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Mesenchymal stem cells (MSCs) play diverse roles ranging from regeneration and wound healing to immune signaling. Recent
investigations have indicated the crucial role of these multipotent stem cells in regulating various aspects of the immune system.
MSCs express unique signaling molecules and secrete various soluble factors that play critical roles in modulating and shaping
immune responses, and in some other cases, MSCs can also exert direct antimicrobial effects, thereby helping with the eradication
of invading organisms. Recently, it has been demonstrated that MSCs are recruited at the periphery of the granuloma containing
Mycobacterium tuberculosis and exert “Janus”-like functions by harboring pathogens and mediating host protective immune
responses. This leads to the establishment of a dynamic balance between the host and the pathogen. MSCs function through
various immunomodulatory factors such as nitric oxide (NO), IDO, and immunosuppressive cytokines. Recently, our group has
shown that M.tb uses MSCs as a niche to evade host protective immune surveillance mechanisms and establish dormancy. MSCs
also express a large number of ABC efflux pumps; therefore, dormant M.tb residing in MSCs are exposed to a suboptimal dose of
drugs. Therefore, it is highly likely that drug resistance is coupled with dormancy and originates within MSCs. In this review, we
discussed various immunomodulatory properties of MSCs, their interactions with important immune cells, and soluble factors. We
also discussed the possible roles of MSCs in the outcome of multiple infections and in shaping the immune system, which may
provide insight into therapeutic approaches using these cells in different infection models.
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INTRODUCTION
Mesenchymal stem cells (MSCs) are nonhematopoietic adult stem
cells that possess self-renewal and multidifferentiation potential.
These cells are involved in various physiological processes, such as
tissue homing, regeneration, and immunomodulation. In 1867,
Cohnheim speculated on the presence of MSCs in the bone
marrow for the first time. He observed the presence of
nonhematopoietic stem cells in the bone marrow that could be
differentiated into fibroblasts during tissue repair [1]. These cells
were later identified by Freidenstein, a pioneer in the field, in 1970
when he demonstrated the presence of a nonhematopoietic bone
marrow cell population in cell cultures. He observed a hetero-
geneous population of adherent cells with fibroblastic morphol-
ogy that developed into clonogenic colonies termed colony-
forming unit-fibroblasts (CFU-Fs) [2]. The term MSCs was coined by
Caplan in 1991 [3].
Later, Pittinger et al. demonstrated the multidifferentiation

potential of MSCs into adipocytes, chondrocytes, and osteocytes
[4]. Furthermore, the ability of MSCs to differentiate into cells
other than the mesodermal lineages was verified when these cells

were injected into the lateral ventricle of neonatal mice and
differentiated into astrocytes [5] (Fig. 1).
There have been many debates on using the term mesench-

ymal stem cells for these cell populations. Many have suggested
the use of alternate terms, such as multipotent stromal cells or
mesenchymal stromal cells. In 2005, the International Society for
Cellular Therapy (ISCT) defined multipotent mesenchymal stromal
cells as cell populations isolated from any tissue that has
fibroblast-like-plastic adherent properties. In contrast, mesenchy-
mal stem cells are cells that possess stem cell properties [6]. In
2016, the ISCT established minimum criteria for defining
mesenchymal stromal cells. (i) The cells must be plastic-adherent
when cultured in standard conditions. (ii) The cells must express
the surface molecules CD73, CD90, and CD105 and lack expression
of CD34, CD45, CD14, CD19, and HLA-DR. (iii) The cells must
differentiate into adipocytes, osteoblasts, and chondroblasts in
vitro [7].
Interestingly, in 2010, Caplan suggested renaming these cells

‘Medicinal signaling cells.’ He suggested that these cells were
present not only in mesodermal tissues but also in every
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vascularized tissue. In addition, MSCs have strong therapeutic
potential because they can home to tissues and secrete numerous
immunomodulatory and signaling molecules [8].
MSCs are mostly isolated from the bone marrow and represent

a very low population of approximately 1 in 10,000 nucleated cells.
Apart from the bone marrow, these cells have been successfully
isolated from different tissues, such as adipose tissue, amniotic
fluid, dental pulp, the placenta, the endometrium, umbilical cord,
umbilical cord blood, Wharton jelly, and peripheral blood [9, 10].
The surface expression of different receptors is an important

criterion for characterizing MSCs. Human MSCs express surface
molecules such as CD44, CD71, CD73, CD90, and CD105. These cells
are also positive for adhesion molecules such as CD106, CD166,
ICAM-1, and CD29. All human MSCs are negative for hematopoietic
lineage markers such as CD34, CD45, CD14, and CD11, as well as
costimulatory molecules such as CD80, CD86, and CD40 [2]. In
addition, human MSCs are said to be negative for MHC-II and show
intermediate expression of MHC-I. The presence and expression
patterns of these receptors on MSCs may vary depending on the
tissue of origin and the species from which they are isolated. The
MSC population isolated from tissues is highly heterogeneous, and
cells have different lineage commitments defined by their in vivo
environment. However, few of these cells are stem cells that can be
characterized by specific markers known as stemness markers,
which include stro-1, SSEA-4, CD106, and CD146 [9].
The different crucial functions of MSCs have led to their use in

various studies of degenerative diseases, tissue engineering, and
immune disorders, and multiple preclinical and clinical trials are
underway [11]. MSCs can differentiate into multiple cell types and
are used for various tissue regeneration and tissue engineering
studies. Much effort is being spent on culturing MSCs in 3D cell
culture models to differentiate these cells into different tissues of
the skeletal system and use them to treat various deformities or
other related complications. MSCs play a significant role in
maintaining the homeostasis and differentiation potential of the
hematopoietic stem cell (HSC) pool in the bone marrow. MSCs
secrete various growth factors and chemokines, such as platelet-

derived growth factor (PDGF), stem cell factor, macrophage
colony-stimulating factor (M-CSF), granulocyte-CSF (G-CSF), ery-
thropoietin, CXCL12, and CCL5. Many of these factors are critical
for differentiating HSCs into various lineages. CXCL12 produced by
MSCs is crucial for maintaining HSCs [12]. Some factors are
important for inhibiting apoptosis and stimulating proliferation
and angiogenesis [13, 14]. MSCs are essential in wound healing
and regeneration, contributing to multiple aspects of this process.
MSCs facilitate the process of wound healing through multiple
anti-inflammatory effects, such as the polarization of macrophages
to the M2 phenotype and the production of various anti-
inflammatory cytokines. In addition, MSCs and their secreted
exosomes promote the production of extracellular matrix by
fibroblasts and the proliferation of epithelial cells. MSCs also
promote neovascularization by secreting many factors that
contribute to angiogenesis, such as CXCL12, VEGF, and EGF [15].
The homing of MSCs to injured sites is critical for processes such
as wound healing and is also used for various stem cell-based
therapies for regeneration. Similar to leukocytes, MSCs have the
ability to migrate to tissues in the case of injury and inflammation
in response to chemokine gradients. The expression of various
chemokine receptors, such as CXCR4 and CCR2, −3, −4, −7, and
−10, by MSCs may play a crucial role in this process. In the blood
circulation, MSCs adhere to the endothelial lining of blood vessels
through the interactions of VLA-4 molecules expressed on the
surface of MSCs with VCAM-1 on endothelial cells. This is followed
by transendothelial and interstitial migration to the injured sites.
MSCs secrete various matrix metalloproteinases, such as MMP-1,
−2, −3, and −9, which help in interstitial migration [13, 16, 17].
The exact mechanisms and molecules involved in MSC homing are
still being investigated, since it is critical to use MSCs for various
therapies. MSCs also play a critical role in modulating cell survival
through processes such as apoptosis. MSCs have been reported to
prevent cell death by multiple mechanisms. MSCs can secrete
various cytokines, such as IL-6 and IL-10, that have been reported
to directly affect cell death pathways. In addition to cytokines,
MSCs can secrete extracellular vesicles containing biomolecules

Fig. 1 Timeline of the characterization of MSCs
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such as proteins and miRNAs that can modulate various molecules
involved in cell death. MSCs can prevent cell death by expressing
connexin (Cx)-43 gap junctions, which may occur through the
exchange of calcium ions. It has also been reported that MSCs
with higher levels of Cx-43 junctions have higher expression of
anti-apoptotic molecules such as Bcl-2, thus facilitating cell
survival. MSCs also enhance cell survival through the transfer of
mitochondria via channels known as tunneling nanotubes (TNTs)
[18, 19]. The immunomodulatory properties of MSCs have
attracted much attention in the scientific community. Numerous
studies have demonstrated that MSCs can interact with and
modulate the functions of different immune cells, such as T cells,
B cells, macrophages, dendritic cells, and NK cells [20–22] (Fig. 2).
In this review, we discussed the functional role of MSCs in TB.

MSCs play a significant role in M.tb dormancy. We have examined
the crucial interactions and cellular adaptations of M.tb after they
infect MSCs. Moreover, the potential of MSCs in therapeutic and
diagnostic interventions has been evaluated. Apart from M.tb, we
have also examined the interplay of MSCs with other bacterial, viral,
and protozoan diseases. Since multiple immune cells are involved
during the development of TB and diverse interactions among them
are critical in defining the outcomes of the infection, we have also
discussed the mechanisms by which MSCs interact with and
modulate the different types of immune cells in the body.

THE ROLE OF MSCS IN TUBERCULOSIS
Mycobacterium tuberculosis (M.tb), the etiological agent of tubercu-
losis (TB), is the second leading cause of global mortality by any

infectious pathogen after the recent COVID-19 pandemic. Accord-
ing to WHO reports, approximately 10.6 million cases of TB were
reported in 2021. A total of 1.6 million deaths due to TB occurred, of
which 1.4 million were among HIV-negative individuals and 187,000
were among HIV-positive people. The number of deaths and drug-
resistant cases have increased since 2019 [23]. Approximately one-
quarter of the world’s population is infected with TB. In most TB
cases, the bacteria remain latent without any symptoms. These
latent individuals pose a significant challenge to eradicating TB,
since dormant M.tb can reactivate under immunosuppressive
conditions such as AIDS and malnutrition.
M.tb primarily infects the lungs, which is known as pulmonary

TB, although extrapulmonary TB is seen in other organs, such as
bone, kidney, and brain. The infection typically occurs through the
inhalation of aerosols containing bacteria. The bacteria then reach
the alveoli in the lungs, where alveolar macrophages phagocytose
the pathogen through receptor-mediated endocytosis [24, 25].
Other antigen-presenting cells, such as dendritic cells, phagocy-
tose M.tb and present them on MHC-II, leading to the develop-
ment of CD4+ T-cell responses.
The major CD4+ T helper 1 (Th1) subset is involved in

protecting against M.tb, and these cells secrete the major cytokine
IFN-γ [26]. IFN-γ activates macrophages, thereby enhancing their
antimycobacterial mechanisms, such as increasing phagolysoso-
mal killing and inducing the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which can ultimately
lead to the killing of M.tb [27].
During evolution, M.tb has acquired several strategies to evade

host immune responses and establish a persistent infection. These

Fig. 2 Schematic representation of the diverse functions of MSCs
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strategies include inhibiting phagolysosomal fusion and the
acidification of lysosomes, inhibiting antigen presentation and
autophagy, or cytosolic escape [28]. Major studies of M.tb have
focused on its interaction with macrophages. The interactions of
many other cell types, such as alveolar epithelial cells and human
lymphatic endothelial cells (hLECs), with M.tb have been studied.
Recently, our group and others have demonstrated that M.tb uses
MSCs as a reservoir during latency [29].

