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Wharton's jelly

1 | MESENCHYMAL STEM/
STROMAL CELLS

Mesenchymal stem/stromal cells (MSCs) were first described in the
1970s by Friedenstein's team in bone marrow (BM). Such cells with
a fibroblastic morphology were subsequently observed in many tis-
sues like adipose tissue (AT), dental pulp, menstrual blood, or extra-
embryonic source such as Wharton's Jelly (WJ) or placenta,2 these
latter sources currently represent nearly 30% of clinical MSC prod-
ucts.® In 2006, the International Society for Cellular Therapy (ISCT)
defined MSCs as (a) adherent to the cell culture plastic; (b) able to
differentiate into osteocytes, chondrocytes, and adipocytes; and
(c) with a phenotype that is positive for the CD73 CD90 CD105
mesenchymal markers and negative for the CD34 CD45 HLA-DR
hematopoietic markers.* According to ISCT, if the expression “Mes-
enchymal stem cells” is mainly indicating a stem cell population with
self-renewal and differentiation potential, the term “mesenchymal
stromal cells” is used to design bulk unfractionated populations with

secretory, immunomodulatory, and homing properties.?® As these
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Sepsis is defined as life-threatening organ dysfunction caused by a deregulated
immune host response to infection. The emergence of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has highlighted this multifactorial and complex
syndrome. The absence of specific treatment neither against SARS-CoV-2 nor against
acute respiratory distress syndrome (ARDS), the most serious stage of this infection,
has emphasized the need to find alternative treatments. Several therapeutics are cur-
rently being tested, including mesenchymal stromal cells. These cells, already used in
preclinical models of ARDS, sepsis, and septic shock and also in a few clinical trials,

appear well-tolerated and promising, but many questions remain unanswered.

acute respiratory distress syndrome, COVID-19, mesenchymal stromal/stem cells, sepsis,

latter properties are of great interest, capitalized in nearly 25% of
current clinical trials, “MSCs” will from now on refer to MSCs.® Mes-
enchymal stem/stromal cells can modulate both innate and adaptive
immunity by cell contacts, secretion of cytokines, chemokines,
growth factors, and release of extracellular vesicles (EV).”® Regard-
ing adaptive immunity, they can decrease the cytotoxicity of T lym-
phocytes, impair their proliferation but also their activation by
inhibiting dendritic cell maturation and inducing regulatory T cells. In
an inflammatory context, they inhibit the proliferation of B lympho-
cytes and their production of immunoglobulins. Regarding innate
immunity, they notably decrease the production of reactive oxygen
species by neutrophils and promote the M2 anti-inflammatory phe-
notype of macrophages.’

MSCs influence the phenotype of immune cells and their cytokine
secretions. However, this immunomodulation seems to depend on the
inflammatory context. In 2013, Bernardo and Fibbe described the
existence of two MSC phenotypes depending on the inflammatory
context and the stimulation of their Toll Like Receptor (TLR).1® MSCs

can have immunosuppressive or immunostimulatory properties. In a
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cell anergy context, they could exhibit a pro-inflammatory phenotype,
MSC1, making it possible to reduce apoptosis and promote T-cell sur-
vival.'* On the other hand, in case of inflammation, they could adopt
an immunosuppressive and anti-inflammatory phenotype, called
MSC2. This change in phenotype depending on the inflammatory
environment suggests new opportunities for therapeutic uses.
Surprisingly, these immunomodulatory cells whose behavior is
modulated by the inflammatory context, appear little impacted by
immune cells. As they lack MHC class |l antigens and CD80/CD86
costimulatory molecules, they do not activate T cells but they induce
T-cell anergy. As they weakly express MHC class | antigens, they are
rarely targeted by NK cells. Thus, they can be used in an allogeneic
setting without considering HLA compatibility thanks to their low
immunogenicity. However, an instant blood mediated inflammatory
reaction generated by systemically infused MSCs has been recently
described and results from the triggering of the host innate immune
cascade systems, such as complement and coagulation. The intensity
of this reaction is dependent from the sources of MSCs and related to
the expression of procoagulant tissue factor (TF).® Therefore, MSC
therapy can be considered in the context of vital emergency patholo-
gies such as sepsis or septic shock, provided special attention is paid

to controlling the risk of their potential procoagulant activity.'?

