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MSCs have shown promise in targeting persister cells and 
enhancing the immune response against persister infections 
(Park et al. 2019; Ren et al. 2020). Recently, the potential of 
MSCs has also gained attention in the treatment of a variety 
of immune-mediated disorders and conditions, due to their 
antibacterial activity. MSCs have been investigated in non-
human animals, and preliminary clinical experiments have 
been conducted in patients exposed to infectious diseases 
(Ren et al. 2020). In particular, MSCs can up- or down-
regulate the immune response, and this has been attributed 
to their ability to polarize into pro-inflammatory MSC1 or 
immunosuppressive MSC2 phenotypes (Waterman et al. 
2010). To combat bacterial persisters, MSCs can contribute 
via direct and indirect mechanisms, but these have still not 
been fully understood. This review highlights the therapeu-
tic properties of MSCs and their secretomes against bacte-
rial persistence infections through different mechanisms.

Introduction

In recent years, the global spread of antibiotic resistance, 
coupled with few therapeutic options, has made it challeng-
ing to explore suitable alternative therapies to combat this 
emerging issue (Russell et al. 2020). The inappropriate and 
excessive usage of antibiotics gives rise to the rapid global 
spread of antibacterial resistance, which has to lead a world-
wide threat to public health (Battah 2021). Chronic bacterial 
infections are particularly difficult to treat and can result in 
long-term morbidity and mortality, partly driven by biofilm 
formation that contributes to bacterial persistence and dam-
age to the host tissue (Johnson et al. 2017). Due to the strong 
unmet need for the management of chronic infections, 
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Bacterial persisters

Bacterial persisters were first observed in 1942 when peni-
cillin killed 99% of streptococcal culture and left 1% of the 
culture that did not respond to antibiotic treatment (Hobby 
et al. 1942). In 1944, this phenomenon was described as per-
sisters. Persisters are a subpopulation of stationary and qui-
escent bacteria which are not killed by antibiotics, despite 
being genetically identical to the susceptible cells. In fact, 
this phenomenon can allow the cells to regrow and remain 
susceptible to penicillin (Bigger 1944). With the progress 
of understanding bacterial persisters over time, the defini-
tion has become as follows: bacterial persister cells have a 
unique physiological state that makes them unremarkably 
non-genetically tolerant to antibiotics, which supports their 
ability to remain alive even when exposed to bactericidal 
drugs and have the capability to regrow under highly spe-
cific conditions (Zhang 2014).

The propensity for persister formation has not been well 
understood yet due to certain features of persister cells, such 
as being elusive, heterogeneous, and transient, with altera-
tions linked to environmental conditions. Bacterial persister 
formation can be promoted by bistable gene expression 
and regulated by the random variability of gene expression 
related to persister formation. This can result in changes in 
signaling protein modifications or DNA modifications that 
affect the incidence of persister cells (Veening et al. 2008; 
Rotem et al. 2010). Such diverse factors might generate a 
huge diversity and heterogeneity of persister cells. A wide 
variety of persister-related genes have been discovered, 
yet how bacteria sense the need to form persisters remain 
unclear (Zhang 2014). There are detailed review articles on 
these persister genes (Lewis 2012; Zhang 2014; Eisenreich 
et al. 2022).

Persister bacteria have been implicated in various 
chronic bacterial infections, including tuberculosis (Zhang 
et al. 2012), and Lyme disease (Stricker and Johnson 2011), 
which are challenging to treat due to the presence of per-
sisters. A large spectrum of persister bacteria and their dis-
eases have been treated with current therapeutic approaches, 
including antibiotic groups ranging from penicillins to dox-
ycycline (Stricker and Johnson 2011; Zhang et al. 2012). As 
a result, even after an initial course of antibiotics, persist-
ers seem to remain in the body, and may result in a recur-
rence of bacterial infections. This can lead to chronic or 
long-lasting infections that can be challenging to treat. As 
shown in Fig.  1, different bacterial species seem to cause 
various features for bacterial persistence infections. For 
instance, Streptococcus pneumoniae shows weakness in 
forming persisters since it can be treated within a week or 
two with the help of a single antibiotic. On the contrary, 
Mycobacterium tuberculosis and Pseudomonas aeruginosa 

bring about chronic persistent infections that require treat-
ment for at least 6 months (Mulcahy et al. 2010; Zhang et al. 
2012). Furthermore, Borrelia burgdorferi has been found in 
biofilms related to Lyme disease, not only in vitro but also in 
vivo, which can assist their bacterial persistence in tissues. 
Persister cells have been studied and detected in animal 
models, and the persistence of bacterial infections showed 
long-term survival in infected animals, even with antibi-
otic treatment (Barthold et al. 2010; Embers et al. 2013). 
Although there has been significant progress in understand-
ing the mechanisms and treatment of bacterial persisters in 
recent years, novel treatment strategies only provide tem-
porary relief, and there is still a need for the development 
of novel and efficient alternative treatment options for per-
sistent infections. Recently, evidence has emerged suggest-
ing that MSCs and their secretomes could be an effective 
therapy for bacterial persistent infections.

Interaction of bacterial persisters and MSCs

The pathogenesis of bacterial infections involves different 
mechanisms, such as the capability of bacteria to attach to 
host cells and secrete toxins to evade the host’s immune 
response (Powers 2004). Chronic bacterial infections are 
characterized by biofilm formation that generates bacterial 
persistence, making them difficult to treat without broad-
spectrum antibiotics and/or the last resort of antibiotics 
(Johnson et al. 2017). Despite all the methods used today, 
there is still no definitive solution to combat bacterial infec-
tions due to bacterial persister cells. Hence, it is very sig-
nificant to develop new therapeutic strategies to struggle 
against the emergence of resistant bacteria, rather than rely-
ing solely on combining more than one antibiotic to tackle 
bacterial resistance (Battah 2021). In order to combat bacte-
rial infections, different alternative strategies have been pro-
posed, including the use of beneficial microorganisms, the 