MSCs as reservoirs for dormant M.tb
Dormancy is a crucial mechanism for immune evasion and
protection from antitubercular drugs, leading to the establishment
of latent infection. During dormancy, M.tb exhibits low metabolic
activity, does not replicate, and is highly resistant to the available
drugs [30]. During the lifetime of an individual, these dormant
forms can reactivate themselves in conditions in which the
immune system of the host is compromised. Therefore, addressing
dormant M.tb is critical for the eradication of TB. For decades,
researchers have worked on identifying the sites in which these
dormant bacilli hide and the underlying mechanisms to design
new therapeutic interventions to target these dormant bacilli. In
this regard, MSCs have recently been identified as a niche for
dormant M.tb.
Although many studies have shown the involvement of MSCs

during TB, the first link came from the study by Raghuvanshi et al.
which showed that M.tb recruited MSCs at different sites during
infection, such as the periphery of the granulomas and spleen in
an infected mouse model. The presence of MSCs in the granuloma
was shown to influence the microenvironment of the granuloma
by regulating various aspects of T-cell functions, thereby aiding
the survival of M.tb. In the granuloma, MSCs were shown to
secrete multiple immunosuppressive molecules, such as nitric
oxide (NO), which inhibited T-cell responses. Apart from directly
inhibiting T-cell responses, MSCs were also shown to induce the
development of T regulatory cells. NO is also an effective
antibacterial molecule that was shown to restrict bacterial growth
but could not eradicate latent bacilli. This dual function of MSCs
was critical, as M.tb is present in the core of the granuloma, and
MSCs uniquely position themselves, creating an equivalence zone
to facilitate the survival of latent bacteria in the granuloma.
Additionally, the presence of MSCs that were positive for the
marker CD29 was observed in lymph node biopsies from patients
with tubercular lymphadenitis [31]. This study was critical in
shedding light on the involvement of MSCs in TB.
Later, Das et al. showed that M.tb infected CD271+ BM-MSCs

in vitro and induced persistence in the nonreplicating dormant
state. The researchers also showed that dormant M.tb retained its
viability, and the undifferentiated state of MSCs was required for
the viability and retention of M.tb. The researchers further showed
the presence of M.tb in the bone marrow of a mouse model of TB.
To examine the reinfection capabilities of dormant M.tb, the
researchers used a specific mouse model in which they showed
that the dormant M.tb in the lung and bone marrow MSCs could
grow again when cultured and had the capability to infect the
mouse. The presence of dormant M.tb in the bone marrow was
also shown in TB patients who underwent anti-TB therapy. These
findings suggested that the persistent M.tb in MSCs could be a
possible source of reinfection [32]. Because viable M.tb residing in
MSCs could be recovered from individuals who had completed
anti-TB therapy, MSCs provide a niche that is resistant to
antimycobacterial drugs. Additionally, it was shown that after
infection in a mouse model, M.tb not only establishes infection in
the lungs and spleen but also moves to the bone marrow between
7 and 14 days after infection and resides in BM-MSCs.
Furthermore, the growth kinetics were shown to be different
between the lungs and the bone marrow. The bacteria initially
showed rapid growth in the lungs, followed by a significant
decline as soon as the host immune responses were active. In

contrast, the M.tb residing in the bone marrow did not show rapid
growth but maintained a low number throughout. The dormant
bacilli residing in the BM-MSCs were resistant to anti-
mycobacterial drugs such as isoniazid and rifampicin and were a
source for reinfection [33]. Another study showed that the M.tb
present in MSCs was resistant to anti-TB drugs, and this
phenomenon was attributed to the expression of a large number
of ABC drug efflux pumps, such as ABCG1 and ABCG2 [34].
Furthermore, a study showed the possible localization of these

M.tb-containing MSCs in the bone marrow. The results revealed
that these MSCs resided in the hypoxic niche of the bone marrow.
GFP-labeled H37Rv was present in BM-MSCs that were positive for
pimonidazole after successful treatment with anti-TB drugs.
Pimonidazole is a compound that forms stable adducts with
cytosolic proteins in a hypoxic microenvironment. The cells
containing these adducts could be detected by flow cytometry
using antibodies against pimonidazole. Therefore, the in vivo
administration of pimonidazole in the mouse model characterized
the hypoxic niche of M.tb-infected MSCs. Furthermore, the
researchers validated these findings in posttherapy TB patients.
Since pimonidazole cannot be administered to posttherapy TB
patients, a combination of the hypoxic markers HIF-1α and CD146
was used to identify the hypoxic niche of CD271+ BM-MSCs
isolated from treated patients. RNA was isolated from BM-MSCs
that showed the presence of M.tb DNA after treatment. Increased
expression of HIF-1α and decreased expression of CD146 were
observed, indicating the hypoxic niche of these BM-MSCs [35].

Intracellular interactions of M.tb within MSCs
After entry into the host cell, M.tb can interact with different host
proteins to reprogram the various metabolic and signaling
pathways to evade the immune response or make the cellular
environment favorable for survival. Various studies have shown
the different pathways or molecules modulated by M.tb during
infection in MSCs.
Fatima et al. showed the differential exploitation of MSCs

relative to macrophages, which are the primary host, by M.tb. The
scavenger receptors MARCO and SR-B1 have been reported to be
involved in the phagocytosis of M.tb [36]. Upon entering MSCs,
M.tb induces changes in the transcriptional signatures of various
genes of its own and of the host. The expression of dormancy-
related genes such as the DevS/devR regulon was induced, and
M.tb was shown to remain in a dormant state, which was
consistent with previous studies. However, in macrophages,
replication-related genes of M.tb were highly expressed. A similar
pattern was observed when macrophages and MSCs were isolated
from M.tb-infected mice. Additionally, M.tb infection induced a
state of quiescence in MSCs, which was evident by the increased
expression of quiescence-related genes in MSCs, such as FOXO3A,
NOTCH, and SOX9. On the other hand, genes involved in the
proliferation of MSCs, such as SKP2 and CCNA1, were down-
regulated. The different pathways and the molecules of the host
and M.tb that are involved in inducing these changes need to be
further examined. The subcellular localization of M.tb within
macrophages and MSCs was also different. M.tb was shown to
exploit the host lipid synthesis pathway, creating a hideout in the
lipid droplets in the cytosol of MSCs, whereas M.tb was mostly
present in early endosomes after infection in macrophages.
Induction of autophagy using rapamycin was effective in
eliminating active and latent M.tb in vitro and in vivo in mouse
models. These findings could be crucial for developing molecules
targeting dormant M.tb [29].
Another study illustrated the mechanism by which M.tb evades

the antibacterial responses in MSCs and aids their survival.
Cathelicidin, an antimicrobial peptide (AMP), is a crucial anti-
bacterial factor in MSCs. Naik et al. showed that MSCs could
restrict the growth of avirulent Mycobacteria such as M. bovis BCG
and M. smegmatis but not that of virulent M.tb. The survival of M.tb
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was due to the downregulation of cathelicidin. Additionally, the
researchers also showed reduced expression of proinflammatory
cytokines such as TNFα and IL-1β and enhanced expression of
anti-inflammatory cytokines such as IL-10 after infection of MSCs
with M.tb. They showed that MSCs readily killed avirulent BCG by
activating the TLR2/TLR4-mediated Myd88-IRAK4 activation of the
p38 MAPK pathway, resulting in the activation and nuclear
translocation of NF-κB and activating proinflammatory cytokines
and cathelicidins. In the case of M.tb, cathelicidin and proin-
flammatory cytokine expression were downregulated, suggesting
a mechanisms by which virulent Mycobacteria can escape from the
killing mechanisms of MSCs, resulting in persistence [37] (Fig. 3).
However, the components of the pathways targeted by M.tb and
the use of cathelicidin to develop host-directed therapies against
TB need further exploration.

Role of MSC-derived exosomes in TB
Although a few mechanisms by which M.tb can persist in MSCs
have been discovered, the field still requires intensive investiga-
tion. It is necessary to understand the pathways and crucial host
factors involved in establishing M.tb dormancy to develop newer
strategies for diagnosis and host-directed therapies. To develop
better diagnostics and treatments for latent TB, the cargo of

exosomes secreted by M.tb-infected MSCs should be investigated.
The exosome is a type of extracellular vesicle secreted by various
eukaryotic cells. It is 30 to 150 nm in diameter, carries different
biomolecules such as nucleic acids, proteins, carbohydrates, and
lipids, and is involved in cell-to-cell communication [38–40].
Exosomes are important in regulating host immune responses
during various infections [41]. Liu et al. demonstrated the
proinflammatory effects of exosomes on macrophages. The
researchers showed that exosomes secreted by M.tb-infected
MSCs were readily taken up by macrophages and upregulated
proinflammatory molecules such as tumor necrosis factor-α (TNF-
α), RANTES, and iNOS compared with exosomes produced by
uninfected MSCs. The maximum level of induction was observed
in response to exosomes secreted after 72 h of infection. Further
analysis revealed that the MAPK and NF-κB pathways induced
proinflammatory responses, as observed by enhanced phosphor-
ylation levels of p38 and IκB-α. When macrophages from TLR2-,
TLR4-, or MyD88-knockout mice were incubated with the
exosomes of M.tb-infected MSCs, there was no induction of the
proinflammatory response, highlighting the crucial role of the TLR-
MyD88 pathway in exosome-mediated induction. The in vivo
effect of the M.tb-infected MSC-derived exosomes was also
demonstrated by intranasal administration of these exosomes in

Fig. 3 Various pathways induced in MSCs after Mycobacterium tuberculosis infection. M.tb uses the scavenger receptor expressed by MSCs to
facilitate its entry. After entering MSCs, dormancy-related genes are expressed by M.tb and increased the expression of quiescence genes in
MSCs while downregulating proliferative genes. Thus,M.tb is present in a dormant form inside lipid droplets within MSCs. M.tb also suppresses
TLR2/TLR4-mediated activation of MyD88/IRAK4/P48MAPK/NF-κB and the subsequent transcription of cathelicidins, thereby avoiding killing
mechanisms. MSCs express efflux pumps that protect M.tb from anti-TB drugs and secrete nitric oxide, which can inhibit T-cell responses. The
extracellular vesicles secreted by M.tb-infected MSCs can induce a proinflammatory response in macrophages after being taken up
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C57BL/6 mice. IL12p40 and TNF-α levels were enhanced in the
lungs of mice after exosome treatment, along with increased
infiltration of neutrophils compared to those in the mice treated
with PBS or the exosomes of uninfected MSCs [42]. Further studies
are required to identify the different molecules in the exosomes
secreted by M.tb-infected MSCs, which could further be used to
understand the mechanisms involved in establishing dormancy or
developing vaccines or diagnostic approaches.

