, and none dem-
onstrated clinical improvement prior to treatment (see supplemen-
tary Table 2). Individual patient characteristics are provided in
Table 1. The median age was 51 years (IQR, 39�60), and patients
were followed for a median of 22 days (IQR, 16�30) (see supplemen-
tary Table 2). The most frequent comorbid conditions were obesity
(73%), diabetes mellitus (27%), hypertension (27%) and asthma (18%),
and patients had a median baseline APACHE II score of 14 (IQR,
12�16). The median P:F ratio on day 0 was 120 mmHg (IQR,
103�205). All patients had bilateral opacities on baseline chest radio-
graph, and one patient had a post-intubation pneumothorax that
subsequently improved with chest tube drainage.

All patients received vasopressor therapy (norepinephrine and/or
vasopressin) before remestemcel-L administration (i.e., before day 0)
(see supplementary Table 4). Although the dose of vasopressors fluc-
tuated, the number of patients on vasopressors decreased from six
on day 0 to two on day 5 (see supplementary Table 5). In addition,
the P:F ratio, which is a measure of hypoxemia, improved from 120
on day 0 to 200 on day 5, and the SOFA score, which is a composite
score of total organ failure, improved from 6.0 on day 0 to 3.5 on day
5 (see supplementary Table 5). Of note, none of the patients required
renal replacement therapy during follow-up. All patients were
treated with hydroxychloroquine, and 45% received tocilizumab (an
IL-6 receptor inhibitor), with two (18%) receiving tocilizumab alone
and three (27%) receiving tocilizumab and glucocorticoids (see sup-
plementary Table 3). A total of 73% of patients received glucocorti-
coids alone. Of note, steroids were administered as part of standard
pre-medication when administering cellular therapy products and
were not given as COVID-19-related therapy. One patient did not
receive steroids or tocilizumab, and because of lack of availability at
such an early time in the pandemic, none of the patients received
anti-viral therapy.

Clinical outcomes

Clinical outcomes are shown in Figure 1A. All patients were fol-
lowed, at a minimum, until death or ICU discharge, and ICU mortality
was 18% (95% CI, 2�52%). Over the period of observation, 10 (91%,
95% CI, 59�100%) patients were extubated.

One patient (patient 7) was reintubated because of worsening
ARDS and possible pulmonary embolism. The patient was treated
empirically with thrombolytic therapy and improved. However, the
patient ultimately died at day 23 post-infusion of multi-organ failure.
At the end of the study period, nine (82%, 95% CI, 48�97) patients
were liberated from mechanical ventilation, nine (82%, 95% CI,
48�97) patients were discharged from the ICU and eight (73%, 95%
CI, 34�100) patients were discharged from the hospital. Two
remained hospitalized in stable condition on the medical floor. The
median time to extubation from first remestemcel-L infusion was



Table 2
Outcomes and adverse events.

Primary outcome

ICU mortality, n (%, 95% CI) 2 (18, 2�52)
Secondary outcomes
Successful extubation, n (%, 95% CI) 10 (91, 59�100)
Time to successful extubation, days, median (IQR) 10 (3�10)
Duration of mechanical ventilation, days, median (IQR) 12 (7�12)
ICU length of stay, days, median (IQR) 13 (10�14)
Proportion discharged from ICU, n (%, 95% CI) 9 (82, 48�97)
Proportion discharged from hospital, n (%, 95% CI) 8 (73, 34�100)

Discharge disposition
Home, n (%, 95% CI) 5 (45, 13�86)
Rehabilitation facility, n (%, 95% CI) 3 (27, 6�61)
Long-term acute care facility, n (%) 0 (0)

Adverse events
Possible thromboembolic disease, n (%, 95% CI) 1 (9, 0�45)
Secondary infections, n (%, 95% CI) 5 (45, 21�96)
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10 days (IQR, 3�10). The median duration of mechanical ventilation
was 12 days (IQR, 7�12) (Table 2).

Physiological data

There was an improvement in oxygenation, as assessed by the
daily P:F ratio (median, +78 mmHg, P = 0.002), from day 0 to day 3
(see supplementary Figure 1; see supplementary Tables 4, 6). CRP
levels decreased from day 0 to day 5 (median, 36.5�219.2 mg/L,
P = 0.002) (Figure 1B; also see supplementary Tables 4, 6).

There was no change in fever curve or white blood cell count (see
supplementary Table 4). Ferritin levels and SOFA scores did not
change significantly from day 0 to day 3 or day 5. One patient (patient
2) had similar improvement in CRP following remestemcel-L infusion
without exposure to tocilizumab or glucocorticoids (see supplemen-
tary Figure 2).

In addition to CRP and ferritin (Figure 1; also see supplementary
Table 4), inflammatory cytokines such as IL-6, IL-1b, IL-8 and TNF-
a were also measured. Serum levels of IL-1b were within the normal
range in all evaluated patients at all times, and serum levels of IL-6,
IL-8 and TNF-a are summarized in supplementary Figure 3 and sup-
plementary Table 7. However, because of the nature of the eIND,
cytokine levels were not systematically measured. As a result, a sta-
tistical analysis could not be performed to draw a meaningful conclu-
sion.

Safety

There were no infusion-related adverse events. During the 28-day
follow-up period, five patients had secondary infections and two
patients died (Table 2). No adverse events were attributed to remes-
temcel-L infusions.

