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Mesenchymal stem/stromal cells (MSCs) have a unique 
therapeutic potential due to their anti-inflammatory, 
anti-bacterial, and immunomodulatory effects [4]. In pre-
clinical models, MSCs have been shown to have a signifi-
cant mortality benefit in animals with induced sepsis [5]. 
In limited clinical trials, MSCs have demonstrated safety 
and efficacy [6–11].

In this review, we outline the properties of MSCs that 
give them their unique advantage as a therapeutic for 
sepsis. Additionally, we investigate the current clinical 
trials utilizing MSCs in sepsis and discuss the limitations 
of MSC use in sepsis.

Methods
This review provides an evaluation of the use of MSCs in 
sepsis. Clinical trials were identified through Cochrane 
library and clinicaltrials.gov using the keywords “mes-
enchymal stem cells” and “sepsis” and “clinical trials.” All 
clinical trials with MSCs targeting sepsis were included 

Introduction
Sepsis is one of the leading causes of morbidity and mor-
tality in the United States and Worldwide with traditional 
therapies resulting in a 15–50% mortality rate [1]. Sepsis 
is characterized by a robust and uncontrollable immune 
and inflammatory response [2]. This uncontrollable 
response leads to life-threatening organ dysfunction, 
damage, and death. Current treatment for sepsis revolves 
around rapid antibiotic initiation, fluid resuscitation, 
lung-protection strategies, glucose management, and 
vasopressor support [3]. Currently, there are no drugs 
approved for the treatment of sepsis, and the majority of 
clinical trials with novel therapies have been unsuccessful 
in reducing mortality [2].
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in this review, irrespective of active ongoing trials, 
unknown status, or no published results. The investi-
gators extracted clinically relevant data from included 
studies, including cell source, cell preparation, injec-
tion numbers, trials results and subsequently summa-
rized and analyzed into a concise review. COVID-19 and 
ARDS specific trials were excluded since patients were 
not divided as septic versus non-septic.

Mesenchymal stem/stromal cells
MSCs are non-hematopoietic multipotent adult stem 
cells that have the capacity to differentiate into multiple 
lineages including mesodermal (osteoblasts, chondro-
cytes, and adipocytes), endodermal (hepatocytes), and 
ectodermal (neurocytes) [12]. MSCs express an array of 
cell surface markers; they are most commonly isolated 
via the expression of CD105, CD90, and CD73 and the 
absence of CD45, CD34, CD14, CD19, CD11b, CD79a, 
and HLA-DR. MSCs are also identified by their ability to 
adhere to plastic in standard culture condition [12]. Since 
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initial discovery in the late 1960s, MSCs have demon-
strated numerous biological roles including multilineage 
differentiation, immunomodulation, immunoregulation, 
anti-inflammatory activity, anti-fibrotic activity, pro-
angiogenic activity, angiogenesis, chemo-attraction, and 
tissue repair [12, 15, 16, 27, 28].

Essential properties of MSCs that make them a promising 
therapeutic for treating sepsis
MSCs have gained attention as a novel therapeutic for 
a myriad of disease processes by virtue of their unique 

properties [4]. Importantly, MSCs are anti-inflammatory 
and anti-fibrotic, immunoregulatory, anti-bacterial, pro-
angiogenic, and importantly have low-immunogenicity 
[13]. Given sepsis is triggered by a robust and dysregu-
lated immune response, MSCs hold significant promise 
as a therapeutic due to the dynamic interplay between 
their anti-inflammatory, anti-bacterial, and immuno-
modulatory mechanism of action (Fig. 1).