Therapeutic role of MSCs in TB
Although M.tb can infect MSCs and hide from the immune system,
some studies have indicated the use of MSCs as an adjunct
therapy for treating TB. One such study showed the safety and
efficacy of autologous MSCs derived from bone marrow as an
adjunct therapy for anti-TB drugs against multidrug- and
extensively drug-resistant TB. A total of 30 patients with confirmed
MDR or XDR TB were given MSCs (1 ×106/kg) within four weeks of
the initiation of treatment. A more robust immune response was
observed after treatment with MSCs, and there were no severe
side effects or complications, indicating the safety of MSC infusion.
The secretion of cytokines from PBMCs was enhanced in response
to MSC infusion, and the ability of T cells to respond when
stimulated with IL-2 or IL-7 improved. This result was indicated by
STAT5 phosphorylation. This improved ability to respond was
associated with improved cytokine production. Thus, MSC infusion
was safe and effective in these TB patients [43]. Another study
showed the efficacy of bone marrow-derived MSCs as an adjunct
treatment for bladder TB. They showed reduced bladder
deformation and inflammation and improved regeneration of
the wall of the bladder after MSC infusion in a rabbit model [44].
Although these studies assessed the safety and effectiveness of
MSCs in TB, further trials with a large number of patients are
necessary to determine the use of MSCs in TB treatment.

MSCS AND OTHER BACTERIAL INFECTIONS
In addition to TB, there are numerous bacterial infections that lead
to a heightened risk of mortality and morbidity worldwide.
Extensive research has been conducted describing the role of
MSCs in other bacterial diseases. MSCs protect against acute
pulmonary infection caused by Streptococcus pneumoniae. Asami
et al. showed the anti-inflammatory role of MSCs against
Streptococcus pneumoniae. In vitro, bone marrow-derived macro-
phages (BMDMs) stimulated with TLR2 and TLR9 ligands were
cultured in the presence of MSC-conditioned media, which
downregulated proinflammatory cytokines such as IL-6 and TNF-
α and induce the overexpression of the anti-inflammatory
cytokine IL-10. The study also showed the suppression of
neutrophil chemoattractants such as CXCL1 and CXCL2. Similarly,
intravenous administration of MSCs in a mouse infected with
Streptococcus pneumoniae resulted in a reduced bacterial burden,
increased expression of anti-inflammatory cytokines, and reduced
neutrophil infiltration in the lungs [45].
Other studies have reported the anti-inflammatory benefits of

MSCs in bacterial infections. A study showed the beneficial effects
of MSCs on endotoxin-induced acute lung injury. The researchers
showed that introducing MSCs into the lungs of mice that were
administered E. coli endotoxin led to better survival than in control
mice. This outcome was attributed to a decrease in proinflamma-
tory mediators such as TNF-α and MIP-2 and increased levels of IL-
10 [46]. Similar results of improved survival in mice administered
MSCs with E. coli-mediated pneumonia have also been demon-
strated. The improved clearance of bacteria after MSC adminis-
tration was due to increased expression of the antibacterial
protein lipocalin-2 [47]. MSCs have also been effective against an
important bacterium that is primarily responsible for causing
nosocomial infections: Klebsiella pneumoniae. MSCs were effective

treating in acute lung injury by reducing the expression of TNF-α
and expanding IL-17- and IFN-γ-producing T subsets [48].
Along with the immunomodulatory nature of MSCs, many

reports have indicated the direct antibacterial nature of these cells
[49]. The antimicrobial effects of MSCs through antimicrobial
peptides have been supported by several in vitro and in vivo
studies. A study on equine MSCs and bacteria commonly found in
wound infections, such as E. coli and S. aureus, examined this
property of MSCs. MSCs and their conditioned media could inhibit
the growth of these bacteria and reduce membrane integrity.
These antibacterial effects were due to the antimicrobial peptides
cystatin C, elafin, lipocalin2, and cathelicidin in the MSC secretome
and other factors [50, 51].
MSCs have also been effective against bacterial biofilms by

inhibiting biofilm formation or disrupting the biofilm structure.
MSCs represent a novel therapeutic model, since this biofilm is not
easily located and is highly resistant to available antibiotics.
Studies have shown that persistent biofilms of Staphylococcus
aureus can be inhibited by administered activated MSCs as an
adjunct with antibiotics or by augmenting pathogen clearance
through cathelicidin LL-37 production by MSCs [52]. LL-37 is an
amphipathic antimicrobial peptide that promotes bacterial lysis by
targeting lipopolysaccharide and the endotoxin released by
bacteria. Another study showed that the secretome of equine
MSCs could inhibit and destabilize biofilms of methicillin-resistant
S. aureus (MRSA) and other wound-related bacteria. The research-
ers demonstrated that the MSC secretome in the culture super-
natant could inhibit and disrupt the mature biofilm. This effect
was achieved mainly by protein degradation, since the secretome
consists of various cysteine proteases associated with cathepsins.
Pretreatment of these biofilms with the secretome also increased
the efficiency of antibiotics, which were otherwise ineffective [53].
Another study by Chow et al. showed similar antibiofilm activity of
MSCs. The direct antibacterial activity of MSCs was induced by the
growth inhibition of E. coli and S. aureus cultured in the presence
of MSC-conditioned media (CM). MSC-CM also enhanced the
effectiveness of conventional antibiotics. This treatment increased
the phagocytic activity of neutrophils[54]. There have been a few
piecemeal studies suggesting the regulation of the immunosup-
pressive behavior of MSCs by chemotactic activation of TLR.
Additionally, β-defensins secreted by MSCs aid in the clearance of
gram-negative bacteria [55]. Microarray analysis of MSCs was
performed to identify the antibacterial effects of β-defensin-2 and
TLR-4 against E. coli-induced acute lung injury in mice [56]
(Table 1).

ROLE OF MESENCHYMAL STEM CELLS IN VIRAL DISEASES
The immunoregulatory effect of MSCs has been beneficial in many
viral diseases [57]. For instance, the infusion of umbilical cord-
derived MSCs into patients with hepatitis B virus-related acute-on-
chronic liver failure (ACLF), plasma exchange and the antiviral
drug entecavir improves the survival rate and decreases the
severity of infection [58]. Total serum bilirubin, albumin, alanine
aminotransferase, aspartate aminotransferase levels and the
model for end-stage liver disease scores were also improved in
MSC-treated patients. A similar study using bone marrow-derived
MSCs in which peripheral infusion with 1-10 ×105 cells/kg was
performed showed similarly improved patient survival [59].
MSC-derived extracellular vesicles (EVs) also exhibited anti-

influenza and anti-inflammatory properties in vitro and in a
preclinical pig model of influenza. Incubating MSC-derived EVs
with lung epithelial cells inhibited viral replication and virus-
induced apoptosis. Inhibition of the hemagglutination activity of
avian, swine, and influenza viruses was also observed. These
results were replicated in a pig model of the influenza in which
intratracheal administration of MSC-derived EVs reduced viral
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replication, the secretion of proinflammatory cytokines, and viral
shedding [60].
Zhang et al. evaluated the effectiveness of umbilical cord MSCs

in restoring the immune deficiency of HIV-infected individuals
who were immune nonresponders (INRs). After highly active
antiretroviral therapy (HAART), some HIV-infected patients fail to
restore CD4+ T cells and are highly susceptible to opportunistic
infections even after complete viral suppression and are termed
immune nonresponders. Infusing MSCs in these patients increased
naïve and central memory CD4+ T cells and HIV-specific IFN-γ and
IL-2 production. Thus, MSCs were safe and could be used as a
restoration therapy for immune deficiency in HAART-treated HIV
patients [61]. Qian et al. illustrated the use of umbilical MSC-
derived exosomes to treat hepatitis-C (HCV) infection. MSC-
derived exosomes inhibited viral replication in vitro without any
cell toxicity. These effects of MSC-derived exosomes were due to
the presence of miRNAs such as let-7f, miR-145, miR-199a, and
miR-221. These factors also possessed binding sites for HCV RNA.
These MSC-derived exosomes synergistically acted when com-
bined with an FDA-approved drug (VX-950) to treat HCV infection.
When Huh7 cells, a liver cancer cell line infected with HCV, ere
cultured in the presence of MSC-derived exosomes, IFN-α and VX-
950, the inhibition of viral infection was more potent, supporting
the use of MSC-derived exosomes as adjuvant therapy with
existing HCV drugs [62].
Although MSCs have been beneficial in virus-associated

therapies, many reports have suggested that certain viruses can
infect MSCs. Infection can also modulate anti-inflammatory,
antimicrobial, and other properties of MSCs. This is a crucial factor
when using MSCs as a therapeutic agent. Few reports have
suggested the role of MSCs as a reservoir of HIV infection [57, 63].
Meisel et al. showed that in response to infection with
cytomegalovirus, the inhibitory effect of MSCs on T-cell

proliferation was partially reversed. Furthermore, it was observed
that in response to CMV infection, the synthesis of IFN-γ-induced
indolamine-2,3-dioxygenase (IDO), which is responsible for the
inhibitory effects of MSCs on T-cell proliferation, was inhibited.
Additionally, the researchers demonstrated that the antimicrobial
effects of MSCs were inhibited by CMV infection [64]. MSCs can
also be infected with hepatitis B virus [65] (Table 2).