2 | MSCs AND SEPSIS INCLUDING THE
CONTEXT OF COVID-19

Since the emergence of the SARS-CoV-2, sepsis was put in the spot-
light. Sepsis, a leading cause of admission to intensive care units, is a
major socioeconomic burden all over the world. It is defined as life-
threatening organ dysfunction caused by a dysregulated immune host
response to infection.?®* Although sepsis induces a high mortality
rate, there is currently no specific treatment for this complex syn-
drome, associating cytokine storm, excessive inflammation, but also
immunosuppression and lymphocytopenia.>>"*® Modulating inflamma-
tion while limiting the concomitant immunosuppression would cer-
tainly be the main therapeutic issue. Thus, MSCs, which pro- or anti-
inflammatory behavior is induced by the inflammatory environment,
seem promising candidates to treat sepsis (Figure 1). Currently, sev-
eral preclinical studies have reported the protective action of MSCs in
sepsis murine models and in its ultimate stage, septic shock.'” MSCs
improve survival, decrease organ failure, increase bacterial clearance,
modulate cytokine production, and improve renal, pulmonary, liver,
cardiac, and muscular functions.2°2® These benefic actions appear to
be closely related to the strong immunomodulatory properties of
MSCs. By reducing ambient inflammation and favoring anti-
inflammatory cytokines and mediators, they limit organ damages.?*?”
These findings were found in small but also in large animal sepsis
models.282? However, the design of the studies being very variable
(severity of sepsis, time of treatment, MSC tissue source, dosage,
etc.), some results may be contradictory. Although our work has
shown that MSCs are effective in murine and swine septic shock

models, improving survival, organ failure, and bacterial load, we did
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Significance statement

Sepsis is defined as life-threatening organ dysfunction cau-
sed by a deregulated immune host response to infection.
The emergence of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has highlighted this multifacto-
rial and complex syndrome. The absence of specific treat-
ment neither against SARS-CoV-2 nor against acute
respiratory distress syndrome (ARDS), the most serious
stage of this infection, has emphasized the need to find
alternative treatments. Several therapeutics are currently
being tested, including mesenchymal stromal cells. These
cells, already used in preclinical models of ARDS, sepsis, and
septic shock and also in a few clinical trials, appear well-

tolerated and promising.

not observe any MSC impact on inflammatory secreted factors, unlike
other studies.?83° Similarly, in a porcine sepsis model, Horak et al did
not find any impact of BM-MSCs on inflammation.3* However, they
did not observe either any beneficial effect of MSCs on organ failures,
unlike us. Despite the report of contradictory results, a recent meta-
analysis of 29 animal studies, including 1266 animals, demonstrated
that MSC therapy was related to a significant lower mortality rate.3?
Moreover, cell tracing studies performed in rodents exhibited that
MSCS distribute to a variety of tissues after IV infusion. They were
found in the lung early after administration, then in the liver and the
spleen.3® However, the rationale for extrapolating data from small ani-
mals to humans remains weak. In addition to the classic questions
about the correlation of animal models and human physiology, it
should not be forgotten that the xenogenic context can strongly
impact the results of the tested therapy, especially in the context of
cell therapy. Animal-derived MSCs are not a solution either: the prod-
uct evaluated in animals would not match with the drug used in
humans. Finally, only clinical studies will make it possible to assess the
promising effect of MSCs during sepsis.®*°

Less than 12 clinical studies related to MSC infusion for sepsis
and its main complications, acute respiratory distress syndrome
(ARDS) and septic shock, have already been published (Table 1).
These trials, mainly phase |, report good tolerance and the absence
of major adverse effects related to the infusion of MSCs. Mclintyre
et al reported a pilot dose-escalation study including nine patients
with septic shock. Regardless of MSC dose (from 1 to 3 x 10°
MSCs/kg), no serious adverse effects have been observed.®® A phase
| clinical trial published in 2014 has demonstrated that infusion of
allogeneic AT-MSCs as a treatment of ARDS was safe and well toler-
ated.3® Similarly, Wilson et al demonstrated in a dose-escalation
study that infusion of allogeneic BM-MSCs did not generate any
adverse event.®” Yip et al also reported in nine patients that a single
dose of UC-MSCs in ARDS was well tolerated regardless the tested
doses (1, 5, and 10 x 10° MSCs/kg).43 Recently, Chen et al observed
that a multiple intravenous infusion (3 or 4) of 1 x 10® menstrual
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FIGURE 1 Sepsis is a dysfunction of the immune system with the concomitant presence of pro-inflammatory and anti-inflammatory states. A
postinfection immunosuppressive state is evidenced by the development of anergy: increase in lymphocyte apoptosis, alteration of immune cell
functions with less antigen presentation by dendritic cells, and promotion of reactive oxygen species (ROS) neutrophil production or phagocytic
activities and anti-inflammatory phenotypes. To be effective, therapeutic management should be able to adapt to this inflammatory context and
at the same time, improve organ failures and survival. Mesenchymal stromal cell (MSC) capacities to switch to MSC1 or MSC2 phenotypes can be