Fig. 1  The figure represents some infectious diseases, due to bacterial 
persisters, their causative pathogens, and current treatment options. 
The data has been gathered from the World Health Organization 
(WHO) and indicates a concerning global trend in the dissemination of 
bacterial outbreaks. The geographical regions most affected by these 
diseases are as follows; Lyme disease: The United States and Canada 
experience a significant burden of reported cases. Tuberculosis: The 
South-East Asia bears a substantial number of cases; Syphilis: Africa, 
South and South-Eastern Asia are particularly affected by the disease. 
Brucellosis: West Asia, India, the Middle East, Southern Europe and 
Latin America report a notable incidence of the disease. Otitis media: 
Latin America shows a significant prevalence of cases. Peptic ulcer: 
Africa, Pakistan, Turkey and India exhibit a considerable number of 
cases. Bacteremia/sepsis: The United States, Canada, Scandinavia 
countries and Australia are highly impacted. Urinary tract infection: 
Afghanistan, India, Indonesia, Iran, Malaysia, Mexico, Papua New 
Guinea, various African nations, and Central and South America are 
vulnerable to the infections
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modified genetic material of bacteria, and various stem cells 
(Kumar et al. 2021). Recently, MSCs have been extensively 
studied to orchestrate the immune response to ameliorate 
patients with severe infection by interacting with the poten-
tial to reduce inflammation and regulate the immune system 
(Ren et al. 2020). Notably, in addition to their well-known 

negative influence on immune system activity, MSCs can 
positively modulate the immune system if polarized into 
the MSC1 phenotype (Waterman et al. 2010). Since there 
are not many studies based on bacterial persisters and clini-
cal studies have not yet been published, bacterial infections 
supported by biofilm formation and antibiotic resistance 
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al. 2020). AMPs play a direct role in bacterial killing, listed 
in Table 1. Yagi et al. (2020) reported that MSCs inhibited 
methicillin-resistant S. aureus via AMPs secreted by MSCs. 
In this in vitro study regarding joint infections, the bacte-
ria were integrated into the synovial fluid to stimulate bac-
terial transmission, and then bone marrow derived MSCs 
were injected into the environment. The authors found a 
significant inhibition of MSCs against the bacterial growth 
of S. aureus (Yagi et al. 2020). Furthermore, it was found 
that biofilm formation could be an effective mechanism for 
mediating antibiotic resistance in bacteria, including meth-
icillin-resistant S. aureus and E. coli (Scherr et al. 2015). 
Another study suggested that MSCs secrete antimicrobial 
factors to attenuate biofilm formation of methicillin-resis-
tant S. aureus, thus enhancing defense mechanisms to pre-
vent bacterial infections in a rat model (Yuan et al. 2014). In 
addition, MSCs demonstrate potential as an alternative anti-
bacterial agent against multidrug-resistant (MDR) bacterial 
pathogens such as Vibrio cholerae. Due to their anti-biofilm 
activity, MSCs combined with chitosan nanoparticles were 
used as a promising therapy against MDR strains (Saber-
pour et al. 2020). Moreover, a significant effect of the AMPs 
produced by MSCs and an increase in antibiotic susceptibil-
ity were also reported in cystic fibrosis infections (Sutton et 
al. 2016). This study showed an MSC-mediated decrease in 
the amount of colony-forming units (CFUs) of antibiotic-
resistant bacterial strains such as Pseudomonas aeruginosa, 
Streptococcus pneumonia, and Staphylococcus aureus in a 
mice model (Sutton et al. 2016).

MSCs may have two distinctive aspects in cell ther-
apy. First, MSCs possess a unique capacity to regulate the 
immune system, predominantly by suppressing specific 
immune responses. This immunosuppressive attribute of 
MSCs is critical in dampening deleterious immune reac-
tions, thus facilitating tissue repair in various cell therapy 
applications. Moreover, MSCs exhibit an antigenic role by 
enhancing the defense mechanism within the immune sys-
tem through the activation of neutrophils and macrophages 
(Hosseiniyan Khatibi et al. 2020). Conversely, the function 
of MSCs can also engender on opposing effect; wherein 
they augment the antibacterial functions of neutrophils to 
fight bacterial infections (Marrazzo et al. 2019). Thus, the 
interactions of MSCs with the immune system encompass 
two major facets, involving both immunosuppressive and 
immunostimulatory responses (Ghasemian 2021). MSCs 
suppress certain immune responses for reducing immune 
rejection, treating autoimmune diseases, controlling inflam-
mation. Also, excessive inflammation can lead to tissue 
damage. MSCs can modulate the production of inflamma-
tory molecules and promote an anti-inflammatory environ-
ment, which aids in tissue repair and regeneration (Han 
et al. 2022). It suggests that the interaction of MSCs with 

were defined as persistent infections and the potential treat-
ment of these structures with MSCs might be considered as 
a potential method.

The diversity of AMPs allows them to modulate the 
immune response, with the function of being the primary 
defense against pathogens and thus displaying a broad 
spectrum of antimicrobial activities (Brogden 2005). Their 
selective biological activities, which can target a wide range 
of organisms, render them potentially promising thera-
peutic agents (Zhang and Gallo 2016). To date, there are 
3569 AMPs listed in the antimicrobial peptide database 
from various sources, including plants, animals, bacteria, 
and fungi. 153 of them are human host defense peptides, 
some of which have already been confirmed to be present 
in MSCs (Wang et al. 2016). Certain AMPs such as human 
α-Defensins and human β-Defensin 1 are vital components 
of the innate defense system and are produced constitutively. 
Conversely, others, such as human β-Defensin 2, 3 and 4 
are induced in response to infection and injury (Tobin and 
Zhang 2023). The induction of these peptides can be trig-
gered by pathogen-associated molecular patterns (PAMPs) 
such as lipopolysaccharides, bacterial DNA, flagellin and 
certain metabolites. For instance, Streptococci utilize cell 
surface-associated histidine kinases CsrS to directly sense 
peptide molecules (Tran-Winkler et al., 2011). An example 
of an AMP’s effect on bacterial virulence is LL-37, which 
alters Streptococcus pyogenes’s surface architecture, lead-
ing to the formation of extracellular vesicles containing 
numerous virulence factors (Uhlmann et al., 2016). Another 
instance involves rhamnolipids, a virulence factor in Pseu-
domonas aeruginosa, which activates transcription fac-
tors, such as nuclear factor kappa B (NF-kB) and activator 
protein-1, inducing hBD2 in keratinocytes (Wehkamp et 
al. 2006; Gerstel et al. 2009). Furthermore, various small 
metabolites like acetate, propionate, and butyrate have been 
shown to induce expression of antimicrobial peptides pro-
duced by host defense system (Chen et al. 2020; Tobin and 
Zhang 2023). For example, butyrate was found to induce 
MAPK-p38 and ERK pathways in Caco-2 cells, leading to 
LL-37 synthesis (Schwab et al. 2007). It can also stimulate 
the mTOR and STAT3 pathways in intestinal epithelial cells, 
resulting in β-Defensin synthesis (Zhao et al. 2018). AMPs 
possess diverse biological activities that allow them to be 
essential mediators of the immune response against various 
pathogens including bacterial proteins. Their potential and 
their modulation through different cellular pathways make 
them intriguing targets for further research in antimicrobial 
therapies.