MSCS AND MALARIA
Malaria is a protozoan disease caused by several species of the
genus Plasmodium. It is the most common disease prevalent in
developing nations such as Africa and many regions of Asia [66].
Human malaria is caused by five species of the Plasmodium genus:
P. falciparum, P. malariae, P. vivax, P. ovale, and P. knowlesi.
Transmission between humans occurs through the female
Anopheles mosquito. The life cycle of Plasmodium is highly
complex and is divided into a sexual phase that occurs in the
mosquito and an asexual phase that occurs in the vertebrate host
[67]. Despite the presence of many therapeutic strategies, malaria
is still prevalent \ due to the development of drug-resistant
species. Therefore, new interventions and strategies are urgently
required to eradicate malaria. Many studies have examined the
role of MSCs during malaria pathogenesis, which could help
design new therapies.
Thakur et al. showed that infection with Plasmodium berghei

induces splenomegaly in mice, and large numbers of accumulat-
ing cells are MSCs. When these MSCs from infected animals were
adoptively transferred to naïve syngeneic mice followed by
infection with the parasite, the mice acquired resistance and
cleared the infection within 25 days. The levels of hemozoin in
these animals were also low, which corresponded to a low level of
parasitemia. The MSCs that confer protection against malaria are

Table 2. Immunomodulatory effects of mesenchymal stem cells against various viral infections

Viruses Type of MSCs or
component used

Effects References

Hepatitis B virus Umbilical cord MSCs and
Bone marrow MSCs

Increased bilirubin, albumin, alanine aminotransferase,
aspartate aminotransferase and a model for end-stage liver
disease scores.

[58, 59]

Hepatitis C virus Umbilical cord MSC-derived
exosomes

Inhibition of viral replication. [62]

Influenza Virus Swine bone marrow MSCs
extracellular vesicles

Inhibition of viral replication and hemagglutination activity,
decreased levels of proinflammatory cytokines.

[60]

Human Immunodeficiency
virus (HIV)

Umbilical cord MSCs Increased naïve and central memory CD4+ T cells, high levels
of HIV-specific IFN-γ, and IL-2 production.

[61]

Table 1. Immunomodulatory and antibacterial effects of mesenchymal stem cells against various bacterial infections

Bacteria Type of MSCs or component
used

Effects References

Streptococcus
pneumoniae

Mouse bone-marrow MSCs and
MSC-conditioned media

Downregulation of pro-inflammatory cytokines IL-6, TNF-α,
Upregulation of anti-inflammatory cytokine IL-10,
Reduced Neutrophil infiltration, Reduced expression of
Neutrophil chemoattractants CXCL1 and CXCL2.

[45]

Klebsiella pneumoniae Mouse bone marrow MSCs. Reduced expression of TNF-α, decreases in IL-17 and IFN-γ+
T-cell subsets.

[48]

E.coli Mouse bone marrow MSCs
Equine MSCs and MSC-
conditioned media

Decrease in the proinflammatory mediators TNF-α and MIP2,
increased expression of IL-10, increased expression of lipocalin2
Antibacterial effects due to cystatin C, lipocalin2, elafin,
Cathelicidin

[46, 47]
[50, 51]

Staphylococcus aureus Equine MSCs and MSC-
conditioned media

Antibacterial effects due to cystatin C, lipocalin2, elafin,
Cathelicidin
Degradation of biofilms due to cathepsins
Increased phagocytic activity of neutrophils.

[50, 51]
[53, 54]
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proinflammatory, as evidenced by high serum levels of proin-
flammatory cytokines such as IL-6, IL-12, IL-1β, and TNF-α. MSCs
also inhibit the activation of regulatory T cells and the
accumulation of NKT cells in the spleen [68].
Another study in which bone marrow MSCs were intravenously

introduced in a P. berghei-infected mouse model of experimental
cerebral malaria exhibited similar results. MSC infusion enhanced
mouse survival and resulted in low parasitemia compared to those
in control mice. Although treatment did not improve brain
function in the MSC-infused mice, the histological architecture in
other affected organs, such as the spleen, liver, lung, and kidney,
was enhanced. In the lungs, functional capacity also improved.
However, the number of astrocytes and oligodendrocytes in the
brain as increased, indicating an increase in tissue repair in treated
mice [69].
Anemia is a critical outcome of malaria infection that results

from the destruction of parasitized erythrocytes during the
schizont stage when the cells rupture. However, the destruction
of nonparasitized erythrocytes is also a major contributing factor
to the severity of malarial anemia [70]. The inability to replenish
these erythrocytes due to dysregulated and ineffective erythro-
poiesis worsens the situation [71]. A critical study by Thakur et al.
elucidated the role of MSCs in erythropoiesis and showed that
MSC infusion in mice promoted the proliferation and differentia-
tion of bone marrow cells into erythroid lineages. After the mice
were infused with MSCs, an increase in the CD34+ population and
CFU-E cells (later-stage erythroid progenitor cells) was observed.
Additionally, the levels of the crucial erythroid-specific transcrip-
tion factors GATA-1 and GATA-2 were upregulated after MSC
infusion, resulting in increased erythropoiesis. The CD4+ T and
CD8+ T-cell populations increased, and the expression of PD-1 was
low [72].

PRIMING MSCS FOR IMMUNE MODULATION
Various studies have shown that MSCs modulate host responses in
different conditions. Recently, the idea of preconditioning MSCs to
achieve target-specific properties has been under investigation.
Preconditioning MSCs involves activating or priming the cells with
extraneous substances, exposing them to loaded extracellular
vesicles or culturing them in heterogeneous conditions. Studies
have indicated that preconditioning MSCs with various stimuli,
such as hypoxia, nutrient starvation, oxidative stress, and heat
shock and supplementation with potent drugs and inhibitors
enhances their therapeutic functions. MSC preconditioning
modulates cytokine and chemokine secretion and increases their
movement to the target site or secretion antimicrobial peptides,
which plays a crucial role in host defense against bacterial and
viral infections. MSC preconditioning with various factors is critical
in determining their immunomodulatory effects, which are critical
in mycobacterial infection. A study showed the proinflammatory
nature of mouse bone marrow-derived MSCs that were pretreated
with poly(A:U) and then introduced intravenously into BCG-
infected mice. The results showed that when poly(A:U)-treated
MSCs were administered, the levels of proinflammatory cytokines
such as TNF-α and IL-6 increased significantly, splenomegaly was
reduced, and a decrease in bacterial growth was observed. The
effects were contrasting in mice into which naïve MSCs were
introduced, and these cells were anti-inflammatory and favorable
for bacterial growth [73].

Preconditioning with hypoxia
In vivo, MSCs reside in hypoxic niches; thus, their response to
various drugs and stimulants depends on oxygen levels. In vitro,
MSCs are cultured in 20-21% oxygen (normoxia), while in vivo, the
oxygen level is approximately 1-5% (hypoxia). The striking
difference in oxygen concentrations modulates their responses.
HIF-1α, a transcription factor associated with hypoxia and hypoxic

conditions, was shown to be upregulated. HIF-1α acts as a low
oxygen sensor and is involved in autocrine and paracrine
signaling, enhances the production of vascular endothelial growth
factor (VEGF) and fibroblast growth factor-2 (FGF-2), and leads to
increased angiogenesis and proliferation [74]. The induction of
HIF-1α/2α protects against hypoxic stress and downregulates p53
levels [75]. In umbilical cord MSCs, Bicaudal D homolog 1 (BICD1)
regulates dynein-mediated HIF-1α nuclear translocation. BICD1
targets GSK3β, which activates glycolysis, enhancing the survival
and proliferation of MSCs under hypoxic conditions [76]. Hypoxia
also activates Caspase-3, which activates proinflammatory signal-
ing. A recent study on MSC spheroid models showed that hypoxia
preconditioning induced HIF-1α expression and enhanced the
therapeutic effects on bone formation and repair [77]. Another
study showed that hypoxic MSCs activated miR-211, which
positively regulates the transcription factor STAT3, leading to
increased migration under hypoxic conditions [78].
Interestingly, another study suggested that hypoxic precondi-

tioning enhanced the retention of transplanted MSCs in vivo, thus
maximizing the target effect in injected mice. These MSCs limit
glucose absorption in serum deprivation conditions and, there-
fore, consume glucose through glycolysis and secrete relatively
less lactate into the supernatant than control MSCs [79]. Hypoxic-
preconditioned MSCs inhibit senescence and support their
mesenchymal stem cell properties by downregulating E2A-p21,
which plays a crucial role in epithelial-to-mesenchymal transition
in vitro. P21 activation induces cell senescence and apoptosis. HIF-
1α is associated with TWIST, a transcription factor that regulates
p21, which prevents senescence and apoptosis and maintains
stem cell properties in MSCs [80]. These findings suggest that
hypoxic-preconditioned MSCs play a promising role in various
diseases. However, further investigation is needed to determine
the effectiveness of these MSCs in diseases and immune
modulation.

Priming with immunomodulatory factors
MSCs possess short-term memory of the environmental responses
in their environment. Thus, they remember the stimulus from their
previous environment. This property of MSCs has been used to
exert targeted therapeutic effects. When MSCs are primed with
cytokines, they show increased immune modulation. A study
showed that TNF-α-exposed MSCs secreted exosomes that
enhanced regeneration potential compared to control MSCs
[81, 82]. A study of a neonatal rat model of sepsis preconditioned
hUC-MSCs that were treated with IFN-γ and later infected with E.
coli. The preconditioned UC-MSCs enhanced bacterial clearance
and increased the survival of rats compared to saline precondi-
tioned UC-MSC-treated rats [83]. The critical role of MSCs has been
studied not only in rats and mice but also in equines. Priming
equine MSCs with IFN-γ and TNF-α induced PGE2, indoleamine 2,3-
dioxygenase, iNOS, and IL-6 expression. This activation induced an
anti-inflammatory response and inhibited lymphocyte prolifera-
tion [84]. Human periodontal ligament stem cells (PDLSCs), which
are similar to MSCs, were preconditioned with lipopolysaccharide
(LPS), and the conditioned media induced M1 macrophage
polarization [85]. The priming of MSCs shows encouraging results
in MSC therapies. However, further investigation is required to
produce long-lasting therapeutic effects of primed MSCs.

