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Abstract

Mesenchymal stem cells (MSCs) are self-renewing, multi-potent heterogeneous stem cells that display strong tissue protective
and restorative properties by differentiating into cells of the mesodermal lineages. In addition to multi-lineage differentiation
capacity, MSCs play important roles in regulating immune responses, inflammation, and tissue regeneration. MSCs play a
role in the outcome of the pathogenesis of several infectious diseases. A unique subset of MSCs accumulates in secondary
lymphoid organs during malaria disease progression. These MSCs counteract the capacity of malaria parasites to subvert
activating co-stimulatory molecules and to regulate expression of negative co-stimulatory molecules on T lymphocytes.
Consequently, MSCs have the capacity to restore the functions of CD34" haematopoietic cells and CD4* and CD8* T cells
during malaria infection. These observations suggest that cell-based therapeutics for intervention in malaria may be useful
in achieving sterile clearance and preventing disease reactivation. In addition, MSCs provide host protection against malaria
by reprogramming erythropoiesis through accelerated formation of colony-forming-units-erythroid (CFU-E) cells in the
bone marrow. These findings suggest that MSCs are positive regulators of erythropoiesis, making them attractive targets
for treatment of malarial anemia. MSC-based therapies, unlike anti-malarial drugs, display therapeutic effects by targeting
a large variety of cellular processes rather than a single pathway. In the present review we focus on these recent research
findings and discuss clinical applications of MSC-based therapies for malaria.
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Introduction

Malaria caused by Plasmodium parasites is one of the most

serious public health problems, which is responsible for an
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The host immune response against malaria parasites is
modulated over the course of infection [3, 4]. This immune
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previous exposure history of the host along with the bio-
logical characteristics of the Plasmodium parasite strain. In
general, a potent T helper 1 (Thl) type pro-inflammatory
response to control the parasite load is activated at an early
stage of natural infection with Plasmodium parasites. How-
ever, the uncontrolled pro-inflammatory response during
infection can prolong disease severity and may cause tissue
pathology and organ failure [5, 6]. The detrimental effects
of inflammatory responses are counter-balanced by various
anti-inflammatory cytokines released by regulatory immune
cells. A well-regulated balance of pro- and anti-inflamma-
tory cytokines plays a crucial role in determining the out-
come of infection, resulting in resistance or susceptibility to
malaria disease. Regulatory T cells (Tregs) expand during
infection and suppress the Th1 immune response resulting
in increased parasitaemia that leads to host pathology. In
addition to compromising the immune response, malaria
parasites suppress production of erythrocytes and this dys-
erythropoiesis in the bone marrow results in depletion of
the infected as well as uninfected erythrocytes which con-
tributes to malarial anaemia. Additionally, tissue deposi-
tion of haemozoin, a byproduct of haemoglobin digestion
formed in the haem detoxification process has been linked
to malarial anaemia and dyserythropoiesis. Moreover, the
proliferation and differentiation of erythroid progenitors
are also impaired during malaria infection due to reduced
expression of erythroid-specific transcription factors such
as GATA-1 and GATA-2 [7-9]. GATA-1, a key transcrip-
tion factor for erythroid cell development, facilitates the sur-
vival and late-stage differentiation of erythroid precursors,
whereas GATA-2 is critical for the maintenance and prolifer-
ation of haematopoietic progenitors. Reduced expression of
GATA-1/GATA-2 transcription factors during Plasmodium
infection thus modulates the production of erythroid precur-
sors. Because of the complexities involved in malaria patho-
genesis, comprehensive studies involving severe malarial
anaemia and immunity associated with disease are needed
to gain improved understanding of pathogenic events and
related defects. This may offer new strategies to combat the
rates of mortality and morbidity.