It was reported that MSCs have antimicrobial potential, 
which can be directly mediated by secreting AMPs includ-
ing hepcidin, cathelicidin (also known as LL-37), lipocalin 
2, and β-Defensin 2 (hBD2) (Marrazzo et al. 2019; Yagi et 
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by releasing pro-inflammatory factors. Pro-inflammatory 
cytokines, such as tumor necrosis factor-alpha (TNF-α) 
and interleukin types (IL-2, IL-3, IL-6, IL-8, and IL-1β), 
contribute to tissue repair (Ding et al. 2011; English 2013). 
MSCs have the capability to impede lymphocyte prolifera-
tion the secretion of specific bioactive molecules. Among 
these soluble factors are hepatocyte growth factor (HGF), 
prostanglandin-E2 (PGE2), transforming growth factor 
(TGF)-1, indoleamine 2,3-dioxygenase (IDO), nitric oxide, 
and interleukin (IL)-10. These aforementioned factors pos-
sess the ability to attenuate or regulate specific immune 
responses, particularly those pathways associated with lym-
phocyte proliferation (DelaRosa and Lombardo 2010).

In conjunction with in vitro assays, many studies have 
revealed the prospective function of MSCs in restraining 
bacterial infections in vivo models (Park et al. 2019; Ren 

immune system are multifaceted, and they can exert diverse 
effects depending on the context. Additionally, MSCs can 
induce immunomodulatory effects when Tregs interact 
with monocytes (Weiss and Dahlke 2019). This interaction 
with immune cells also contributes to the immunomodula-
tory activity when MSCs are involved (Zhou et al. 2019). 
Together with the adaptive and innate immunity, MSCs 
from adipose tissue were reported to convert inflamma-
tory macrophages with an M1-like phenotype to an M2-like 
phenotype, and also prostaglandin E2 (PGE2) was found 
to induce this transition of macrophages (Manferdini et al. 
2017). Due to the AMPs secreted by MSCs, they have the 
potential as a therapeutic tool in clearing bacterial infec-
tions and maintaining tissue homeostasis (Arabpour et al. 
2021). MSCs have been explored for their ability to settle 
in appropriate tissues and to strengthen the immune cells 

Table 1  Direct mechanisms of MSCs and their antibacterial/immunomodulatory effects
Antimicrobial 
Features

Direct/ 
Indirect 
Mechanism

Sources 
of MSC

Infected Bacteria Outcomes Reference

Cathelicidin 
(LL-37)

Direct Adipose 
tissue,
Bone 
marrow

Staphylococcus aureus
Escherichia coli,
Pseudomonas aeruginosa
Staphylococcus 
pseudointermedius

*Bacterial-membrane disruption increases.
*Bacterial killing increases.
*Cytokine levels decreases.
*Endotoxin decreases.

(Johnson et al. 
2017)
(Krasnodemb-
skaya et al. 2010)
(Johnson et al. 
2022)

β-Defensin 2 Direct Umbilical 
cord

Escherichia coli,
Staphylococcus 
pseudointermedius

*Pore formation of bacteria increases.
*DNA, RNA and protein synthesis 
decreases.

(Sung et al. 2016)
(Johnson et al. 
2022)

Lipocalin 2 Direct Peripheral 
blood,
Bone 
marrow

Escherichia coli,
Staphylococcus aureus,
Mycobacterium tuberculosis,
Staphylococcus 
pseudointermedius

*Depriving bacteria of iron increases.
*Bacterial growth decreases.

(Harman et al. 
2017)
(Dahl et al. 2018)
(Gupta et al. 2012)
(Johnson et al. 
2022)

Hepcidin Direct Bone 
marrow

Staphylococcus aureus,
Escherichia coli,
Staphylococcus 
pseudointermedius

*Iron accessibility to bacteria decreases.
*Bacterial growth decreases.

(Chow et al. 2019)
(Johnson et al. 
2022)

Surfactant 
Protein D

Direct Adipose 
tissue

Escherichia coli,
Staphylococcus 
pseudointermedius

*Bacterial-membrane disruption increases
*Bacterial killing increases

(Johnson et al. 
2022)

Inducible Nitric 
Oxide Syn-
thases Pathway

Direct Bone 
marrow

Mycobacterium tuberculosis *Bacterial growth decreases.
*NO Production increases.

(Yang et al. 2016)

Cysteine 
Proteases

Direct Peripheral 
blood

Methicillin-Resistant Staphylo-
coccus aureus,

*Degradation of extracellular proteins 
increases.
*Penetration of antimicrobials in biofilms 
increases.

(Marx et al. 2020)

Indoleamine2,3 
dioxygenase

Direct Bone 
marrow

Staphylococcus aureus,
Staphylococcus epidermidis, 
Toxoplasma gondii

*Tryptophan levels decreases.
*Bacterial growth decreases.

(Meisel et al. 
2011)

Phagocytic 
Activity

Indirect Umbilical 
cord,
Bone 
marrow

Septic mice/C57BL/6
Diabetic wound

*T cell proliferation decreases.
*B-cell, Natural-Killer, and Dendritic cell 
proliferation decreases.
*The functional phenotype of macrophage 
for anti-inflammatory roles (such as M2 
phenotype and Tregs) increases.

(Song et al. 2017),
(Liu et al. 2020)
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mechanisms in treating K. pneumonia-induced pneumos-
epsis. The results demonstrated that MSCs were able to 
reduce lung inflammation in pneumosepsis supported by 
K. pneumonia when administrated intravenously to animal 
models (Perlee et al. 2019). Depending on a report by Li 
et al. (2020a), it was evaluated the therapeutic potential of 
adipose-derived MSCs in treating acute lung infections, 
including those caused by P. aeruginosa. MSCs treatment 
of infected mice resulted in the improved elimination of 
bacterial pathogens in the context of lung infections. The 
obtained results revealed that MSCs were responsible for 
the reduction in the nod-like receptor containing a caspase 
activating and recruitment domain 4 (NLRC4) inflamma-
some, which is a key inflammatory mediator, specifically 
through the mechanism of stimulated phagocytosis. An 
increase in the amount of stanniocalcin (STC-1) protein was 
also reported in the study when MSCs were administrated 
intravenously to the infected animals. The systemic admin-
istration of MSCs led to the inhibition of NLRC4 inflam-
masome activation, thereby reducing tissue damage in mice 
with lung infections (Li et al. 2020a). In an alternative study 
to verify the potency of MSCs against different MDR bacte-
ria, such as E. coli, P. aeruginosa, K. pneumonia in chronic 
infections, it was demonstrated that MSCs were associated 
with an increase in the ability of antibiotics to kill bacteria. 
Additionally, the intravenous injection of MSCs improved 
antibiotic efficacy when combined with various groups 
of antibiotics, including penicillin, aminoglycosides, car-
bapenems, and fluoroquinolone, (Johnson et al. 2017).