INTERACTIONS OF MSCS WITH THE HOST IMMUNE SYSTEM
The immunomodulatory effects of MSCs and their involvement in
various infectious diseases result from their interactions with
different immune cells in the body. In TB, the granuloma is a well-
defined structure composed of macrophages, neutrophils, MSCs,
B-lymphocytes, and T-lymphocytes [86]. There is little knowledge
of the interactions of MSCs with different immune cells within the
granuloma, which is a major obstacle in understanding the
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mechanism of the establishment of latency. Raghuvanshi et al.
showed the presence of MSCs at the periphery of the granuloma
and their interaction with T cells, and it is worth examining
whether MSCs also interact with other immune cells, such as
B cells, macrophages, dendritic cells, and neutrophils, to maintain
an immune-privileged environment for M.tb. Thus, in this section,
we have highlighted the present knowledge and evidence on the
interplay between MSCs and different immune cells that can be
used to determine incomplete areas for a better understanding of
the immune-privileged niche for M.tb within the host.
As previously mentioned, MSCs have reduced expression of

MHC-I and lack MHC-II and costimulatory signals such as CD80,
CD86, and CD40. These cells can modulate the innate and
adaptive immune systems. This immunomodulation ability is
mediated by the interactions of MSCs with different immune cells,
including T cells, B cells, NK cells, dendritic cells, macrophages, and
neutrophils, due to the anchorage of numerous adhesion
molecules, such as lymphocyte function-associated antigen-3
(LFA-3), intercellular cell adhesion molecule- 1 (ICAM-1), and
vascular cell adhesion molecule (VCAM)-1, and the production of
soluble factors in various microenvironments [87, 88].
In addition, immune modulation by MSCs involves numerous

factors, such as cytokines and growth factors, to modify and
stabilize the immune profile. This is further achieved by the
activity of the soluble secretome, including indoleamine 2,3-
dioxygenase (IDO), nitric oxide (NO), or prostaglandin E2 (PGE-2)
[87]. In addition to these factors, adhesion molecules and major
histocompatibility complex (MHC) molecules are required to
mediate immune suppression [88]. Additionally, the MSC-
induced complement system modulates the immune response
by activating myeloid effector cells and initiating a cascade of
reactions [89]. The crosstalk between MSCs and various immune
cells depends on the environment and pathological or physiolo-
gical conditions in which they are present, such as repair,
regeneration, transplantation, or infection. MSCs secrete proan-
giogenic components during tissue rejuvenation, stimulating
neovascularization through juxtracrine and paracrine signaling
[90]. In vivo and in vitro experiments have demonstrated the
suppressive behavior of immune cells in response to MSCs.
However, MSCs influence activation and inhibition pathways
depending on the exposed antigen [91]. Interestingly, a study was
performed that showed the immune-enhancing effect of MSCs
through the inadequate production of nitric oxide (NO).

MSC interactions with T cells
T cells are the central regulators of the adaptive immune system
with the potential to encounter diverse foreign antigens and
differentiate to maintain the immunological response. Naïve
T cells are activated in response to acknowledging their specific
antigen presented by MHC molecules as peptides, and these cells
proliferate to maintain long-term immunity and self-tolerance [92].
A study showed that gingiva-derived MSCs could inhibit the

proliferation of CD4+ T cells through CD39/CD73-mediated
production of adenosine and the IDO pathway [93]. There is
evidence that indicates an immunosuppressive response
mediated by T cells when in contact with MSCs. This response is
generally shown to be induced by the secretion of specific
cytokines such as IFN-γ and TNF-α [94]. Studies have shown that
IFN-γ secreted by proinflammatory T cells facilitates the inhibition
of RunX2 (Runt-related transcription factor 2), thereby upregulat-
ing TNF-α in extrinsically administered MSCs. This results in
impaired bone regeneration activity by preventing apoptosis in
mice [95].
In 2013, Najar et al. elucidated the immunomodulatory effects

of tissue-derived MSCs and demonstrated that among all the
types of MSCs, adipose tissue-derived MSCs (AT-MSCs) modulated
T-cell activation markers, including CD69, CD45, CD26, and CD23.
These MSCs induced anti-proliferative and anti-inflammatory

effects by downregulating IFN-γ levels. AT-MSCs have been shown
to significantly downregulate the expression of CD26 and CD45
and maintain sustained CD69 expression. AT-MSCs promote
lymphocyte migration, which slows the interaction between
T cells and MSCs, resulting in impaired lymphocyte proliferation.
AT-MSCs increase IL-8 and CCl-5 secretion, enhancing the
recruitment of T cells [96].
Another study has contributed to understanding the roles of

other tissue-derived MSCs in immune modulation. Monocytes play
a crucial role in mediating the suppressive effects of MSCs on
T-cell proliferation. Umbilical cord-derived MSCs (UC-MSCs) induce
rapid alterations in monocyte surface markers via PGE2, and
treatment with indomethacin inhibited the suppression of T cell
proliferation by UC-MSCs. It was also found that monocytes
isolated from cocultures of UC-MSCs had significantly down-
regulated accessory cell and allostimulatory functions in T-cell
proliferation assays [97]. Groh et al. carried out a similar study, and
they examined how bone marrow-derived MSCs inhibited
alloreactive T-cells. They observed that monocytes activated
MSC to secrete inhibitory molecules such as IL-1β and TGF-β1
but not IL-10 to inhibit alloreactive T-cells. Other tissue-derived
MSCs downregulate T-cell activation markers such as CD25, CD38,
and CD69 [98]. Indoleamine-2, 3-dioxygenase (IDO) is an
intermediate that mediates the immunomodulatory functions of
MSCs in humans. MSCs induce IDO expression, which catabolizes
tryptophan, leading to tryptophan starvation and thereby inhibit-
ing T-cell proliferation [99]. Another aspect of MSC-mediated
immunosuppression is correlated with Tregs during kidney
transplants in patients. Tregs did not alter the functions of
adipose tissue-derived MSCs; instead, they supported these MSCs
by activating them and increasing their efficiency. This study
suggested that MSCs induce IL-10 production in effector cells and
Tregs by expressing IDO, thus exerting suppressive effects [94].
Although MSCs have been shown to exhibit immunosuppressive
behavior, human MSCs have been shown to promote the survival
of unstimulated T cells in their resting stage. However, MSC
promotes apoptosis in activated T-cells by mitogenic, allogenic, or
antigenic stimuli but decreases Th1 differentiation. This study
showed the role of mesenchymal stromal cell-derived extracellular
vesicles (MSC-derived EVs) in regulating T cell proliferation, and
MSC-derived EVs induced the upregulation of Foxp3, thereby
increasing the number of IFN-γ+/Foxp3+T cells [95]. Autophagy
has also been shown to play a crucial role in the immunosup-
pressive functions of MSCs. Inhibiting autophagy with
3-methyladenine (3-MA) decreases the migration of T-cells,
activating the autophagy pathway with rapamycin promotes
CD4+ T cell migration, and CXCL8 and TGF-β1 secretion is
enhanced by the activation of autophagy in MSCs. This is
accompanied by an increase in Tregs and a decrease in
Th1 cells [96]. Najar et al. demonstrated the role of the CD200/
CD200R axis in MSC/T-cell cocultures in conferring immunosup-
pressive effects. They observed that among all the MSCs, Wharton’
Jelly (WJ)-derived MSCs abundantly express CD200 and may be a
selective marker for these cells. The high abundance of these
markers on MSCs may be due to the proinflammatory environ-
ment and IFN-γ. However, the functions of these surface markers
on MSCs are yet known [100]. There are other receptors and
ligands present on MSCs that regulate lymphocyte differentiation,
migration, and proliferation. One such factor is the erythropoietin-
producing hepatocellular (Eph) receptor tyrosine kinase family and
their specific ephrin ligands. It was demonstrated that ex vivo
MSCs expressed EphB2 and ephrin-B2, while T cells expressed
their corresponding ligands: ephrinB1 and EphB4, respectively. In
response to stimulation of these receptors, immunosuppressive
factors were upregulated in MSCs, including IDO, TGF-β1, and
iNOS. These factors inhibited T cell proliferation partly via
activation of the Src, PI3 Kinase, Ab1, and JNK kinase pathways
[101]. It is important to note that MSCs suppress T-cell
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proliferation and differentiation via multiple pathways, and each
response is specific to the type of MSC targeting T cells.

MSCs and B cells
B cells are crucial factors in adaptive immunity that develop in
the bone marrow stroma. These cells undergo maturation in the
bone marrow and play an essential role in antibody production,
antigen presentation, and complement activation. It has been
reported that MSCs modulate T cells, but their effects on B cells
are unclear. MSCs can regulate the activation, differentiation,
and function of mature B cells and impact regulatory B cells
(Bregs) [102]. Limited efforts have been made to understand the
role of MSCs in regulating B cells. A study in 2009 showed that
MSCs suppressed B cells, specifically plasma cells, by secreting
certain humoral factors and did not require direct cell-to-cell
contact. It was found that Blimp-1 was reduced in B cells that
were cocultured with MSCs, but the factors involved in this
immune suppression were not clear [103]. Several studies have
shown that hMSCs restrict B-cell proliferation by impairing the
production of immunoglobulins and chemokines without
restricting cytokine production. Multiple studies have shown
the vital role of MSCs in modulating the functions of regulatory
B cells [104, 105]. One study showed that MSCs could enhance
the proliferation and functions of CD5+ regulatory B cells, such
as the secretion of anti-inflammatory IL-10. IDO was partially
involved in these effects of MSCs [93]. Another study demon-
strated that MSCs could increase the number of CD5+ regulatory
cells, which could produce IL-10 and inhibit T-cell responses
[106]. MSC-derived EVs have been shown to exert

immunomodulatory effects on B cells. It was found that MSCs
regulated the induction of CD24hiCD38hi IL-10-producing Breg
phenotypes and naïve B cells but not their proliferation. MSC-
derived EVs, on the other hand, do not promote naïve B cells
and reduce memory cells. However, similar to MSCs, MSC-
derived EVs induce CD24hiCD38hi B cells but not Bregs, since
they do not produce IL-10 [107]. Another study demonstrated
the effects of MSC-derived exosomes on the B-cell function by
regulating the transcriptional landscape of B cells [108].

MSCs and Natural Killer (NK) cells
Natural Killer (NK) cells are large bone marrow-derived granulo-
cytes that are critical in mediating defense against tumors and
microbial infections [109]. The presence of CD56 and the absence
of CD3 are used to identify NK cells. It is well known that the
regulation of these cells is controlled by the interplay between the
activation and inhibition of neighboring cell receptors [110]. MSCs
release soluble factors and cytokines to modify the functions of NK
cells [111]. Similar to other immune cells such as T and B
lymphocytes, MSCs prevent the proliferation of NK cells. This is
primarily done by reducing IL-2/15-induced NK cell proliferation.
In addition, the presence of MSCs leads to a significant reduction
in cytotoxicity, IFN-γ production, and the levels of perforin and
granzymes in NK cells. Moreover, MSCs downregulate the
expression of surface receptors such as NKp30, NKp44, and
natural-killer group 2 member D (NKG2D), which are typically
responsible for NK cell activation and target cell killing.
Additionally, immunosuppressive factors such as IDO, PGE2, and
TGF-β participate in the inhibition of NK cells [112].