To minimize mortality and morbidity of malaria, sev-
eral groups of therapeutic compounds have been tested for
their anti-malarial efficacy. The majority of anti-malarial
drugs employed target the asexual erythrocytic or blood
stage of the parasite. Currently, 7 major drug classes are
in use for the treatment of malaria: sesquiterpene lactone
endoperoxides, 4-aminoquinolines, 8-aminoquinolines,
amino alcohols, antifolates, artemisinin derivates, naph-
thoquinone, and antibiotics [10]. Among these, artemisinin
and its derivatives are the most widely and commonly used
antimalarials as they have the capacity to kill a broad range
of asexual stage parasites from ring forms to early schiz-
onts. However, the major drawback with artemisinin use
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is its short half-life (1 h or less). Following administra-
tion, there is rapid absorption and elimination of this drug
and, therefore, multiple doses of the drug are required for
retaining its efficacy [11, 12]. Currently, artemisinin com-
bination therapy (ACT) is employed in efforts to promote
treatment efficacy based on synergism of two or more
drugs to eradicate various stages of malaria parasites
[13—15]. However, the major hurdle associated with the
use of antimalarial drugs is the emergence of multidrug-
resistant (MDR) parasites [16—18]. Other concerns related
to antimalarial drugs include poor bioavailability, low
solubility and toxicity [19]. Along with these limitations,
another important obstacle in the eradication of malaria
is the development of a vaccine to impart long-term pro-
tective immunity which requires in-depth understanding
of the immune responses directed against the different
stage-specific malaria antigens. Furthermore, it will be
crucial to evaluate vaccine efficacy across endemic areas.
The development of an effective vaccine is mainly hin-
dered by the extensive genetic diversity in the protective
surface proteins of the parasite. It has been challenging
to identify conserved antigenic regions that can broadly
neutralize a wide variety of strains. As a result, only few
proteins have been evaluated for potential vaccine devel-
opment. Thus far, RTS,S/AS01 (RTS,S), which targets
the circumsporozoite protein and provides partial protec-
tion against malaria in young children [20], is the only
approved malaria vaccine.

The poor reliability and availability of the aforemen-
tioned antimalarial approaches have prompted researchers
worldwide to explore alternative prophylactic and therapeu-
tic approaches. Large numbers of antimalarial compounds
are in different stages of preclinical and clinical develop-
ment. Apart from conventional drugs, cell-based therapies
such as adoptive therapy with MSCs are being explored in
malaria pathogenesis. Preclinical studies have shown prom-
ising results for MSC therapy in a wide variety of parasitic
infections, cancer, metabolic disorders, immune disorders
and other diseases due to their inherent immunomodulatory
capacity by activating both innate and adaptive immunity.
Their immunomodulatory functions are mainly put forth
through secretion of various cytokines and soluble factors
along with different cellular interactions involving T cells, B
cells, macrophages, dendritic cells (DCs), natural killer (NK)
cells, neutrophils, basophils, monocytes and other cell types.
Another very important characteristic feature of MSCs is
their plasticity, which refers to the potential of these cells to
change significantly in response to diverse inflammatory or
anti-inflammatory stimuli. Based on these striking proper-
ties, MSC-based therapies are being evaluated in multiple
clinical trials for autoimmune and inflammatory disorders.
The therapeutic potential of MSCs has also been explored in
a mouse model of malaria. In malaria, MSCs play a crucial
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role in providing protection against Plasmodium infection
by modulating the outcome of immune responses and by
reprogramming erythropoiesis.

In this review, we will summarise the potential of MSCs
for adoptive immunotherapy of malaria. We will also high-
light challenges associated with stem cell-based therapies
in the treatment of malaria and future research directions.

Immunomodulatory Aspects of Malaria
Pathogenesis

The pathogenesis of malaria involves a complex interplay of
Plasmodium parasite-induced alterations and corresponding
immunomodulation in the host. Similar to other infectious
diseases, the pathogenesis of malaria pathology is usu-
ally early, intense and characterized by pro-inflammatory
cytokines. However, the immune response to malaria para-
sites depends on the stage of infection and varies with Plas-
modium species. To understand this complex relationship
between the parasite and the host immune response, several
studies have focused on immune balance and antiparasitic
immunity. After inoculation of sporozoites, the organisms
remain for several hours in the skin where they prepare for
the hepatic stage of infection. Host immune mechanisms are
activated first during the liver stage of Plasmodium infec-
tion. However, liver or pre-erythrocytic infection is clinically
a silent stage of infection that normally lasts for approxi-
mately 10 days in humans and 2 days in rodents. During this
stage no visible pathology is observed; however, a protective
immune response to eliminate infected hepatocytes is trig-
gered. The T-cell mediated response to the pre-erythrocytic
stage and its regulation have not been studied extensively.
Cytotoxic CD8* T-cells as well as CD4* T-cell-dependent
antibody responses prevent sporozoite invasion of hepato-
cytes and mediate effective killing of infected cells. Further,
the parasite specific cytotoxic CD8" T-cells can recognize
parasite antigens such as circumsporozoite protein (CSP),
liver-stage antigen 1 (LSA-1) and sporozoite threonine-
asparagine-rich protein ( STARP) presented on MHC class I
molecules, which ultimately results in eradication of infected
hepatocytes [21]. Additionally, an undefined Th1/Th2 phe-
notype of CD4" T-cells has been observed to mediate pro-
tection against liver stage infection in murine models of
malaria. Th1-derived IFN-y is responsible for host resistance
during the pre-erythrocytic stage of infection. IFN-y also
upregulates inducible nitric oxide synthase (iNOS) expres-
sion in infected hepatocytes, which in turn induces reactive
nitrogen intermediates leading to inhibition of intracellular
parasite growth. IFN-y also has the capacity to upregulate
the cytotoxic activity of CD8* T-cells by activating MHC
class I expression in infected hepatocytes.