Therapeutic potential of secretomes of MSCs 
against bacterial persisters

Due to the spread of bacterial persisters and the alarming 
concern regarding antibiotic resistance, research into new 
therapeutic agents continues rapidly today. MSCs have 
been investigated in past decades as a possible therapy for 
the remedy of a wide range of illnesses. MSCs possess the 
capability to manifest their antimicrobial effects through 
two principal modalities: direct and indirect mechanisms. 
The direct mechanisms encompass MSC-mediated bacte-
rial eradication, achieved via phagocytosis, the production 
of antimicrobial peptides as well as theactivation of IDO 
and iNOS pathways. Conversely, the indirect mechanisms 
entail the ability of MSCs to promote the host’s immune 
system, accomplished through direct cell-to-cell interac-
tions and the release of paracrine factors (Russell et al. 
2020). In recent times, stem cell-derived extracellular ves-
icles (SCEVs) have emerged as a favorable approach for 
the therapy of various diseases and injuries because of their 
unique properties. These include several beneficial effects, 

et al. 2020). They have also been presented to influence 
the immune system by releasing pro-inflammatory factors 
(Battah 2021). The behavior of MSCs indicates different 
immune regulations in inflammation that are either short-
term or long-term (Gu et al. 2022). In acute infections, 
MSCs induce the regulation of the immune system through 
both pro-inflammatory and immunosuppressive regulatory 
directions (Kim and Cho 2016). The response of MSCs in 
acute inflammation can be expressed by Toll-like receptors 
(TLRs) (Bernardo and Fibbe 2013). MSCs have an active 
role in settling at the site of bacterial infection through 
recruiting TLRs, which are receptors that perceive pro-
inflammatory cytokines, including interferons (e.g. INFα 
and INFδ) and IL1β (Waterman et al. 2010). TLR4 has the 
function of triggering the MSCs-1 phenotype to build up 
the immune cells by secreting chemokines (C-X-C motif) 
ligand (e.g., CXCL8 and CXCL10) and pro-inflammatory 
cytokines (e.g., IL-6). In contrast, activating TLR3 trig-
gers MSCs-2 to induce immunosuppressive molecules 
such as PGE2, indicating their potential role in regulating 
the immune system (Terness et al. 2002). In acute infec-
tion, MSCs exert the pro-inflammatory effects mediated by 
TLR4, while TLR-3 regulates immunosuppressive effects. 
At this point, MSCs are able to transform M1 macrophages 
into the M2 type (Cho et al. 2014). In fact, TNF-α and the 
NF-kB signaling pathway are continuously activated in 
chronic infections. The activation of M1 macrophages con-
tinuously produces cytokines and leads to a disproportion 
of M1/M2 macrophages (Pajarinen et al. 2019). It has been 
found that MSCs contribute to a raise in the biosynthesis of 
the anti-inflammatory cytokine IL-10 in cases of life-threat-
ening septic shock (Németh et al. 2009). Additionally to 
their immunomodulatory activities, MSCs have been shown 
to acquire anti-septic activity, and their ability to enhance 
the phagocytic activity of immune cells, including periph-
eral blood mononuclear cells (PBMCs), is mediated to ame-
liorate tissue injury (Krasnodembskaya et al. 2012). Chow 
et al. (2019) stated that the activation of phagocytic activity 
in a mouse model was due to the secretion of IL-6 by MSCs, 
which triggered the immune cells, particularly monocytes, 
and neutrophils. They also found an independent potential 
of MSCs for treating antimicrobial-resistant bacteria, partic-
ularly those that exhibit multi-resistance (Chow et al. 2019).

Bacterial pneumonia is a familiar infection that can per-
sist over time. An in vivo study demonstrated the immuno-
modulatory properties of MSCs to combat acute bacterial 
pneumonia (Hackstein et al. 2015). It was found that MSC 
treatment not only decreased the intestinal lung injury 
caused by K. pneumonia but also increased survival rates 
for pneumonia. In another study, adipose-derived MSCs and 
their anti-inflammatory potential were evaluated to modu-
late the immune response and promote the body’s defense 

1 3

276  Page 6 of 11



World Journal of Microbiology and Biotechnology (2023) 39:276

secretomes can enhance the immune response against bacte-
rial infections by modulating the capability of immune cells, 
including neutrophils, through increasing phagocytic activ-
ity and preventing apoptotic activity (Harrell et al. 2019; 
Qian et al. 2021). An in vivo study assessing the administra-
tion of exosomes containing miR-146a from MSCs dem-
onstrated that they polarized macrophages toward the M2 
phenotype, which eventually led to an increase in the viabil-
ity of the mouse model. This study showed evidence for the 
potential therapeutic use of exosomes containing miRNAs 
in response to sepsis (Song et al. 2017).

Overall, multiple studies have reported on the antimicro-
bial efficacy of MSCs and their secretomes. However, the 
potential of MSCs and their secretomes against persister 
bacterial strains remains underexplored. There is some evi-
dence to present MSCs and their antimicrobial effect on 
chronic infections related to biofilm formation. Biofilms 
cannot be treated with antibiotics, and thus the presence of 
persister bacteria, including biofilms, is associated with anti-
biotic resistance. It has been stated that MSCs’ secretomes 
have fighting potential against gastrointestinal bacterial 
pathogens such as Vibrio cholerae. It was found that MSC-
derived secretomes inhibited bacterial growth and biofilm 
formation, especially those that are effective against multi-
resistant strains (Bahroudi et al. 2020). An in vivo study 
in rabbit models with chronic inflammation demonstrated 
a significant reduction in TNF-α expression when treated 
with MSCs from Wharton’s Jelly (WJ-MSCs), and this is 
attributed to the improved secretion of oviduct glycoprotein 
in animals suffering from chronic salpingitis (Li et al. 2017). 
In another study by Liao et al. (2019), MSCs obtained from 
the umbilical cord (hUC-MSCs) were depicted to have a 
positive effect on reproductive health by protecting cells 
from apoptosis, which reduces the expression level of cas-
pase-3. The authors also reported that hUC-MSCs have the 
potential to alleviate the level of inflammatory cytokines, 
such as IL-10, in the oviduct, which is likely based on the 
anti-inflammatory properties observed in animals treated 
with hUC-MSCs (Liao et al. 2019). Ebrahim et al. (2018) 
suggested a notable decrease in intrauterine adhesions in 
female rats when treated with hUC-MSC and their secreted 
exosomes, combined with/without estrogen. The treatment 
with hUC-MSC and their secretomes led to a decline in the 
expression of inflammatory cytokines as well as fibrotic 
markers (Ebrahim et al. 2018). Marx et al. (2020) also 
administered a study to investigate the effect of MSC sec-
retomes on treating bacterial skin infections. They found 
that MSC-secreted factors resulted in a significant reduction 
of bacterial survival, particularly in antimicrobial-resistant 
bacteria, including MRSA. This effect was especially prom-
inent in disrupting biofilm formation (Marx et al. 2020). 
These studies indicate interesting insights into the potential 