Fig. 4 MSC-mediated immunomodulatory effects on specific immune cells. MSCs modulate innate and adaptive immune cells by positively
and negatively regulating diverse juxtracrine and paracrine pathways via numerous cytokines and chemokines
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MSCs and dendritic cells
Dendritic cells (DCs) are critical components of the immune
system, and these cells activate various innate and adaptive
immune cells [113, 114]. MSCs impact the maturation and
activation of DCs and alter their functions, leading to the
production of immature DCs. Numerous studies have shown that
MSCs repress the differentiation of monocytes by suppressing the
expression of CD1a, CD86, HLA-DR, and CD83 to inhibit the
maturation of DCs [104]. One study showed that gingiva-derived
MSCs inhibited the differentiation of DCs when cocultured with
CD14+ monocytes and reduced the secretion of IL-12 in response
to stimulation with LPS, and this effect was mediated by PGE2 [93].

MSCs and macrophages
Macrophages are the bridge between the innate and adaptive arms
of the immune system. These are specialized cells capable of
engulfing and eliminating foreign organisms and apoptotic cells
through phagocytosis and efferocytosis, respectively. Understand-
ing the interactions betweenMSCs andmacrophages in TB could be
crucial. Several studies have shown the crucial role of MSCs in
regulating the polarization of macrophages, thereby influencing the
microenvironment. One study showed that exposure of MSCs to
alveolar macrophages stimulated the production of IL-10, TSG6, and
PGE2 by MSCs, leading to macrophage reprogramming toward the
anti-inflammatory M2 phenotype. In coculture conditions, MSCs
enhanced macrophages expression of CD206, IL-10, and other anti-
inflammatory mediators while significantly reducing proinflamma-
tory cytokine expression. Furthermore, MSCs have been shown to
increase macrophage phagocytic capacity [105]. Another study
showed that the proinflammatory environment triggers MSCs to
secrete anti-inflammatory factors, such as IDO, CCL18, and PGE2,
thus mediating the polarization of macrophages from the M1 to the
M2 phenotype. These factors interact with surface receptors on M1
macrophages and activate downstream signaling to initiate the
polarization of M2 macrophages [104] (Fig. 4).

CONCLUSION
Understanding the mechanisms by which M.tb can cause latency
in the host to survive is critical for its eradication. In recent years,
research has focused on identifying the various niches in which
M.tb can hide in a dormant form and evade the various killing
mechanisms of the immune system. As summarized in this review,
mesenchymal stem cells have emerged as a favorable niche for
dormant M.tb. MSCs are present in the granuloma, where they
secrete various immunomodulatory molecules such as nitric oxide
and create an environment in which they inhibit T-cell responses
and restrict bacterial growth. After infecting MSCs, M.tb shows
enhanced expression of dormancy-related genes and induces a
state of quiescence in MSCs. MSC genes involved in proliferation
are downregulated, and quiescence genes show enhanced
expression. M.tb creates a reservoir in lipid droplets in the cytosol
of MSCs. M.tb can also inhibit killing by antimicrobial peptides
such as Cathelicidin. Apart from TB, MSCs also play a crucial role in
other bacterial and viral diseases by interacting with various
immune cells in the body. The immunomodulation by MSCs is
mediated through various membrane-bound and soluble factors.
Although multiple aspects of M.tb-MSC interactions have been
discovered, the pathways and the crucial molecules involved in
establishing dormancy and the factors that might induce the
resuscitation of M.tb still need to be investigated. Identifying host
and M.tb factors, such as miRNAs and proteins, that are critical for
its survival in the MSCs could be significant in developing various
therapeutic interventions and diagnostic tools for latent TB.
Additionally, since M.tb residing in MSCs are tolerant to anti-TB
drugs, new approaches such as phytochemicals or inhibitors that
can target M.tb need to be explored. The two major roadblocks to
eliminating TB are antibiotic resistance and the waning efficacy of

currently approved vaccines. Thus, in this review, we aimed to
highlight the features of the immune-privileged niche of M.tb that
can be targeted to enhance the efficacy of current and newly
developed antibiotics and vaccines. This is worth noting that M.tb
develops smarter strategies to evade the host immune responses
by surviving in unique host cells. Thus, exploring this immune-
privileged niche may provide a better understanding of the
immune evasion abilities of M.tb and aid in the design of adjunct
therapeutic interventions to eliminate the bacteria.

REFERENCES
1. StefaÅska K, Bryl R, Moncrieff L, Pinto N, Shibli JA, Dyszkiewicz-KonwiÅska M.

Mesenchymal stem cells- A historical overview. Med J Cell Biol. 2020;8:83–7.
2. Chamberlain G, Fox J, Ashton B, Middleton J, Muller L. Concise Review:

Mesenchymal stem cells: Their phenotype, differentiation capacity, immunolo-
gical features, and potential for homing. Stem Cells. 2007;25:2739–49.

3. Caplan AI. Mesenchymal stem cells. J Orthop Res. 1991;9:641–50.
4. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.

Multilineage potential of adult human mesenchymal stem cells. science
1999;284:143–7.

5. Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells migrate throughout
forebrain and cerebellum, and they differentiate into astrocytes after injection
into neonatal mouse brains. Proc Natl Acad Sci. 1999;96:10711–6.

6. Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, Marini FC,
et al. Clarification of the nomenclature for MSC: The International Society for
Cellular Therapy position statement. Cytotherapy 2005;7:393–5.

7. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini FC, Krause DS,
et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy
2006;8:315–7.

8. Caplan AI. What’s in a Name? Tissue Eng - Part A. 2010;16:2415–7.
9. Lv FJ, Tuan RS, Cheung KM, Leung VY. Concise Review: The Surface Markers and

Identity of Human Mesenchymal Stem Cells. Stem cells. 2014;32:1408–19.
10. Andrzejewska A, Lukomska B, Janowski M. Concise Review: mesenchymal stem

cells: From Roots to Boost. Stem Cells. 2019;37:855–64.
11. Rodríguez-Fuentes DE, Fernández-Garza LE, Samia-Meza JA, Barrera-Barrera SA,

Caplan AI, Barrera-Saldaña HA. Mesenchymal Stem Cells Current Clinical
Applications: A Systematic Review. Arch Med Res. 2021;52:93–101.

12. Greenbaum A, Hsu Y-MS, Day RB, Schuettpelz LG, Christopher MJ, Borgerding
JN, et al. CXCL12 in early mesenchymal progenitors is required for haemato-
poietic stem-cell maintenance. Nature 2013;495:227–30.

13. Naji A, Eitoku M, Favier B, Deschaseaux F, Rouas-Freiss N, Suganuma N. Biolo-
gical functions of mesenchymal stem cells and clinical implications. Cell Mol Life
Sci. 2019;76:3323–48.

14. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell Bio-
chem. 2006;98:1076–84.

15. Guillamat-Prats R. The role of MSC in wound healing, scarring and regeneration.
Cells 2021;10:1729.

16. Fox JM, Chamberlain G, Ashton BA, Middleton J. Recent advances into the under-
standing of mesenchymal stem cell trafficking. Br J Haematol. 2007;137:491–502.

17. Nitzsche F, Mu¨ller C, Mu¨ller M, Lukomska B, Jolkkonen J, Deten A, et al. Concise
Review: MSC Adhesion Cascade-insights into homing and transendothelial
migration. Stem cells. 2017;35:1446–60.

18. Naji A, Favier B, Deschaseaux F, Rouas-Freiss N, Eitoku M, Suganuma N.
Mesenchymal stem/stromal cell function in modulating cell death. Stem Cell Res
Ther. 2019;10:1–2.

19. Spees JL, Lee RH, Gregory CA. Mechanisms of mesenchymal stem/stromal cell
function. Stem Cell Res Ther. 2016;7:1–3.

20. Shi Y, Hu G, Su J, Li W, Chen Q, Shou P, et al. Mesenchymal stem cells: A new
strategy for immunosuppression and tissue repair. Cell Res. 2010;20:510–8.

21. Ma S, Xie N, Li W, Yuan B, Shi Y, Wang Y. Immunobiology of mesenchymal stem
cells. Cell Death Differ. 2014;21:216–25.

22. Abumaree M, Al Jumah M, Pace RA, Kalionis B. Immunosuppressive properties of
mesenchymal stem cells. Stem Cell Rev Rep. 2012;8:375–92.

23. Global Tuberculosis Report 2022.
24. Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al. Tubercu-

losis(Primer). Nat Rev: Dis Prim. 2016;2:16076.
25. Van Crevel R, Ottenhoff TH, Van der Meer JW. Innate immunity to myco-

bacterium tuberculosis. Clin Microbiol Rev. 2002;15:294–309.
26. Bhattacharya D, Dwivedi VP, Kumar S, Reddy MC, Van Kaer L, Moodley P, et al.

Simultaneous inhibition of T helper 2 and T regulatory cell differentiation by
small molecules enhances bacillus calmette-guerin vaccine efficacy against
tuberculosis. J Biol Chem. 2014;289:33404–11.

A. Devi et al.

610

Cellular & Molecular Immunology (2023) 20:600 – 612



27. Weiss G, Schaible UE. Macrophage defense mechanisms against intracellular
bacteria. Immunol Rev. 2015;264:182–203. Schaible UE

28. Ernst JD. Mechanisms of M. tuberculosis Immune Evasion as Challenges to TB
Vaccine Design. Cell Host Microbe. 2018;24:34–42.

29. Fatima S, Kamble SS, Dwivedi VP, Bhattacharya D, Kumar S, Ranganathan A,
et al. Mycobacterium tuberculosis programs mesenchymal stem cells to
establish dormancy and persistence. J Clin Investig. 2020;130:655–61.

30. Gengenbacher M, Kaufmann SH. Mycobacterium tuberculosis: Success through
dormancy. FEMS Microbiol Rev. 2012;36:514–32.

31. Raghuvanshi S, Sharma P, Singh S, Van Kaer L, Das G. Mycobacterium tuber-
culosis evades host immunity by recruiting mesenchymal stem cells. Proc Natl
Acad Sci. 2010;107:21653–8.

32. Das B, Kashino SS, Pulu I, Kalita D, Swami V, Yeger H, et al. CD271+ bone marrow
mesenchymal stem cells may provide a niche for dormant mycobacterium
tuberculosis. Sci Transl Med. 2013;5:170ra13.