Fig. 1  Unique properties of mesenchymal stem cells (MSCs) that make them applicable for therapeutic use in sepsis. MSCs exhibit dynamic anti-inflam-
matory, immunomodulatory, and anti-bacterial properties that work synchronously. Their anti-inflammatory properties rely on the expression of tumor 
necrosis factor receptor (TNFR), toll-like receptor 3 (TLR3) and the secretion of interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), indoleamine 
2,3-dioxygenase (IDO), tumor necrosis factor-stimulated gene-6 (TSG-6), transforming growth factor beta (TGF-β), prostaglandin E2 (PGE2), and interleu-
kin 1 receptor antagonist (IL-1ra). Their immunomodulatory properties rely on the inhibition of dendritic cells (DCs), natural killer (NK) cells, CD4 + T helper 
(Th) cells, CD8 + cytotoxic T cells (CTLs), inhibition and stimulation of B cells, stimulation of macrophages and T regulatory (Treg) cells. Specifically, inhibi-
tion of NK cells results in inhibition of cytotoxicity and alteration in production and secretion of IL-6, IL-10, Interferon gamma (IFN-γ), and tumor necrosis 
factor alpha (TNF-α). Their anti-bacterial properties rely on the expression of IDO and interleukin-17 (IL-17) and the secretion of antimicrobial peptides 
(AMPs) including human β -defensin-2, hepcidin, LL-37, and liocalin-2
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Anti-inflammatory properties
MSCs attenuate inflammation in response to pro-inflam-
matory cytokines such as interleukin-1 beta (IL-1β) and 
interferon gamma (IFN-γ), as well as activation via tumor 
necrosis factor receptor (TNFR) and toll-like recep-
tor 3 (TLR3) [14, 15]. This in turn leads to a cascade of 
immunomodulatory effects including modulating T cells, 
natural killer (NK) cells, and B cells and anti-inflamma-
tory effects [16]. Specifically, MSCs activated by TLR3 
and TNFR2 secrete anti-inflammatory cytokines such as 
transforming growth factor beta (TGF-β) and interleu-
kin-10 (IL-10) [17, 18]. Additionally, this cascade leads 
to MSCs secretion of tumor necrosis factor-stimulated 
gene-6 (TSG-6), prostaglandin E2 (PGE2), interleukin 1 
receptor antagonist (IL-1ra), and indoleamine 2,3-diox-
ygenase (IDO) that are crucial for their inflammation 
modulation [16, 19].

While MSCs have been shown to secrete numerous 
cytokines, interleukin-4 (IL-4), interleukin-6 (IL-6), and 
interleukin-10 (IL-10) play critical roles in their anti-
inflammatory response. IL-4 has been shown to ham-
per inflammation by converting pro-inflammatory M1 
macrophages into an anti-inflammatory M2 phenotype, 
as well as by suppressing the production of inflamma-
tory cytokines including tumor necrosis factor alpha 
(TNF- α) and IFNγ [20, 21]. IL-10 plays a complex role 
in regulating inflammation including activating the JAK/
STAT pathway to inhibit the release of pro-inflammatory 
mediators, mediating the function of T lymphocytes, 
and furthermore augmenting activation of immune cells 
including mast cells, NK cells, dendritic cells (DCs), and 
B cells [22]. IL-6 has both pro-inflammatory and anti-
inflammatory effects, with recent attention focused on 
it’s anti-inflammatory properties [23, 24]. IL-6 suppresses 
the secretion of pro-inflammatory cytokines including 
interleukin-1 (IL-1), TNF-α, granulocyte-macrophage 
colony-stimulating factor (GM-CSF), IFN-γ as well as 
inhibits T-regulatory cells [24].

MSCs directly secrete TGF-β, TSG-6, PGE2, IL-1ra, 
and IDO and these factors are critical in MSCs’ ability 
to be both anti-inflammatory and immunomodulatory. 
While PGE2 and TGF-β have anti-inflammatory prop-
erties on their own and play a role in regulating T cells 
and macrophages, they also notably amplify the expres-
sion of TSG-6 [25, 26]. TSG-6 has been shown to inhibit 
inflammatory responses by directly modulating endothe-
lial cells, neutrophils, mast cells, macrophages, vascular 
smooth muscle cells, and fibroblasts [25]. Furthermore, 
TSG-6 has been implicated in altering the expression of 
p38, c-Jun N-terminal kinases (JNK) and nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), 
thereby suppressing inflammatory cytokine release [19, 
25]. PGE2, IDO, and IL-1ra all exerts effects on mac-
rophages, specifically stimulating anti-inflammatory 

macrophage M2 differentiation [26]. All of these proper-
ties together account for their robust anti-inflammatory 
effect.