such as antimicrobial, anti-scarring, anti-apoptotic, wound 
healing, and tissue repair. SCEVs, which can be easily iso-
lated, contain a range of bioactive molecules that can be 
transported to other cells to adjust immune response and 
encourage tissue regeneration (Ha et al. 2020; Raghav et al. 
2021). Previous studies have reported that the administra-
tion of MSCs and their secreted extracellular components 
reinforce immune cells against bacterial infections (Li et 
al. 2020b). Indeed, the impact of direct cell-to-cell inter-
action is indisputable. However, of particular significance 
for prospective clinical and commercial deliberations is the 
validation that the bioactive agents secreted by MSCs can 
be cryopreserved, concentrated, and lyophilized to facilitate 
cost-effective, extended-term storage while retaining their 
antimicrobial efficacy (Russell et al. 2020). The fraction-
ation of this secretome of MSCs further holds promise as 
a critical procedure to enhance potency or selectively target 
specific bacterial persisters. As demonstrated in an in vivo 
study with Haemophilus influenzae infections in a C57BL/6 
model, the mice’s immune system showed a significant 
effect due to the increased activity of alveolar macrophages 
in destroying bacterial infections (Li et al. 2020b). The 
impact of adipose-derived MSCs against different bacteria 
strains, including Salmonella typhimurium and Lactobacil-
lus acidophilus, on the intestinal system, was investigated. 
The authors found that MSCs increased the upregulation 
of ILs (e.g., IL-6 and IL-8) and cyclooxygenase 2(COX-
2), potentially by modulating these immunomodulatory 
genes to promote tissue repair. Additionally, it was shown 
that when MSCs were introduced to S. typhimurium, they 
enhanced their ability to re-enforce the modulation of T-cell 
activity through the production of PGE2 (Kol et al. 2014). 
An alternative study on the pro-inflammatory role of MSCs 
revealed that a high dose of MSC derived from adipose tis-
sue led to an inhibition of bacterial load and downregulation 
of PGE2 in chronic lung injury induced by P. aeruginosa 
(Mao et al. 2015). It was found that the downregulation 
of PGE2 resulted in an improved immune response and a 
higher bactericidal effect during mucosal bacterial infec-
tion (Agard et al. 2013). Evidence suggests that MSCs 
can induce polymorphonuclear (PMN) cells and also be 
involved in activating certain immune cells, such as neutro-
phils, through the secretion of cytokines including IL-6 and 
IL-8, which may contribute to their recruitment (Brandau 
et al. 2014). Aggarwal and Pittenger (2005) observed that 
MSCs can reinforce the function of immune cells involved 
in the adaptive immune response, including T lymphocytes 
and dendritic cells (DCs). In this context, MSCs have been 
informed to reinforce the function of Tregs, allowing them 
to more effectively suppress immune responses and main-
tain immune tolerance (Aggarwal and Pittenger 2005; Jiang 
et al. 2005). Some studies indicate that MSCs and their 
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phagocytes, which are immune cells that inhibit bacte-
rial growth, improving their survival and protecting them 
against bacterial infections. Moreover, MSC and their sec-
retomes could be crucial in regulating the immune response, 
polarizing macrophages toward the M2 phenotype. Finally, 
MSC-secreted extracellular components make them prom-
ising agents for the development of cutting-edge therapies 
for bacterial persisters.
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therapeutic approaches of MSCs and their secreted extra-
cellular components, making them a novel and promising 
therapy to reinforce the immune cells against bacterial 
persisters.

Concluding remarks

MSCs and their secreted extracellular components have 
been considered and studied for their immunomodulation 
and anti-inflammatory potential on different immune cells 
to combat various bacterial infections. MSCs and their sec-
retomes can be promising agents that modulate the immune 
response by utilizing different mechanisms. One of these 
mechanisms is to encourage biofilm disruption; the second 
is to secrete a variety of AMPs, and the last is to enhance 
the phagocyte activation by macrophages and neutrophils 
(Fig.  2). The curative potential of MSCs and their secre-
tomes lies in their capability to treat inflammatory and 
microbial diseases. Therefore, MSCs and their secretomes 
could be attractive candidates for therapy against chronic 
and untreatable resistant infections. Compared to stem cell-
based therapy, priority has been given to MSC-secretomes 
due to their better safety profile. They can also activate 

Fig. 2  The figure depicts the ability of MSCs and their secretomes 
through secreting different AMPs against bacterial persister infections. 
The regulation of the expression of AMPs is based on different mecha-

nisms: (i) inhibition of bacterial persister proliferation and migration, 
(ii) prevention of biofilm formation, and (iii) activation of phagocyto-
sis by stimulating monocytes and neutrophils

 

1 3

276  Page 8 of 11



World Journal of Microbiology and Biotechnology (2023) 39:276

Embers ME, Barthold SW, Borda JT, Bowers L, Doyle L, Hodzic E, 
Jacobs MB, Hasenkampf NR, Martin DS, Narasimhan S, Phil-
lippi-Falkenstein KM, Purcell JE, Ratterree MS, Philipp MT 
(2013) Correction: persistence of Borrelia burgdorferi in Rhesus 
Macaques following antibiotic treatment of disseminated infec-
tion. PLoS ONE 8

English K (2013) Mechanisms of mesenchymal stromal cell immuno-
modulation. Immunol Cell Biol 91:19–26

Gerstel U, Czapp M, Bartels J, Schröder JM (2009) Rhamnolipid-
induced shedding of flagellin from Pseudomonas aeruginosa 
provokes hBD-2 and IL-8 response in human keratinocytes. Cell 
Microbiol 11:842–853

Ghasemian SO (2021) Application of Exosomes-Derived mesenchy-
mal stem cells in treatment of Fungal Diseases: from Basic to 
Clinical Sciences. Front Fungal Biol 2

Gu F, Zhang K, Li J, Xie X, Wen Q, Sui Z, Su Z, Yu T (2022) Changes 
of Migration, Immunoregulation and osteogenic differentiation of 
mesenchymal stem cells in different stages of inflammation. Int J 
Med Sci 19:25–33

Gupta N, Krasnodembskaya A, Kapetanaki M, Mouded M, Tan X, 
Serikov V, Matthay MA (2012) Mesenchymal stem cells enhance 
survival and bacterial clearance in murine Escherichia coli pneu-
monia. Thorax 67:533–539

Ha DH, Kim HK, Lee J, Kwon HH, Park GH, Yang SH, Jung JY, Choi 
H, Lee JH, Sung S, Yi YW, Cho BS (2020) Mesenchymal Stem/
Stromal cell-derived exosomes for Immunomodulatory therapeu-
tics and skin regeneration. Cells 9

Hackstein H, Lippitsch A, Krug P, Schevtschenko I, Kranz S, Hecker 
M, Dietert K, Gruber AD, Bein G, Brendel C, Baal N (2015) 
Prospectively defined murine mesenchymal stem cells inhibit 
Klebsiella pneumoniae-induced acute lung injury and improve 
pneumonia survival. Respir Res 16:123

Han Y, Yang J, Fang J, Zhou Y, Candi E, Wang J, Hua D, Shao C, Shi 
Y (2022) The secretion profile of mesenchymal stem cells and 
potential applications in treating human diseases. Signal Trans-
duct Target Therapy 7:92