33. Beamer G, Major S, Das B, Campos-Neto A. Bone marrow mesenchymal stem
cells provide an antibiotic-protective niche for persistent viable mycobacterium
tuberculosis that survive antibiotic treatment. Am J Pathol. 2014;184:3170–5.

34. Jain N, Kalam H, Singh L, Sharma V, Kedia S, Das P, et al. Mesenchymal stem cells
offer a drug-tolerant and immune-privileged niche to Mycobacterium tuber-
culosis. Nat Commun 2020;11:3062.

35. Garhyan J, Bhuyan S, Pulu I, Kalita D, Das B, Bhatnagar R. Preclinical and Clinical
Evidence of Mycobacterium tuberculosis Persistence in the Hypoxic Niche of Bone
Marrow Mesenchymal Stem Cells after Therapy. Am J Pathol. 2015;185:1924–34.

36. Khan A, Mann L, Papanna R, Lyu MA, Singh CR, Olson S, et al. Mesenchymal stem
cells internalize Mycobacterium tuberculosis through scavenger receptors and
restrict bacterial growth through autophagy. Sci Rep. 2017;7:15010.

37. Naik SK, Padhi A, Ganguli G, Sengupta S, Pati S, Das D, et al. Mouse bone marrow
Sca-1+ CD44+ mesenchymal stem cells kill avirulent mycobacteria but not
Mycobacterium tuberculosis through modulation of cathelicidin expression via
the p38 mitogenactivated protein kinase-dependent pathway. Infect Immun.
2017;85:e00471–17.

38. Théry C. Exosomes: Secreted vesicles and intercellular communications. F1000
biol Rep. 2011;3:15.

39. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and
clinical potential. Cell Biosci. 2019;9:1–8.

40. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science 2020;367:eaau6977.

41. Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and other extracellular
vesicles in host–pathogen interactions. EMBO Rep. 2015;16:24–43.

42. Liu M, Wang Z, Ren S, Zhao H. Exosomes derived from mycobacterium
tuberculosis-infected MSCs induce a pro-inflammatory response of macro-
phages. Aging (Albany NY). 2021;13:11595.

43. Skrahin A, Ahmed RK, Ferrara G, Rane L, Poiret T, Isaikina Y, et al. Autologous
mesenchymal stromal cell infusion as adjunct treatment in patients with mul-
tidrug and extensively drug-resistant tuberculosis: An open-label phase 1 safety
trial. lancet Respir Med. 2014;2:108–22.

44. Yudintceva NM, Bogolyubova IO, Muraviov AN, Sheykhov MG, Vinogradova TI,
Sokolovich EG, et al. Application of the allogenic mesenchymal stem cells in the
therapy of the bladder tuberculosis. J tissue Eng Regen Med. 2018;12:e1580–93.

45. Asami T, Ishii M, Namkoong H, Yagi K, Tasaka S, Asakura T, et al. Anti-
inflammatory roles of mesenchymal stromal cells during acute Streptococcus
pneumoniae pulmonary infection in mice. Cytotherapy 2018;20:302–13.

46. Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA. Intrapulmonary Delivery of
bone marrow-derived mesenchymal stem cells improves survival and attenuates
endotoxin-induced acute lung injury in mice. J Immunol. 2007;179:1855–63.

47. Gupta N, Krasnodembskaya A, Kapetanaki M, Mouded M, Tan X, Serikov V, et al.
Mesenchymal stem cells enhance survival and bacterial clearance in murine
Escherichia coli pneumonia. Thorax 2012;67:533–9.

48. Hackstein H, Lippitsch A, Krug P, Schevtschenko I, Kranz S, Hecker M, et al. Pro-
spectively defined murine mesenchymal stem cells inhibit Klebsiella pneumoniae-
induced acute lung injury and improve pneumonia survival. Respir Res. 2015;16:1–2.

49. Marrazzo P, Crupi AN, Alviano F, Teodori L, Bonsi L. Exploring the roles of MSCs
in infections: focus on bacterial diseases. J Mol Med. 2019;97:437–50.

50. Harman RM, Yang S, He MK, Van De Walle GR. Antimicrobial peptides secreted
by equine mesenchymal stromal cells inhibit the growth of bacteria commonly
found in skin wounds. Stem cell Res Ther. 2017;8:1–4.

51. Krasnodembskaya A, Song Y, Fang X, Gupta N, Serikov V, Lee JW, et al. Anti-
bacterial Effect of Human Mesenchymal Stem Cells Is Mediated in Part from
Secretion of the Antimicrobial Peptide LL-37. Stem Cells. 2010;28:2229–38.

52. Johnson V, Webb T, Norman A, Coy J, Kurihara J, Regan D, et al. Activated
Mesenchymal Stem Cells Interact with Antibiotics and Host Innate Immune
Responses to Control Chronic Bacterial Infections. Sci Rep. 2017;7:9575.

53. Marx C, Gardner S, Harman RM, Van de Walle GR. The mesenchymal stromal cell
secretome impairs methicillin-resistant Staphylococcus aureus biofilms via cysteine
protease activity in the equine model. Stem Cells Transl Med. 2020;9:746–57.

54. Chow L, Johnson V, Impastato R, Coy J, Strumpf A, Dow S. Antibacterial activity
of human mesenchymal stem cells mediated directly by constitutively secreted
factors and indirectly by activation of innate immune effector cells. Stem cells
Transl Med. 2020;9:235–49.

55. Silva-Carvalho AÉ, Cardoso MH, Alencar-Silva T, Bogéa GMR, Carvalho JL, Franco
OL, et al. Dissecting the relationship between antimicrobial peptides and
mesenchymal stem cells. Pharmacol Ther. 2022;233:108021.

56. Sung DK, Chang YS, Sung I, Yoo HS, Ahn SY, Park WS. Antibacterial effect of
mesenchymal stem cells against Escherichia coli is mediated by secretion of
beta-defensin-2 via toll-like receptor 4 signalling. Cell Microbiol. 2016;18:424–36.

57. Thanunchai M, Hongeng S, Thitithanyanont A. Mesenchymal Stromal cells and
viral infection. Stem Cells Int. 2015;2015:860950.

58. Li YH, Xu Y, Wu HM, Yang J, Yang LH, Yue-Meng W. Umbilical Cord-Derived
Mesenchymal Stem Cell Transplantation in Hepatitis B Virus Related Acute-on-
Chronic Liver Failure Treated with Plasma Exchange and Entecavir: a 24-Month
Prospective Study. Stem Cell Rev Rep. 2016;12:645–53.

59. Lin BL, Chen JF, Qiu WH, Wang KW, Xie DY, Chen XY, et al. Allogeneic bone
marrow–derivedmesenchymal stromal cells for hepatitis B virus–related acute-on-
chronic liver failure: A randomized controlled trial. Hepatology 2017;66:209–19.

60. Khatri M, Richardson LA, Meulia T. Mesenchymal stem cell-derived extracellular
vesicles attenuate influenza virus-induced acute lung injury in a pig model.
Stem cell Res Ther. 2018;9:1–3.

61. Zhang Z, Fu J, Xu X, Wang S, Xu R, Zhao M, et al. Safety and immunological
responses to human mesenchymal stem cell therapy in difficult-to-treat HIV-1-
infected patients. AIDS(Lond, Engl). 2013;27:1283.

62. Qian X, Xu C, Fang S, Zhao P, Wang Y, Liu H, et al. Exosomal MicroRNAs derived
from umbilical mesenchymal stem cells inhibit hepatitis C virus infection tissue-
specific progenitor and stem cells exosomal MicroRNAs derived from umbilical
mesenchymal stem cells inhibit Hepatitis C virus infection. Stem cells Transl
Med. 2016;5:1190–203.

63. Kallmeyer K, Ryder MA, Pepper MS. Mesenchymal Stromal Cells: A Possible
Reservoir for HIV-1? Stem Cell Rev Rep. 2022;18:1253–80.

64. Meisel R, Heseler K, Nau J, Schmidt SK, Leineweber M, Pudelko S, et al. Cyto-
megalovirus infection impairs immunosuppressive and antimicrobial effector
functions of human multipotent mesenchymal stromal cells. Mediators Inflamm.
2014;2014:898630.

65. Ma R, Xing Q, Shao L, Wang D, Hao Q, Li X, et al. Hepatitis B virus infection and
replication in human bone marrow mesenchymal stem cells. Virol J. 2011;8:1–8.

66. Talapko J, Škrlec I, Alebić T, Jukić M, Včev A. Malaria: The past and the present.
Microorganisms 2019;7:179.

67. Phillips MA, Burrows JN, Manyando C, van Huijsduijnen RH, Van Voorhis WC,
Wells TN. Malaria (Primer). Nat Rev: Dis Prim. 2017;3:17050.

68. Thakur RS, Tousif S, Awasthi V, Sanyal A, Atul PK, Punia P, et al. Mesenchymal
stem cells play an important role in host protective immune responses against
malaria by modulating regulatory T cells. Eur J Immunol. 2013;43:2070–7.

69. Souza MC, Silva JD, Pádua TA, Torres ND, Antunes MA, Xisto DG, et al.
Mesenchymal stromal cell therapy attenuated lung and kidney injury but not
brain damage in experimental cerebral malaria. Stem Cell Res Ther. 2015;6:1–5.

70. White NJ. Anaemia and malaria 11 medical and health sciences 1108 medical
microbiology 11 medical and health sciences 1103 clinical sciences. Malar J.
2018;17:1–17.

71. Pathak VA, Ghosh K, Figueiredo MS. Erythropoiesis in malaria infections and
factors modifying the Erythropoietic response. Anemia 2016;2016:9310905.

72. Thakur RS, Awasthi V, Sanyal A, Chatterjee S, Rani S, Chauhan R, et al.
Mesenchymal stem cells protect against malaria pathogenesis by reprogram-
ming erythropoiesis in the bone marrow. Cell Death Discov. 2020;6:125.

73. Schwartz YS, Belogorodtsev SN, Filimonov PN, Cherednichenko AG, Pustylnikov SV,
Krasnov VA. BCG infection in mice is promoted by naïve mesenchymal stromal cells
(MSC) and suppressed by poly(A:U)-conditioned MSC. Tuberculosis. 2016;101:130–6.

74. Han Y-S, Hee Lee J, Min Yoon Y, Won Yun C, Noh H, Hun Lee S. Hypoxia-induced
expression of cellular prion protein improves the therapeutic potential of
mesenchymal stem cells. Cell Death Dis. 2016;7:e2395.

75. Yin JQ, Zhu J, Ankrum JA. Manufacturing of primed mesenchymal stromal cells
for therapy. Nat Biomed Eng. 2019;3:90–104.