interesting in sepsis indication

blood-derived MSCs/kg was well tolerated in patients with moder-
ate to severe H7N9 induced ARDS.** The overall safety of UC-MSCs
has also been reported in a systematic review of 93 clinical trials publi-
shed up to 2017 in different indications: 72% of the trials mentioned
safety and good tolerance to UC-MSCs infusion, regardless the route,
whereas 28% occasionally reported mild adverse events like headache,
fever, dizziness, and local pain, all of them resolutive in few da\ys.33
Finally, two recent studies reported encouraging results in phase
Il clinical trials. The first one, the START study (phase lla) including
patients with ARDS, reported after MSC infusion a significant

improvement of Angiopoietin 2, a biomarker of endothelial failure.
However, no improvement in survival was observed.*?> The authors
attributed the absence of significant clinical effects to the high cell-
viability variability according to the cell batches (35%-86%). They
specified that a larger study would be necessary to conclude on a clin-
ical benefit of MSCs. The second one, the RUMCESS study, reported
hemodynamic stabilization, vasopressor withdrawal, attenuation of
respiratory failure, and shortening of the neutropenia period in 15 neu-
tropenic patients with septic shock treated with BM-MSCs compared
to a control group.*?
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The occurrence of the SARS-CoV-2 infection, whose severe form
is sepsis, may bring soon many answers on the clinical effect of MSCs.
Until now, only a few teams and clinical trials were interested in the
use of these cells during sepsis. However, the pandemic, in the
absence of any specific treatment, has led to intense research for
innovative therapeutics and to many changes regarding MSCs. In a
few weeks, up to 30 clinical trials have been declared on ClinicalTrial.
gov. Currently, two Chinese publications have reported encouraging
results regarding UC-MSC infusions in the indication of COVID-19.
The first one reported a compassionate use of UC-MSCs in a 65-year-
old patient requiring mechanical ventilation and with multiple organ
failures. Three successive doses of 50.10° MSCs were administered
3 days apart. One day after the second infusion, an improvement in
vital signs was noted and mechanical ventilation could be withdrawn.
Two days after the third infusion, all the biological parameters ret-
urned to normal values and the patient could leave the intensive care
unit. No side effects have been observed.*

The second study described a 14-day comparison among seven
patients treated by the infusion of a single dose of 1.10° MSC/kg and
a control group of three patients, all of them presenting a mild to criti-
cally severe SARS-CoV-2 infection. No adverse events were noted in
the treated group. Normalizations of oxygen saturation levels, inflam-
mation markers, and tissue damage were observed, with a pulmonary
improvement observed on CT.*¢

Although no adverse event was reported in those two studies, we
have to keep in mind that critically ill COVID-19 patients are in a sys-
temic procoagulant state at high risk for disseminated intravascular
coagulation, thromboembolism, and thrombotic multi-organ failure.
Regarding the previously mentioned procoagulant potential of MSCs,
it may be of interest to include TF expression in MSC characterization,
to prefer the intramuscular route to the intravenous one, to supple-
ment cells with buffer containing HSA and low dose of anticoagulants

and finally to prepare the patient with an anticoagulation protocol.*”