Harman RM, Yang S, He MK, Van de Walle GR (2017) Antimicrobial 
peptides secreted by equine mesenchymal stromal cells inhibit 
the growth of bacteria commonly found in skin wounds. Stem 
Cell Res Ther 8:157

Harrell CR, Jovicic N, Djonov V, Arsenijevic N, Volarevic V (2019) 
Mesenchymal stem cell-derived Exosomes and other Extracel-
lular vesicles as new remedies in the Therapy of Inflammatory 
Diseases. Cells 8

Hobby GL, Meyer K, Chaffee E (1942) Observations on the mecha-
nism of action of penicillin. Proc Soc Exp Biol Med 50:281–285

Hosseiniyan Khatibi SM, Kheyrolahzadeh K, Barzegari A, Rahbar 
Saadat Y, Zununi Vahed S (2020) Medicinal signaling cells: a 
potential antimicrobial drug store. J Cell Physiol 235:7731–7746

Jiang X-X, Zhang Y, Liu B, Zhang S-X, Wu Y, Yu X-D, Mao N (2005) 
Human mesenchymal stem cells inhibit differentiation and func-
tion of monocyte-derived dendritic cells. Blood 105:4120–4126

Johnson V, Webb T, Norman A, Coy J, Kurihara J, Regan D, Dow S 
(2017) Activated mesenchymal stem cells interact with antibiot-
ics and host Innate Immune responses to control chronic bacterial 
infections. Sci Rep 7:9575

Johnson V, Chow L, Harrison J, Soontararak S, Dow S (2022) Acti-
vated mesenchymal stromal cell therapy for treatment of Multi-
Drug resistant bacterial infections in Dogs. Front Veterinary Sci 9

Kim N, Cho SG (2016) Overcoming immunoregulatory plasticity of 
mesenchymal stem cells for accelerated clinical applications. Int 
J Hematol 103:129–137

Kol A, Foutouhi S, Walker NJ, Kong NT, Weimer BC, Borjesson DL 
(2014) Gastrointestinal microbes interact with canine adipose-
derived mesenchymal stem cells in vitro and enhance immuno-
modulatory functions. Stem Cells Dev 23:1831–1843

Consent to publish  Not applicable.

Conflict of interest  We have no competing interests with regard of this 
work.

References

Agard M, Asakrah S, Morici LA (2013) PGE(2) suppression of innate 
immunity during mucosal bacterial infection. Front Cell Infect 
Microbiol 3:45

Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells mod-
ulate allogeneic immune cell responses. Blood 105:1815–1822

Arabpour M, Saghazadeh A, Rezaei N (2021) Anti-inflammatory and 
M2 macrophage polarization-promoting effect of mesenchymal 
stem cell-derived exosomes. Int Immunopharmacol 97:107823

Bahroudi M, Bakhshi B, Soudi S, Najar-peerayeh S (2020) Antibacte-
rial and antibiofilm activity of bone marrow-derived human mes-
enchymal stem cells secretome against Vibrio cholerae. Microb 
Pathog 139:103867

Barthold SW, Hodzic E, Imai DM, Feng S, Yang X, Luft BJ (2010) 
Ineffectiveness of tigecycline against persistent Borrelia burgdor-
feri. Antimicrob Agents Chemother 54:643–651

Battah B (2021) Emerging of bacterial resistance: an ongoing threat 
during and after the syrian crisis. J Infect Dev Ctries 15:179–184

Bernardo ME, Fibbe WE (2013) Mesenchymal stromal cells: sensors 
and switchers of inflammation. Cell Stem Cell 13:392–402

Bigger J (1944) Treatment of staphylococcal infections with penicillin 
by intermittent sterilisation. The Lancet 244:497–500

Brandau S, Jakob M, Bruderek K, Bootz F, Giebel B, Radtke S, Mauel 
K, Jäger M, Flohé SB, Lang S (2014) Mesenchymal stem cells 
augment the anti-bacterial activity of neutrophil granulocytes. 
PLoS ONE 9:e106903

Brogden KA (2005) Antimicrobial peptides: pore formers or metabolic 
inhibitors in bacteria? Nat Rev Microbiol 3:238–250

Chen J, Zhai Z, Long H, Yang G, Deng B, Deng J (2020) Inducible 
expression of defensins and cathelicidins by nutrients and associ-
ated regulatory mechanisms. Peptides 123:170177

Cho DI, Kim MR, Jeong HY, Jeong HC, Jeong MH, Yoon SH, Kim 
YS, Ahn Y (2014) Mesenchymal stem cells reciprocally regulate 
the M1/M2 balance in mouse bone marrow-derived macrophages. 
Exp Mol Med 46:e70

Chow L, Johnson V, Impastato R, Coy J, Strumpf A, Dow S (2019) 
Antibacterial activity of human mesenchymal stem cells medi-
ated directly by constitutively secreted factors and indirectly by 
activation of innate immune effector cells. Stem Cells Transla-
tional Medicine 9:235–249

Dahl SL, Woodworth JS, Lerche CJ, Cramer EP, Nielsen PR, Moser 
C, Thomsen AR, Borregaard N, Cowland JB (2018) Lipocalin-2 
functions as inhibitor of Innate Resistance to Mycobacterium 
tuberculosis. Front Immunol 9

DelaRosa O, Lombardo E (2010) Modulation of adult mesenchymal 
stem cells activity by toll-like receptors: implications on thera-
peutic potential. Mediators Inflamm 2010:865601

Ding D-C, Shyu W-C, Lin S-Z (2011) Mesenchymal stem cells. Cell 
Transplant 20:5–14

Ebrahim N, Mostafa O, El Dosoky RE, Ahmed IA, Saad AS, Mostafa 
A, Sabry D, Ibrahim KA, Farid AS (2018) Human mesenchymal 
stem cell-derived extracellular vesicles/estrogen combined ther-
apy safely ameliorates experimentally induced intrauterine adhe-
sions in a female rat model. Stem Cell Res Ther 9:175

Eisenreich W, Rudel T, Heesemann J, Goebel W (2022) Link between 
antibiotic persistence and antibiotic resistance in bacterial patho-
gens. Front Cell Infect Microbiol 12

1 3

Page 9 of 11  276



World Journal of Microbiology and Biotechnology (2023) 39:276

of host macrophages to increase their interleukin-10 production. 
Nat Med 15:42–49

Pajarinen J, Lin T, Gibon E, Kohno Y, Maruyama M, Nathan K, Lu L, 
Yao Z, Goodman SB (2019) Mesenchymal stem cell-macrophage 
crosstalk and bone healing. Biomaterials 196:80–89

Park J, Kim S, Lim H, Liu A, Hu S, Lee J, Zhuo H, Hao Q, Matthay 
MA, Lee JW (2019) Therapeutic effects of human mesenchy-
mal stem cell microvesicles in an ex vivo perfused human lung 
injured with severe E. coli pneumonia. Thorax 74:43–50