The asexual or erythrocytic stage of disease is responsible
for disease pathology. This stage requires a strictly regulated
cell-mediated and adaptive immune response to restrict rep-
lication of the Plasmodium parasites. At this stage of the
disease process an array of signals are responsible for activa-
tion of both the innate and adaptive host immune systems.
Cells of the innate immune component are activated first in
response to whole parasites and/or parasite products (DNA,
hemozoin, and the glycosylphosphatidylinositol anchors of
malaria proteins) released by ruptured infected erythrocytes.
Furthermore, rupture of the Plasmodium-infected erythro-
cytes and the release of putative malaria toxins also pro-
mote the activation of parasite-specific CD4% T-cells [22].
These activated CD4" T-cells orchestrate a distinct cytokine
production pattern with diverse functional capacity follow-
ing infection of parasitized erythrocytes. As red blood cells
do not express MHC class I or II molecules, it is difficult
to anticipate the target of Thl or Th2 T-cells. However,
the differentiation pattern of Th1l or Th2 cells is predomi-
nantly dependent on the microenvironment during CD4"
T-cell activation as well as signals generated by antigen-
presenting cells (APCs). During the erythrocytic stage of
infection, DCs are involved in effective priming of T-cells.
When activated in the context of polarizing cytokines, the
CD4* T-cells differentiate into functionally distinct subsets.
IFN-v, the signature cytokine of Thl cells expressing the
transcription factor T-bet, is critical for controlling the acute
erythrocytic stage of infection. In addition, IL-12 is also
critical for the induction of protective immune responses.
The available experimental data suggest a role of IFN-y in
activating macrophages, which is considered an important
mechanism of action of this cytokine leading to opsoniza-
tion of infected red blood cells (RBCs). IFN-y also induces
macrophage colony-stimulating factor (M-CSF) and plays
a key role in the function and antigen-presenting capacity
of myeloid cells. Along with T-bet™ Thl cells, IFN-y is
also secreted by NK1 cells, NKT cells and yd T-cells [23].
Elevated IFN-y also results in overexpression of toll-like
receptors (TLRs) by host cells. These TLRs, along with their
adaptor signaling molecule MyD88, can recognize a vari-
ety of plasmodium-derived components [24]. TLRs are also
essential for the generation of the initial pro-inflammatory
response during blood-stage of infection, ultimately result-
ing in systemic pathology and malarial symptoms such as
the onset of fever. Another Thl-cell associated cytokine,
IL-2, is critical in activating NK-cells which mediate direct
cytotoxicity against infected erythrocytes. On the other
hand, several studies have also reported pathological roles
of Thl cells and IFN-y during Plasmodium infection. For
example, uncontrolled expression of IFN-y results in atypi-
cal memory B-cell formation, leading to impairment of
humoral immunity.
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The early activation of Th1 cells thus controls parasitemia
through secretion of cytokines and effector molecules by
cells such as macrophages and NK-cells, which is followed
by Th2 responses that induce humoral immune responses to
aid in clearing the pathogen. Th2 cells are primarily charac-
terized by secretion of cytokines such as IL-4 and IL-5 and
expression of the transcription factor GATA-3. IL-4 is the
defining cytokine of Th2 cells and plays a critical role in pro-
moting B-cell class-switching. Thus, IL-4 is responsible for
enhancing humoral immunity during parasite infection. In
addition to Th1 and Th2 cytokines, IL-10 has been shown to
regulate immune response by suppressing the uncontrolled
expression of pro-inflammatory cytokines induced by Th1
cells. Additionally, IL-10 mediates suppression of excessive
inflammation by enhancing the expression of immune check-
point molecules and downregulating the expression of MHC
class II and co-stimulatory molecules on APCs.