76. Lee HJ, Jung YH, Oh JY, Choi GE, Chae CW, Kim JS, et al. BICD1 mediates HIF1α
nuclear translocation in mesenchymal stem cells during hypoxia adaptation.
Cell Death Differ. 2019;26:1716–34.

77. Ho SS, Hung BP, Heyrani N, Lee MA, Leach JK. Hypoxic preconditioning of
mesenchymal stem cells with subsequent spheroid formation accelerates repair
of segmental bone defects. Stem Cells. 2018;36:1393–403.

A. Devi et al.

611

Cellular & Molecular Immunology (2023) 20:600 – 612



78. Hu X, Chen P, Wu Y, Wang K, Xu Y, Chen H, et al. MiR-211/STAT5A Signaling
modulates migration of mesenchymal stem cells to improve its therapeutic
efficacy. Stem Cells. 2016;34:1846–58.

79. Beegle J, Lakatos K, Kalomoiris S, Stewart H, Isseroff RR, Nolta JA, et al. Hypoxic
preconditioning of mesenchymal stromal cells induces metabolic changes,
enhances survival, and promotes cell retention in vivo. Stem cells. 2015;33:
1818–28.

80. Tsai C-C, Chen YJ, Yew TL, Chen LL, Wang JY, Chiu CH, et al. Hypoxia inhibits
senescence and maintains mesenchymal stem cell properties through down-
regulation of E2A-p21 by HIF-TWIST. J Am Soc Hematol. 2011;117:459–69.

81. Kang M, Huang CC, Gajendrareddy P, Lu Y, Shirazi S, Ravindran S, et al. Extra-
cellular vesicles from TNFα preconditioned MSCs: Effects on Immunomodulation
and Bone Regeneration. Front Immunol. 2022;13:878194.

82. Mead B, Chamling X, Zack DJ, Ahmed Z, Tomarev S. TNFα-mediated priming of
mesenchymal stem cells enhances their neuroprotective effect on retinal
ganglion cells. Investig Ophthal Vis Sci. 2020;61:6.

83. Zhu Y, Xu L, Collins JJ, Vadivel A, Cyr-Depauw C, Zhong S, et al. Human umbilical
cord mesenchymal stromal cells improve survival and bacterial clearance in
neonatal sepsis in rats. Stem Cells Dev. 2017;26:1054–64.

84. Caffi V, Espinosa G, Gajardo G, Morales N, Durán MC, Uberti B, et al. Pre-
conditioning of Equine bone marrow-derived mesenchymal stromal cells
increases their immunomodulatory capacity. Front Vet Sci. 2020;7:318.

85. Kang H, Lee MJ, Park SJ, Lee MS. Lipopolysaccharide-preconditioned period-
ontal ligament stem cells induce M1 polarization of macrophages through
extracellular vesicles. Int J Mol Sci. 2018;19:3843.

86. Verma A, Ghoshal A, Dwivedi VP, Bhaskar A. Tuberculosis: The success tale of
less explored dormant Mycobacterium tuberculosis. Front Cell Infect Microbiol.
2022;12:1909.

87. Gebler A, Zabel O, Seliger B. The immunomodulatory capacity of mesenchymal
stem cells. Trends Mol Med. 2012;18:128–34.

88. Wang M, Yuan Q, Xie L. Mesenchymal Stem Cell-Based Immunomodulation:
Properties and Clinical Application. Stem Cells Int. 2018;2018:3057624.

89. Moll G, Jitschin R, Bahr Lena von, Rasmusson-Duprez I, Sundberg B, Lönnies L,
et al. Mesenchymal stromal cells engage complement and complement receptor
bearing innate effector cells to modulate immune responses. PLoS one.
2011;6:e21703.

90. Harrell CR, Popovska Jovicic B, Djonov V, Volarevic V. Molecular mechanisms
responsible for mesenchymal stem cell-based treatment of viral diseases.
Pathogens 2021;10:409.

91. Stagg J. Immune regulation by mesenchymal stem cells: Two sides to the coin.
Tissue antigens. 2007;69:1–9.

92. Kumar BV, Connors TJ, Farber DL. Human T Cell Development, Localization, and
Function throughout Life. Immunity 2018;48:202–13.

93. Huang F, Chen M, Chen W, Gu J, Yuan J, Xue Y, et al. Human gingiva-derived
mesenchymal stem cells inhibit xeno-graft-versus-host disease via CD39-CD73-
adenosine and IDO signals. Front Immunol. 2017;8:68.

94. Engela AU, Baan CC, Peeters AM, Weimar W, Hoogduijn MJ. Interaction between
adipose tissue-derived mesenchymal stem cells and regulatory T cells. Cell
Transpl. 2013;22:41–54.

95. Franco da Cunha F, Andrade-Oliveira V, Candido de Almeida D, Borges da Silva
T, Naffah de Souza Breda C, Costa Cruz M, et al. Extracellular Vesicles isolated
from Mesenchymal Stromal Cells Modulate CD4+ T Lymphocytes Toward a
Regulatory Profile. Cells 2020;9:1059.

96. Cen S, Wang P, Xie Z, Yang R, Li J, Liu Z, et al. Autophagy enhances
mesenchymal stem cell-mediated CD4+ T cell migration and differentiation
through CXCL8 and TGF-β1. Stem Cell Res Ther. 2019;10:1–3.

97. Cutler AJ, Limbani V, Girdlestone J, Navarrete CV. Umbilical cord-derived
mesenchymal stromal cells modulate monocyte function to suppress T cell
proliferation. J Immunol. 2010;185:6617–23.

98. Groh ME, Maitra B, Szekely E, Koç ON. Human mesenchymal stem cells require
monocyte-mediated activation to suppress alloreactive T cells. Exp Hematol.
2005;33:928–34.

99. Laing AG, Fanelli G, Ramirez-Valdez A, Lechler RI, Lombardi G, Sharpe PT.
Mesenchymal stem cells inhibit T-cell function through conserved induction of
cellular stress. PLoS One. 2019;14:e0213170.

100. Najar M, Raicevic G, Jebbawi F, De Bruyn C, Meuleman N, Bron D, et al.
Characterization and functionality of the CD200-CD200R system during
mesenchymal stromal cell interactions with T-lymphocytes. Immunol Lett.
2012;146:50–6.

101. Nguyen TM, Arthur A, Hayball JD, Gronthos S. EphB and Ephrin-B interactions
mediate human mesenchymal stem cell suppression of activated T-cells. Stem
cells Dev. 2013;22:2751–64.

102. Müller L, Tunger A, Wobus M, von Bonin M, Towers R, Bornhäuser M, et al.
Immunomodulatory Properties of Mesenchymal Stromal Cells: An Update. Front
Cell Develop Biol. 2021;9:637725.

103. Asari S, Itakura S, Ferreri K, Liu CP, Kuroda Y, Kandeel F, et al. Mesenchymal stem
cells suppress B-cell terminal differentiation. Exp Hematol. 2009;37:604–15.

104. Jiang W, Xu J. Immune modulation by mesenchymal stem cells. Cell Prolif.
2020;53:e12712.

105. de Castro LL, Lopes-Pacheco M, Weiss DJ, Cruz FF, Rocco PR. Current under-
standing of the immunosuppressive properties of mesenchymal stromal cells. J
Mol Med. 2019;97:605–18.

106. Chao K, Zhang S, Qiu Y, Chen X, Zhang X, Cai C, et al. Human umbilical cord-
derived mesenchymal stem cells protect against experimental colitis via CD5+
B regulatory cells. Stem Cell Res Ther. 2016;7:1–2.

107. Carreras-Planella L, Monguió-Tortajada M, Borràs FE, Franquesa M. Immuno-
modulatory effect of MSC on B cells is independent of secreted extracellular
vesicles. Front Immunol. 2019;10:1288.

108. Khare D, Or R, Resnick I, Barkatz C, Almogi-Hazan O, Avni B. Mesenchymal
Stromal Cell-Derived Exosomes Affect mRNA Expression and Function of
B-Lymphocytes. Front Immunol. 2018;9:3053.

109. Yokoyama WM, Kim S, French AR. The dynamic life of natural killer cells. Annu
Rev Immunol 2004;22:405–29.

110. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural killer
cells. Nat Immunol. 2008;9:503–10.

111. Chen X, Armstrong MA, Li G. Mesenchymal stem cells in immunoregulation.
Immunol cell Biol. 2006;84:413–21.

112. Wu X, Jiang J, Gu Z, Zhang J, Chen Y, Liu X. Mesenchymal stromal cell therapies:
immunomodulatory properties and clinical progress. Stem cell Res Ther. 2020;11:1–6.

113. Cabeza-Cabrerizo M, Cardoso A, Minutti CM, Pereira Da Costa M, Reis e Sousa C.
Dendritic Cells Revisited. Annu Rev Immunol. 2021;39:131–66.

114. Schraml BU, e Sousa CR. Defining dendritic cells. Curr Opin Immunol.
2015;32:13–20.

ACKNOWLEDGEMENTS
We acknowledge funding support from the Department of Biotechnology,
Government of India. We would also like to acknowledge funding support from
the Science and Engineering Research Board (SERB), Department of Science and
Technology, Government of India and ICGEB, New Delhi, India, and the Indian Council
of Medical Research, Government of India.

AUTHOR CONTRIBUTIONS
Study conception and design: VPD and GD; data collection: AD, IP, SPS, AV, DB, and
AB; analysis, interpretation and critical revision for important intellectual content: AD,
IP, DB, AB, VPD, and GD; draft manuscript preparation: AD, IP, DB, AB, VPD, and GD.
Draft Editing: AD, IP, SPS, AV, DB, AB, VPD, and GD. All authors reviewed the results
and approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Ved Prakash
Dwivedi or Gobardhan Das.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

A. Devi et al.

612

Cellular & Molecular Immunology (2023) 20:600 – 612

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Revisiting the role of mesenchymal stem cells in tuberculosis and other infectious diseases
	Introduction
	The role of MSCs in tuberculosis
	MSCs as reservoirs for dormant M.tb
	Intracellular interactions of M.tb within MSCs
	Role of MSC-derived exosomes in TB
	Therapeutic role of MSCs in TB

	MSCs and other bacterial infections
	Role of mesenchymal stem cells in viral diseases
	MSCs and malaria
	Priming MSCs for immune modulation
	Preconditioning with hypoxia
	Priming with immunomodulatory factors

	Interactions of MSCs with the host immune system
	MSC interactions with T�cells
	MSCs and B cells
	MSCs and Natural Killer (NK) cells
	MSCs and dendritic cells
	MSCs and macrophages

	Conclusion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