Perlee D, de Vos AF, Scicluna BP, Mancheño P, de la Rosa O, Dale-
mans W, Nürnberg P, Lombardo E, van der Poll T (2019) Human 
adipose-derived mesenchymal stem cells modify lung immunity 
and improve Antibacterial Defense in Pneumosepsis caused by 
Klebsiella pneumoniae. Stem Cells Transl Med 8:785–796

Powers JH (2004) Antimicrobial drug development–the past, the pres-
ent, and the future. Clin Microbiol Infect 10(Suppl 4):23–31

Qian X, An N, Ren Y, Yang C, Zhang X, Li L (2021) Immunosuppres-
sive Effects of mesenchymal stem cells-derived exosomes. Stem 
Cell Reviews and Reports 17:411–427

Raghav A, Tripathi P, Mishra BK, Jeong GB, Banday S, Gautam KA, 
Mateen QN, Singh P, Singh M, Singla A, Ahmad J (2021) Mes-
enchymal stromal cell-derived tailored exosomes treat Bacteria-
Associated Diabetes Foot Ulcers: a customized Approach from 
Bench to Bed. Front Microbiol 12:712588

Ren Z, Zheng X, Yang H, Zhang Q, Liu X, Zhang X, Yang S, Xu 
F, Yang J (2020) Human umbilical-cord mesenchymal stem cells 
inhibit bacterial growth and alleviate antibiotic resistance in neo-
natal imipenem-resistant Pseudomonas aeruginosa infection. 
Innate Immun 26:215–221

Rotem E, Loinger A, Ronin I, Levin-Reisman I, Gabay C, Shoresh 
N, Biham O, Balaban NQ (2010) Regulation of phenotypic vari-
ability by a threshold-based mechanism underlies bacterial per-
sistence. Proc Natl Acad Sci 107:12541–12546

Russell KA, Garbin LC, Wong JM, Koch TG (2020) Mesenchymal 
stromal cells as potential Antimicrobial for Veterinary Use—A 
Comprehensive Review. Front Microbiol 11

Saberpour M, Bakhshi B, Najar-Peerayeh S (2020) Evaluation of the 
Antimicrobial and Antibiofilm Effect of Chitosan Nanoparticles 
as Carrier for Supernatant of Mesenchymal Stem cells on Multi-
drug-Resistant Vibrio cholerae. Infect Drug Resist 13:2251–2260

Scherr TD, Hanke ML, Huang O, James DB, Horswill AR, Bayles 
KW, Fey PD, Torres VJ, Kielian T (2015) Staphylococcus aureus 
Biofilms induce macrophage dysfunction through Leukocidin AB 
and Alpha-Toxin. mBio 6

Schwab M, Reynders V, Shastri Y, Loitsch S, Stein J, Schröder O 
(2007) Role of nuclear hormone receptors in butyrate-mediated 
up-regulation of the antimicrobial peptide cathelicidin in epithe-
lial colorectal cells. Mol Immunol 44:2107–2114

Song Y, Dou H, Li X, Zhao X, Li Y, Liu D, Ji J, Liu F, Ding L, Ni Y, 
Hou Y (2017) Exosomal miR-146a contributes to the enhanced 
therapeutic efficacy of Interleukin-1β-Primed mesenchymal stem 
cells against Sepsis. Stem Cells 35:1208–1221

Stricker RB, Johnson L (2011) The pain of chronic Lyme disease: 
moving the discourse backward? Faseb j 25:4085–4087

Sung DK, Chang YS, Sung SI, Yoo HS, Ahn SY, Park WS (2016) Anti-
bacterial effect of mesenchymal stem cells against Escherichia 
coli is mediated by secretion of beta- defensin- 2 via toll- like 
receptor 4 signalling. Cell Microbiol 18:424–436

Sutton MT, Fletcher D, Ghosh SK, Weinberg A, van Heeckeren R, 
Kaur S, Sadeghi Z, Hijaz A, Reese J, Lazarus HM, Lennon DP, 
Caplan AI, Bonfield TL (2016) Antimicrobial Properties of Mes-
enchymal Stem Cells: Therapeutic Potential for Cystic Fibrosis 
Infection, and Treatment. Stem Cells International 2016: 5303048

Terness P, Bauer TM, Röse L, Dufter C, Watzlik A, Simon H, Opelz G 
(2002) Inhibition of allogeneic T cell proliferation by indoleamine 

Krasnodembskaya A, Song Y, Fang X, Gupta N, Serikov V, Lee JW, 
Matthay MA (2010) Antibacterial effect of human mesenchymal 
stem cells is mediated in part from secretion of the antimicrobial 
peptide LL-37. Stem Cells 28:2229–2238

Krasnodembskaya A, Samarani G, Song Y, Zhuo H, Su X, Lee JW, 
Gupta N, Petrini M, Matthay MA (2012) Human mesenchymal 
stem cells reduce mortality and bacteremia in gram-negative sep-
sis in mice in part by enhancing the phagocytic activity of blood 
monocytes. Am J Physiol Lung Cell Mol Physiol 302:L1003–1013

Kumar M, Sarma DK, Shubham S, Kumawat M, Verma V, Nina PB, 
Jp D, Kumar S, Singh B, Tiwari RR (2021) Futuristic non-anti-
biotic therapies to Combat Antibiotic Resistance: a review. Front 
Microbiol 12:609459

Lewis K (2012) Persister cells: Molecular Mechanisms related to 
antibiotic tolerance. In: (Coates ARM (ed) Antibiotic resistance. 
Springer, Berlin Heidelberg, Berlin, Heidelberg, pp 121–133

Li Z, Zhang Z, Chen X, Zhou J, Xiao XM (2017) Treatment evalua-
tion of Wharton’s jelly-derived mesenchymal stem cells using a 
chronic salpingitis model: an animal experiment. Stem Cell Res 
Ther 8:232

Li, Chen W, Huang S, Tang X, Yao G, Sun L (2020b) Mesenchymal 
Stem Cells Enhance Pulmonary Antimicrobial Immunity and Pre-
vent Following Bacterial Infection. Stem Cells Int 2020: 3169469

Li, Zhu YG, Jia XM, Liu D, Qu JM (2020a) Adipose-derived mesen-
chymal stem cells ameliorating Pseudomonas aeruginosa-induced 
Acute Lung infection via inhibition of NLRC4 inflammasome. 
Front Cell Infect Microbiol 10:581535

Liao W, Tang X, Li X, Li T (2019) Therapeutic effect of human 
umbilical cord mesenchymal stem cells on tubal factor infertility 
using a chronic salpingitis murine model. Arch Gynecol Obstet 
300:421–429