Recently, another subset of CD4* T cells, T-follicular
helper (Tfh) cells, have been reported to produce IL-21,
which is critical for the induction of protective humoral
immune responses. IL-21, along with inducible T-cell co-
stimulator (ICOS), promotes the activation and maturation
of parasite specific B-cells as well as formation of memory
B-cells. These factors can also downregulate the expression
of BCL-6 and programmed death-1 (PD-1) during forma-
tion of the memory B-cell population. While both Tfh and
Th1 memory T-cells mediate secondary immune reactions
in malaria, Tth1-like memory cells are less protective as
compared to Thl-like memory cells. Additionally, the Th17
subset of CD4" T-cells that expresses the transcription factor
ROR-vt has gained attention in the field, owing to its role in
chronic inflammation. Like Tfh cells, these cells can secrete
IL-21, suggesting a role in supporting germinal centre B
(GC-B) cell differentiation. They also secrete IL.-22, which
is essential for protection against inflammatory pathology.

Another major contributor to malaria immunoregula-
tion is CD4" CD25*FOXP3* regulatory T-cells (Tregs),
which are broadly classified into two distinct subsets: thy-
mus-derived Tregs (t-Tregs) and peripherally derived Tregs
(p-Tregs). These cells are induced during the erythrocytic
stage of malaria infection, following TGF-f activation.
These cells can regulate adaptive immune responses to pre-
vent immunopathology associated with excessive inflamma-
tion and reactivity to self-antigens, thus increasing self-toler-
ance. They modulate proliferation, cytokine production and
survival of effector T-cells. Furthermore, Tregs also regulate
the maturation and function of APCs.

Early activation of Thl responses assists in limiting the
growth of malaria parasites through activation of effec-
tor cells such as macrophages, DCs, and NK cells. This
is followed by a Th2 response that is responsible for com-
plete clearance of parasites by activating humoral immune
responses. In addition to T cell-mediated immune responses,
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antibodies produced by B cells can provide partial protec-
tion. Together, these studies demonstrate that the antibody-
mediated immune response against Plasmodium parasites is
crucial for reducing parasite burden but is not sufficient to
provide effective control over the disease. Nevertheless, both
cellular and humoral immune components are important and
necessary for mediating protection against infection.

Mesenchymal Stem Cells (MSCs)
as an Immunotherapy for Malaria

MSCs: Properties, Inmunophenotype
and Therapeutic Potential

MSC:s are a heterogenous population of cells, characterized
by their capacity to differentiate into a variety of mesoder-
mal lineages such as adipocytes, chondrocytes, and osteo-
blasts, thus promoting tissue protection and restoration.
Their clonogenic potential and multipotency to differentiate
into different cell lineages is decided by the in vivo envi-
ronment. Apart from their ubiquitous presence in the bone
marrow, these cells are found in the connective tissue of
almost every organ such as skeletal muscle, adipose tissue,
umbilical cord, circulatory system, dental pulp, and amni-
otic fluid, as well as fetal blood, liver, bone marrow, and
lungs [25]. In each tissue, a distinct set of surface antigens is
expressed by MSCs, which imparts phenotypic heterogene-
ity and also enhances tissue repair and regeneration through
the secretion of various soluble factors. The capacity of
MSC:s to alter the tissue microenvironment and to display
multi-potential activities makes them suitable candidates
for the development of effective stem cell-based regenera-
tive medicines. Figure 1 represents some of the important
mechanisms underlying the protective role of MSCs in bio-
logical systems.

Phenotypically, MSCs express a large number of cell sur-
face markers such as CD105, CD73, CD44, CD90, CD71,
CD73, and Stro-1, together with adhesion molecules such
as CD106 (vascular cell adhesion molecule [VCAM]-1),
CD166 (activated leukocyte cell adhesion molecule
[ALCAM)), intercellular adhesion molecule (ICAM)-1,
and CD29 [26-31]. However, expression of these markers
may differ depending on the tissue of origin and various
immunological conditions. This heterogenous expression of
surface markers on MSCs results in substantial diversity in
their differentiation potential. Additionally, these cells lack
conventional haematopoietic markers such as CD45, CD34,
CD11, CD14, endothelial cell marker CD31, and other co
stimulatory markers such as CD80, CD86 and CD40 [32].