Immunomodulatory properties
MSCs have extensive immunomodulatory properties 
that mediate both the adaptive and the innate immune 
response. As illustrated above, MSCs secrete various 
cytokines and factors that inhibit B cells, T cells, NK cells, 
cytotoxic T cells (CTLs), DCs and B cells, while promot-
ing macrophage polarization to the M2 phenotype [16]. 
Inhibition of DCs results in lower levels of IL-12, IFN-
γ, and TNF-α secretion and moreover impaired antigen 
presentation [27]. MSCs have the ability to significantly 
reduce NK cell proliferation, which ultimately inhib-
its cytotoxic effects as well as alters the production and 
secretion of IL-6, IL-10, IFN-γ, and TNF-α [27]. The 
effect of MSCs on B-cells is controversial. Majority of evi-
dence indicates MSCs inhibit B-cells [28, 29]. However, 
emerging evidence demonstrates MSCs can also stimu-
late B-cell proliferation and antibody secretion depend-
ing on the microenvironment [28]. MSCs have a robust 
effect on T cells. They express chemokine receptor 3 
(CXCR3) and chemokine receptor 5 (CXCR5) which help 
recruit and stimulate regulatory T cells (Tregs) to pre-
vent inflammation, while inhibiting CD4 + T helper cells 
and CD8 + CTLs [27, 30–32]. This polarization of T cells 
towards an immunosuppressive regulatory phenotype 
is thought to significantly contribute to MSCs ability to 
reduce inflammation [30].

Anti-bacterial properties
MSCs have demonstrated anti-bacterial properties. As 
elucidated above, MSCs have significant roles in immu-
noregulation and inflammation which lend them unique 
anti-bacterial properties in their ability to modulate T 
cells, macrophages, and neutrophils while mediating 
cytokine milieus to combat bacteria [33, 34]. MSCs have 
been shown to express IDO and interleukin- 17 (IL-17), 
which aid in bacterial clearance and inhibit bacterial 
growth [34, 35]. Importantly, MSCs produce and secrete 
AMPs such as human β-defensin-2, lipocalin-2, LL-37, 
and hepicidin [34, 36]. Additionally, antimicrobial pep-
tides (AMPs) are crucial for the innate immune response 
given they directly kill bacteria by disrupting the cellu-
lar membrane as well as release pro-inflammatory cyto-
kines which recruit immune cells and further aid in the 
destruction of bacteria [36]. Ultimately, these properties 
enable MSCs to impair growth of both gram positive and 
gram negative bacteria which has critical implications for 
use in sepsis [33].



Page 5 of 11Premer et al. Stem Cell Research & Therapy          (2025) 16:245 

Results from human clinical trials utilizing MSCs in 
sepsis
There have been numerous clinical trials utilizing MSCs 
in both acute and chronic conditions including myocar-
dial infarction, heart disease, acute respiratory distress 
syndrome (ARDS), kidney injury with all trials demon-
strating safety and trials demonstrating mixed efficacy 
results [4, 37–39]. To date, there have been 7 completed, 
3 active, and 1 unknown status MSC clinical trials for 
sepsis (Table 1). Two of the trials utilized bone marrow-
derived MSCS with the RuMCeSS trial demonstrating 
an improvement in the SOFA score and 28-day survival 
of septic patients, and the CISS trial demonstrating an 
attenuation effect of pro-inflammatory cytokines includ-
ing IL-1β, interleukin-2, IL-6, IL-8, and monocyte che-
moattractant protein 1 [6, 9, 40]. Based off the promising 
results from the CISS I trial, two larger phase II CISS 
trials are actively recruiting, of which one utilizes bone 
marrow-derived MSCs and the other utilizes umbili-
cal cord-derived MSCs [41, 42]. He et al. performed a 
single injection, dose-escalation trial utilizing umbilical 
cord-derived MSCs in severe sepsis and found a reduc-
tion in IL-6, IL-8, and c-reactive protein (CRP) at day 
8 with no dose effect [8]. There were 3 trials utilizing 
adipose-derived MSCs. The CELLULA trial studied the 
immune response in healthy subjects with lipopolysac-
charide (LPS)-induced sepsis and found that high doses 
of MSCs (4  million cells/kg) elicited mixed pro-inflam-
matory and anti-inflammatory effects with increased 
IL-8, IL-10, TGF-β and nucleosome release, as well as an 
augmented coagulation activation with a reduced fibrino-
lytic response [7]. Alp et al. performed 5 serial injections 
of adipose-derived MSCs and found improved survival 
rates in the first week of sepsis with a decrease in SOFA 
scores, CRP, and white blood cells (WBCs). There were 
no changes in cytokine levels measured [10]. SEPCELL 
also utilized adipose-derived MSCs for patients with 
severe bacterial pneumonia (all of which met criteria for 
sepsis) and found no significant effects of MSCs in this 
patient population [43]. Lastly, the AMETHYST trial 
used enhanced MSCs (GEM00220) for bacterial sepsis 
and published a late-breaking abstract demonstrating 
safety, however full results evaluating efficacy have not 
been published [11].