Liu W, Yu M, Xie D, Wang L, Ye C, Zhu Q, Liu F, Yang L (2020) 
Melatonin-stimulated MSC-derived exosomes improve diabetic 
wound healing through regulating macrophage M1 and M2 polar-
ization by targeting the PTEN/AKT pathway. Stem Cell Res Ther 
11:259

Manferdini C, Paolella F, Gabusi E, Gambari L, Piacentini A, Filardo 
G, Fleury-Cappellesso S, Barbero A, Murphy M, Lisignoli G 
(2017) Adipose stromal cells mediated switching of the pro-
inflammatory profile of M1-like macrophages is facilitated by 
PGE2: in vitro evaluation. Osteoarthritis Cartilage 25:1161–1171

Mao YX, Xu JF, Seeley EJ, Tang XD, Xu LL, Zhu YG, Song YL, 
Qu JM (2015) Adipose tissue-derived mesenchymal stem cells 
attenuate pulmonary infection caused by Pseudomonas aerugi-
nosa via inhibiting overproduction of prostaglandin E2. Stem 
Cells 33:2331–2342

Marrazzo P, Crupi AN, Alviano F, Teodori L, Bonsi L (2019) Explor-
ing the roles of MSCs in infections: focus on bacterial diseases. J 
Mol Med (Berl) 97:437–450

Marx C, Gardner S, Harman RM, Van de Walle GR (2020) The mes-
enchymal stromal cell secretome impairs methicillin-resistant 
Staphylococcus aureus biofilms via cysteine protease activity in 
the equine model. Stem Cells Transl Med 9:746–757

Meisel R, Brockers S, Heseler K, Degistirici Ö, Bülle H, Woite C, Stuhl-
satz S, Schwippert W, Jäger M, Sorg R, Henschler R, Seissler J, 
Dilloo D, Däubener W (2011) Human but not murine multipotent 
mesenchymal stromal cells exhibit broad-spectrum antimicrobial 
effector function mediated by indoleamine 2,3-dioxygenase. Leu-
kemia 25:648–654

Mulcahy LR, Burns JL, Lory S, Lewis K (2010) Emergence of Pseu-
domonas aeruginosa strains producing high levels of persister 
cells in patients with cystic fibrosis. J Bacteriol 192:6191–6199

Németh K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi 
K, Robey PG, Leelahavanichkul K, Koller BH, Brown JM, Hu X, 
Jelinek I, Star RA, Mezey E (2009) Bone marrow stromal cells 
attenuate sepsis via prostaglandin E(2)-dependent reprogramming 

1 3

276  Page 10 of 11



World Journal of Microbiology and Biotechnology (2023) 39:276

Yang K, Wu Y, Xie H, Li M, Ming S, Li L, Li M, Wu M, Gong S, 
Huang X (2016) Macrophage-mediated inflammatory response 
decreases mycobacterial survival in mouse MSCs by augmenting 
NO production. Sci Rep 6:27326

Yuan Y, Lin S, Guo N, Zhao C, Shen S, Bu X, Ye H (2014) Marrow 
mesenchymal stromal cells reduce methicillin-resistant Staphy-
lococcus aureus infection in rat models. Cytotherapy 16:56–63

Zhang Y (2014) Persisters, persistent infections and the Yin-Yang 
model. Emerg Microbes Infect 3:e3

Zhang L-J, Gallo RL (2016) Antimicrobial peptides. Curr Biol 
26:R14–R19

Zhang Y, Yew WW, Barer MR (2012) Targeting persisters for tubercu-
losis control. Antimicrob Agents Chemother 56:2223–2230

Zhao Y, Chen F, Wu W, Sun M, Bilotta AJ, Yao S, Xiao Y, Huang 
X, Eaves-Pyles TD, Golovko G, Fofanov Y, D’Souza W, Zhao 
Q, Liu Z, Cong Y (2018) GPR43 mediates microbiota metabolite 
SCFA regulation of antimicrobial peptide expression in intesti-
nal epithelial cells via activation of mTOR and STAT3. Mucosal 
Immunol 11:752–762

Zhou Y, Yamamoto Y, Xiao Z, Ochiya T (2019) The immunomodula-
tory functions of mesenchymal Stromal/Stem cells mediated via 
paracrine activity. J Clin Med 8

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law. 

2,3-dioxygenase-expressing dendritic cells: mediation of sup-
pression by tryptophan metabolites. J Exp Med 196:447–457

Tobin I, Zhang G (2023) Regulation of host defense peptide synthesis 
by polyphenols. Antibiotics 12:660

Tran-Winkler HJ, Love JF, Gryllos I, Wessels MR (2011) Signal 
transduction through CsrRS confers an invasive phenotype in 
Group A Streptococcus. PLoS Pathogens 7:e1002361. https://doi.
org/10.1371/journal.ppat.1002361

Uhlmann J, Rohde M, Siemens N, Kreikemeyer B, Bergman P, Johans-
son L, Norrby-Teglund A (2016) LL-37 triggers formation of 
Streptococcus pyogenes extracellular vesicle-like structures with 
immune stimulatory properties. J Innate Immunity 8:243–257. 
https://doi.org/10.1159/000441896

Veening J-W, Smits WK, Kuipers OP (2008) Bistability, Epigenetics, 
and bet-hedging in Bacteria. Annu Rev Microbiol 62:193–210

Wang G, Li X, Wang Z (2016) APD3: the antimicrobial peptide data-
base as a tool for research and education. Nucleic Acids Res 
44:D1087–1093

Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM (2010) A 
new mesenchymal stem cell (MSC) paradigm: polarization into 
a pro-inflammatory MSC1 or an immunosuppressive MSC2 phe-
notype. PLoS ONE 5:e10088

Wehkamp K, Schwichtenberg L, Schröder JM, Harder J (2006) Pseu-
domonas aeruginosa- and IL-1beta-mediated induction of human 
beta-defensin-2 in keratinocytes is controlled by NF-kappaB and 
AP-1. J Invest Dermatol 126:121–127

Weiss ARR, Dahlke MH (2019) Immunomodulation by Mesenchymal 
Stem cells (MSCs): mechanisms of action of living, apoptotic, 
and dead MSCs. Front Immunol 10:1191

Yagi H, Chen AF, Hirsch D, Rothenberg AC, Tan J, Alexander PG, 
Tuan RS (2020) Antimicrobial activity of mesenchymal stem 
cells against Staphylococcus aureus. Stem Cell Res Ther 11:293

1 3

Page 11 of 11  276

https://doi.org/10.1371/journal.ppat.1002361
https://doi.org/10.1371/journal.ppat.1002361
https://doi.org/10.1159/000441896

	﻿Can mesenchymal stem/stromal cells and their secretomes combat bacterial persisters?
	﻿Abstract
	﻿Introduction
	﻿Bacterial persisters
	﻿Interaction of bacterial persisters and MSCs
	﻿Therapeutic potential of secretomes of MSCs against bacterial persisters
	﻿Concluding remarks
	﻿References