Discussion

Here the authors have reported the outcomes in a series of 11 crit-
ically ill patients with moderate to severe CARDS who were treated
with remestemcel-L, an investigational, allogeneic, bone marrow-
derived, off-the-shelf MSC product candidate. All but one patient
were extubated shortly after remestemcel-L infusion, and the authors
observed an 82% rate of discharge from the ICU and a 28-day mortal-
ity rate of 18%. None of the authors’ patients required renal replace-
ment therapy. The authors had an adequate period to observe that
recovery was sustained in survivors. Although markers of inflamma-
tion were not comprehensively analyzed, the authors did observe a
significant and sustained decrease in the inflammatory marker CRP
coincident with clinical improvement. Although the authors cannot
conclude that these improvements were the direct result of
treatment with remestemcel-L, the results are consistent with a pre-
vious report of recovery in seven patients with mild to severe hypox-
emia treated with a different MSC product in China (albeit none were
mechanically ventilated at the time of treatment) [19].

The pathophysiology of ARDS is marked by increased inflamma-
tion leading to destruction of the alveolar capillary barrier, increased
protein leakage and hyaline membrane formation in the alveoli with
resultant oncotic pulmonary edema. Ex vivo-generated MSCs have
demonstrated biological efficacy in treating acute lung injury in pre-
clinical studies [24,25]. In animal models, bone marrow-derived
MSCs have been shown to migrate to the lungs, where they remain
for several weeks without engraftment, during which time they
release anti-inflammatory paracrine factors such as IL-1 receptor
antagonist and prostaglandin E2, improve alveolar fluid clearance
and reduce bacterial overgrowth by releasing anti-microbial peptides
[26�30]. These pre-clinical data are consistent with the observed
decrease in CRP and TNF-a levels and the decreased number of pro-
inflammatory CD4+ and CD8+ T cells and natural killer cells in the
Chinese patients treated with MSCs for CARDS [19].

The utility of MSCs in ARDS is an active area of inquiry. A phase 1/
2 trial of MSCs in moderate to severe ARDS in 30 participants ran-
domized to a single infusion of 900 million cells or placebo demon-
strated that MSCs were well tolerated, with only a single adverse
reaction [31]. Although it was not powered to determine improve-
ment in mortality, favorable trends were noted in the subgroup of
patients with P:F ratio <150 mmHg, and a larger randomized con-
trolled trial is underway (NCT04367077). Similarly, a phase 2a trial
investigating a single infusion of 10 million MSCs/kg in patients with
ARDS met its primary endpoint of safety but showed no improve-
ment in mortality [18]. However, this study was limited by low cell
viability (range, 36�85%), and efficacy is being investigated in a phase
2b trial (NCT03818854). It is possible that the efficacy of treatment
with MSCs may vary in ARDS resulting from different etiologies. Fur-
ther clinical and laboratory phenotyping of CARDS will be needed to
understand how this novel disease differs from other causes of lung
injury.

Remestemcel-L has been studied across a wide variety of demo-
graphic, exposure and disease states, and there is similar safety in
both pediatric and adult patients. Reports on more than 500 adult
and pediatric patients with steroid-refractory acute GVHD and adult
patients with moderate to severe chronic obstructive pulmonary dis-
ease support a favorable safety profile for remestemcel-L [13�15,32].
An updated systematic review and meta-analysis on the safety of
MSCs by Thompson et al. [32] reported no significant safety signals,
which further supports the favorable safety profile of MSC adminis-
tration.

Remestemcel-L infusions were well tolerated in this case series.
Thromboembolism is a serious complication in COVID-19 patients
[33]. The possible pulmonary embolism reported in a single patient
in this case series was an expected event given the high incidence of
such events in CARDS patients generally. Although a hypercoagulable
state may theoretically occur in relation to MSC products that are
either placenta- or adipose-derived, because of their high level of tis-
sue factor expression, bone marrow-derived MSCs express much
lower levels of tissue factor and have not been reported to portend
risks for hypercoagulability [34].

As a case series, the authors’ study has important limitations. First,
the small size and lack of an untreated control group prohibit any
inference about efficacy. Second, the authors’ patients were selected
based on those with severe lung injury who had been intubated for
less than 72 h, and the authors excluded patients who had pre-exist-
ing severe lung disease or concomitant significant kidney and liver
injury or who had been intubated for more than 72 h. As a result, the
authors cannot generalize the results to patients who were at greater
risk of death due to comorbid conditions or in the later phase of
CARDS. Third, the authors’ patients also received several concurrent
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therapies—namely, hydroxychloroquine, tocilizumab and corticoste-
roids. Prior administration of tocilizumab or steroids may have facili-
tated the anti-inflammatory effect of remestemcel-L, although the
authors note anecdotally that one patient recovered without receiv-
ing either agent. It is important to note that none of the patients in
this series received remdesivir, a nucleotide analog that inhibits viral
RNA polymerase, which has been shown to shorten the time to
recovery in patients with COVID-19 [35]. Finally, clinical-grade MSCs
can be produced from different cell sources and under a variety of
conditions. It is not yet clear how these different production methods
affect biological activity in vivo. Thus, the outcomes the authors
observed with remestemcel-L may not be reproduced with different
MSCs.

Nonetheless, the results reported here demonstrate that adminis-
tration of remestemcel-L was well tolerated and resulted in improved
clinical outcomes, including liberation from mechanical ventilation
and discharge from the ICU and/or hospital. Although this eIND case
series of 11 critically ill adult patients was not structured to assess
efficacy, it demonstrated promising pilot data in support of a larger
randomized controlled trial in CARDS (NCT 04371393). During prepa-
ration of this article, the randomized controlled trial was halted by
the trial’s Data and Safety Monitoring Board after the third interim
analysis because the primary endpoint of 30-day all-cause mortality
would not be attained with the planned enrollment schedule. Evalua-
tion of secondary endpoints and subgroup analysis are ongoing.
Importantly, the Data and Safety Monitoring Board noted no safety
concerns.
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