3 | WHICH MSCs, WHEN, AND HOW?
The increase in clinical trials will certainly provide some answers but the
variability in the procedures may be detrimental to interpretation. MSC
tissue sources, route and number of infusions, time of administration,
dosage, but also the use of the cells or their EV vary between trials.
Currently, MSC doses range from 0.4 x 10° to 42 x 10° MSC/kg
in 1 to 5 infusions every 2 days in clinical trials listed in the indication
for COVID-19.3% Kabat et al reported in a meta-analysis of various
clinical trials—the intravenous route being the most frequent—a
median IV dose of 100 x 10° MSC/patient/dose and a minimum
effective dose of 70 to 90 x 10° MSC/patient/dose.*® The minimum
dose effective per patient and trial has never been above 190 x 10°
MSCs, whereas efficacy has never been reported below 70 x 10°
MSCs. Effect depending on the dose has also been reported in an
ARDS context by Wilson et al who observed better results with the
highest dosage.?” Although it is not yet known if a same dose adminis-

trated in a single or multiple infusions has similar efficacy, some

studies promote the repetition of administrations arguing that MSCs
generate a transient clinical effect.3%43

Time of infusion is also a concern. Many preclinical studies report
MSC administration at an early stage of sepsis or even prophylactic
context. However, this is not feasible in a clinical context. In addition,
reluctance to infuse them at early disease stages is often observed.

MSC tissue source is also a concern. Although most clinical trials
listed in the indication of sepsis and ARDS now report the preferential
use of UC-MSCs and especially from WJ, heterogeneity of practices
remains. In our experience, WJ is the best source of MSCs in the indi-
cation of sepsis. At least as effective as BM-MSCs, WJ-MSCs have a
major advantage: their accessibility.%° Sepsis potentially concerns a
large population of patients and will require large-scale production
capacity to provide enough doses of MSCs, assuming the efficiency of
MSCs is demonstrated. Thus, the use of WJ as a source of MSCs
seems obvious. The accessibility and abundance of this tissue source
but also the ease of production due to their great proliferative capaci-
ties make it the privileged tissue source.*’ However, the problem of
large-scale production remains. Research on animals requiring a small
amount of cells and the high cost of reagents have led to the develop-
ment of low-scale production processes, often incompatible with
industrialization. MSCs are mainly generated in 2D cultures: the cells
migrate and adhere to the plastic of the culture flasks and proliferate
until confluence. Thus, production capacities depend on the size of
these flasks and the capacity of the cell therapy units to manage the
cluttering. Currently, industrialization of 2D models begins with the
marketing of bioreactors. Bioreactor increases cell culture surface and
limits steric hindrance. Another large-scale production strategy has
also arisen last recent years: the 3D model, consisting in using micro-
spheres, suspended in culture medium, on which cells adhere and
expand. The number of microspheres can be potentially very impor-
tant and the quantity of harvested cells also. However, this technique
may change MSC characteristics and cells have to be tested and com-
pared to 2D expanded MSCs to avoid any lack of efficiency.

The use of MSC extra-vesicles instead of cells themselves is also
an unsolved question. In sepsis indication, several preclinical and clini-
cal studies demonstrated the protective effect of MSC exosomes.>%->2
Exosomes are small EV approximately 100 nm wide and are formed
by the endosomal system of the cell. They harbor molecules including
proteins, RNA, metabolites, or lipid membrane components. Secreted
by MSCs and obtained by purification of the medium, exosomes
exhibit anti-inflammatory and immunomodulatory capacities.>® How-
ever, although the production of standardized homogeneous batches
would be an improvement compared to whole MSCs, the main advan-
tage of the whole cells would be lost. The strength of MSCs relies on
their main drawback: to be a “living drug”: they are able to change
their phenotype (MSC1 or MSC2) according to their environment.
The use of EV instead of cells induces the loss of adaptability capaci-
ties. As sepsis remains complex and multifactorial, with concomitant
inflammation and lymphopenia as seen in SARS-CoV-2 infection, is it
really possible to do without this main benefit?

Currently, intensivists do not have available predictive sepsis bio-

markers. If this were the case, priming of MSCs to turn them toward
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an MSC1 or MSC2 phenotype would become of interest, allowing a

more personalized and standardized treatment.

4 | CONCLUSION

In conclusion, MSCs appear to be promising therapeutics in the indica-
tion of sepsis. Clinical trials in the COVID-19 will provide a lot of
answers about the use of MSCs but may also be fatal to their use, in
the absence of proof of efficacy. It will then be necessary to remem-
ber that COVID-19 is not the main etiology of sepsis, at the risk of
putting aside their very promising use in bacterial sepsis due especially
to their important antibacterial capacities.
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