Over the past few decades, a large number of preclinical
and clinical studies have explored MSC-based treatments
in many disease conditions such as cancer, Parkinson’s
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Fig. 1 Schematic representation
of the functions of mesen-
chymal stem cells (MSCs) in
biological systems
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disease, Huntington’s disease, transplantation, myocardial
infarction, osteogenesis imperfecta, neurological disorders,
graft-versus-host disease (GVHD), rheumatoid arthritis,
multiple sclerosis, diabetes, and acute respiratory distress
syndrome [33-44]. Recently, stem cell therapy has been
investigated to treat many parasitic infections and it has
become a potential alternative treatment option along with
conventional drugs. The therapeutic potential of MSCs is
primarily mediated by secretion of various soluble mol-
ecules, chemokines, cytokines and growth factors that are
produced in response to specific stimuli. Following stimula-
tion, MSCs migrate to the target tissue via the circulation to
impart local reparative effects through paracrine secretion
of soluble factors and cell-cell contact. Although the exact
mechanism of migration is not yet fully understood, it is
assumed that various soluble chemokines and their receptors
are involved in migration and recruitment of MSCs. One of
the most attractive aspects of MSCs is their immunomodula-
tory potential, which has been extensively studied over the
past few years. They are considered potent immunomodula-
tors of the immune system either by cell-cell contact or by
secretion of various biologically active molecules, cytokines
or growth factors affecting both innate and adaptive immune
responses. Recent investigations have provided evidence that
MSCs exhibit significant plasticity in their immunomodula-
tory properties, which has been attributed to the level and
nature of inflammation in their microenvironment [45, 46].
Thus, in different disease conditions, the immunoregulatory
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roles of MSCs are determined by the inflammatory niche
that ultimately affects their therapeutic potential. A better
understanding of the plasticity of MSC-mediated immu-
noregulation may help to develop therapeutic regimens.

The ubiquitous presence of MSCs throughout the body,
together with the ease of their isolation and their rapid
capacity to expand, have expedited the use of these cells as
a treatment of choice in cell-based therapies. MSCs are well
known for their capacity to activate the immune response
by altering the proliferation, maturation and differentiation
capacity of immune cells such as T and B cells. These prop-
erties also have encouraged the application of MSC-based
therapies of immune-related disorders. MSCs are also con-
sidered important mediators of erythropoiesis by altering
the bone marrow microenvironment in favour of prolifera-
tion and differentiation of precursor cells over committed
erythrocytes.

The bone marrow (BM) microenvironment is composed
of heterogeneous cell populations of haematopoietic and
non-haematopoietic origin that are essential for the survival
and maintenance of stem cells. This BM niche includes vari-
ous cell types such as haematopoietic stem cells (HSCs),
MSCs or stromal cells, and other multipotent adult pro-
genitor cells. MCSs produce cytokines and haematopoietic
growth factors through an autocrine or paracrine mode that
facilitates the proliferation, differentiation and regeneration
of HSCs. The major cytokines produced by MSCs include
interleukin-6 (IL-6), Fms-related tyrosine kinase 3-ligand
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F1t3-L (FL), stem cell factor (SCF), granulocyte colony-
stimulating factor (G-CSF), macrophage colony-stimulating
factor (M-CSF), granulocyte—macrophage colony-stimulat-
ing factor (GM-CSF), thrombopoietin (TPO), C-X-C motif
chemokine ligand 12 (CXCL-12), and interleukin-11 (IL-11)
[30, 47]. These cytokines play central roles in haematopoie-
sis, promoting expansion, proliferation and differentiation
of different haematopoietic cell lineages. Haematopoiesis is
the cumulative result of various signalling pathways that are
mediated by a complex interplay of cytokines and soluble
growth factors. Cytokines released by MSCs in conjunction
with other factors activate multiple signalling pathways of
haematopoiesis, such as Wnt, Notch, Hedgehog and TGF-f/
SMAD [48, 49].

MSC-Mediated Inmunomodulation in Malaria

Immunomodulation is referred to as a process aimed at mod-
ifying the immune response. In malaria, different immune
cells are activated at different tissue sites following expo-
sure to both asexual and sexual parasite stages, which ulti-
mately results in hyper activation of the immune response.
Host immune responses play a critical role in the initiation,
severity and outcome of malaria. Various approaches and
advanced treatment options have been employed to modu-
late the immune system in malaria. In most human studies,
administration of conventional single or combination drug
therapy has been attempted to modulate malarial immunity.
However, cytokines or anti-cytokine antibodies, antibodies
against adhesion molecules, and adjuvant drug therapies also