Table 2 highlights the heterogeneity of methods, break-
ing down completed trials into cell isolation source, 
number of donors, doubling times in culture, fresh vs. 
cryopreserved cells used, and viability at time of injec-
tion. Umbilical Cord-derived mesenchymal stem (stro-
mal) cells for treatment of severe sepsis, CELLULA, and 
CISS were the three trials that specified utilizing fresh 
cells thawed from a master bank, and those three were 
the only trials to demonstrate changes in inflammatory 
cytokines [7–9, 40]. The RuMCeSS trial was the only trial 

to use multiple donors and have the lowest doubling time 
in culture, with three or less passages [6]. While RuM-
CeSS was one of two of the reported studies to have a 
short-term improvement in SOFA score and survival, 
this methodology did not translate into an apparent long-
term survival benefit or modulation of inflammatory 
cytokines [6]. AMETHYST, SEPCELL, and RuMCeSS 
used cryopreserved cells, and while AMETHYST and 
SEPCELL were the only two trials that did not report any 
signs of efficacy including improvement in SOFA scores 
or changes in biomarkers, RuMCeSS did have short-term 
efficacy [6, 11, 43].

Challenges and future perspective
It is well established that MSCs have a wide range of 
properties that make them a promising therapy for sep-
sis. However, there are multiple clinical challenges that 
need to be addressed including ideal cell source, dosage, 
ideal number of injections, and delivery route prior to 
MSCs becoming a bench to bedside therapy [4, 13, 44].

The MSC product quality and therefore efficacy relies 
heavily on isolation, culture expansion, method of cryo-
preservation, and method of thawing and delivery [44]. 
Results have demonstrated that long-term culture and 
expansion of MSCs results in MSC senescence, dimin-
ished proliferation, diminished differentiation, and 
decreased cytokine secretion, thereby limiting the 
amount of expansion in vitro [44, 45]. As highlighted in 
Table 2, there is no standard of MSC culture and expan-
sion for clinical trials. Of the 7 MSC sepsis published tri-
als, the doubling times reported are vastly different; the 
RumCess trial utilized cells that were in culture for 3 
or less passages, while on the other spectrum the CEL-
LULA trial utilized cells from 12 to 16 and CISS 12 or 
fewer. Furthermore, there is a mixture of injecting fresh 
cells versus cryopreserved. The ability to use cryopre-
served cells gives MSCs more widespread applicability. 
Dave et al. performed a large analysis comparing fresh 
versus cryopreserved MSCs and found that for most 
outcomes measured, there was no difference in the in 
vivo efficacy or in the in vitro potency of MSCs [46]. In 
order for cells to be truly available in all settings from the 
emergency department to the ICU, a quick and feasible 
method of storage, thawing, and delivery of cells needs to 
be established.

Another major challenge of MSC therapy is determin-
ing the optimal cell dose, number of doses, and route 
of delivery. In the trials discussed here, the cell dosages 
ranged from 250,000 cells/kg to 300  million (Table  2). 
Some trials were single dosage, while others employed 
serial injections. Some cells were delivered intravenously, 
while others through a central line. Ultimately, there is no 
clear consensus on dose nor number of injections.
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As highlighted above, a major limitation of effectively 
evaluating MSC therapy efficacy is the heterogeneity 
of studies (Table  2). Current clinical trials have a small 
number of patients making it hard to extrapolate data, 
and analysis is further challenged by the differences 
in cell sources, dosages, and methods of preparation 
and delivery. An important discrepancy among trials is 
determining the best source of MSCs; there are differ-
ences in MSCs isolated from adipose versus bone mar-
row versus umbilical cord. For example, Li et al. found 
that adipose-derived MSCs are superior in proliferation 
capabilities and secretion of certain proteins like basic 
fibroblast growth factor, interferon-γ, and insulin-like 
growth factor-1, however bone marrow-derived MSCs 
were superior in osteogenic and chondrogenic differenti-
ation potential and secretion of stem cell-derived factor-1 
and hepatocyte growth factor [47]. Kern et al. compared 
all 3 sources and found differences in success of isola-
tion (with bone marrow having the highest success rate), 
proliferation ability (umbilical cord-derived being the 
most proliferative and surviving longest in culture), and 

differentiation capacity [48]. Another major limitation 
in interpreting these results is the complexity of sepsis. 
Sepsis can be caused by urinary tract infection, skin/soft 
tissue infection, blood infection, lung infection, abdomi-
nal infection, meningitis and current clinical trials do 
not delineate these differences or are underpowered to 
appropriately evaluate.

Another major limitation in interpreting MSC effi-
cacy is the lack of long-term data. The longest follow-up 
period reported in the trials discussed here was 90 days. 
When we expanded the literature search to all MSC tri-
als that included a mix of septic and non-septic patients, 
we found only one study with long-term follow up. Spe-
cifically, Chen et al. found no serious adverse effects 5 
years after MSC transplantation in patients with ARDS 
secondary to Influenza A [49]. Extrapolating from MSC 
studies not performed in sepsis, in an 81-patient study 
injecting both allogeneic bone marrow and/or umbilical 
cord MSCs in patients with Lupus, there were no trans-
planted related mortality events 5 years post injection 
and in fact there was a clinical benefit with evidence of 

Table 2  Methods for the completed registered clinical trials using mesenchymal stem cells (MSCs) in sepsis. Each trial evaluated for 
cell derivation, number of donors, amount of doublings in culture, use of fresh versus cryopreserved cells, cell protocol details, and 
viability at time of injection
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long-term clinical remission [50]. There was one patient 
who developed bladder cancer four years after MSC 
transplantation, however the lack of a control group and 
the use of immunosuppressive drugs such as CYC in this 
patient make it difficult to interpret whether this was an 
MSC-related event [50]. In a large meta-analysis evaluat-
ing the safety and efficacy of MSCs in acute myocardial 
infarction, Lee et al. found a trend toward decreased 
major adverse cardiac events and sustained enhanced 
left ventricular ejection fraction for up to 36 months post 
MSC transplantation [51]. In a small 10 patient study 
evaluating umbilical cord MSC transplantation in mul-
tiple sclerosis and neuromyelitis optica, there were no 
intolerant adverse events including tumor formation or 
peripheral organ/tissue disorders in a 10-year follow up 
period [52].

Ultimately, rigorously conducted, multi-center clinical 
trials with large sample sizes, homogenous cell methods, 
clearly defined septic populations, and long-term follow 
up are necessary to demonstrate clear clinical outcomes.

Conclusion
Despite significant advances in early recognition and 
antibiotic therapies, conventional medications fall short 
of mitigating the overactive immune and inflammatory 
response secondary to the sepsis cascade [53]. MSCs 
hold significant promise for use in sepsis by virtue of 
their anti-inflammatory, immunomodulatory, and anti-
bacterial properties [27, 53]. All current clinical trials 
utilizing MSCs in sepsis have clearly demonstrated safety 
with an array of efficacy results. Future trials will need to 
focus on rigorous methodology that includes standard-
ization of cell derivation, dosage, and delivery. Address-
ing these limitations will be crucial for making MSCs a 
widespread bench to bedside sepsis therapy.
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