Fig.2 Mesenchymal stem cells
mediate protective immu-
nomodulation during murine
malaria
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have been explored. Cell-based therapies have emerged as a
promising option for a variety of diseases, including malaria.
Stem cells in malaria were first evaluated in 1991, show-
ing that multi-potent haematopoietic stem cells increase the
survival in Plasmodium berghei infected mice [50]. This
work prompted studies with MSCs isolated from second-
ary lymphoid organs of P. berghei infected mice, which
conferred host resistance against malaria upon adoptive
transfer through enhanced production of the pro-inflam-
matory cytokines IL-6, IL-12 and TNF-a, and suppression
of IL-10, an anti-inflammatory cytokine. Furthermore, in
this model, MSCs also inhibit the accumulation of malaria
parasite-induced Tregs which are the key mediators of
immune responses and whose numbers increase during
human or murine malaria [6, 51]. In addition, MSCs hin-
der the induction of the inhibitory co-stimulatory receptor
programmed death-1 (PD-1) by T cells upon infection with
malaria parasites [52]. Moreover, Plasmodium infection
results in depletion of CD4* and CD8* T-cells, and infusion
of MSCs from malaria-infected animals restores the prolif-
eration of CD4* and CD8" T-cells (Fig. 2). MSCs induced
during malaria infection are known to exhibit inflammatory
properties, as these cells were unable to produce NO. As a
consequence, it was suggested that MSCs induced during
malaria infection exhibit inflammatory properties and pro-
mote cellular immune responses that protect against malaria.
In another study of experimental cerebral malaria (ECM)
the protective effects of BM-MSC therapy in multiple organ
dysfunction were evaluated. Infusion or transplantation of
BM-MSCs resulted in reduction of parasitaemia and malaria
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pigment deposition along with an increase in CD11b™ cells
in spleen. Additionally, an increase in the number of tissue-
protective astrocytes and oligodendrocytes in BM-MSC-
treated mice was observed, implicating their role in tissue
repair [53]. Although the inflammatory process remained
unaffected, there was a substantial increase in phagocytic
neutrophils in the brain [54]. Further, there was an increase
in hepatocytes and Kupffer cell regeneration in mice that
might be due to the inherent regenerative ability of MSCs.
Surprisingly, these alterations did not appear to be associ-
ated with changes in the expression of pro-inflammatory
cytokines, including IFN-y, TNF-a, VEGF, and chemokine
(C-X-C motif) ligand 1 (CXCL1) post-infection in lungs of
BM-MSC-treated mice. Although this study explained the
protective role of BM-MSCs by increasing host survival, the
duration of observation in this study was relatively short.
Therefore, evaluation of the effect of MSC therapy over an
extended time period during Plasmodium parasite infection
may provide more insight before considering clinical trials.

The potential capacity of MSCs to synergize with currently
available antimalarials should also be explored. A recent study
showed that combined treatment of MSCs with chloroquine,
using a mouse model of cerebral malaria, increased the adher-
ence of leukocytes in the brain microvasculature and resolved
depression and anxiety like-behaviours [55].

MSC-Mediated Regulation of Erythropoiesis
in Malaria

Various mediators produced by host adaptive immune
responses as well as metabolites secreted by the parasite
are responsible for pathological conditions associated with
malarial anemia. Ineffective erythropoiesis and dyseryth-
ropoiesis are major contributing factors responsible for
worsening the condition during Plasmodium infection.
Dyserythropoiesis results in the increased removal of circu-
lating infected and uninfected erythrocytes and decreased
production of mature erythrocytes from the bone marrow
due to defective development of erythrocytes that eventually
suppresses the normal erythropoietic responses [56, 57]. As
a consequence of infection and hemolysis of infected eryth-
rocytes, severe malarial anemia develops that compromises
recovery from infection, ultimately resulting in increased
morbidity and mortality [58]. During the process of hemoly-
sis, host hemoglobin is degraded by Plasmodium proteases
and converted into hematin, which is toxic to the parasite.
To overcome this toxicity of hematin, the Plasmodium para-
sites developed a mechanism of detoxification by convert-
ing hematin to non-toxic insoluble hemozoin [59]. The total
amount of hemozoin accumulated in the host is indicative
of parasite load that is potentially responsible for dyseryth-
ropoiesis and decreased erythrocyte production. A recent
report has provided support for MSC-mediated regulation of

erythropoiesis in a mouse model of malaria [6]. Hemozoin
levels seem to be directly associated with parasite load and
therefore reduced levels of hemozoin after infusion of MSCs
are a clear indication of reduced parasitaemia. Reduction of
hemozoin content strongly suggests the potential of MSCs
to improve erythropoiesis.

In addition to dyserythropoiesis, the erythropoietic
response is characterised by altered erythroid precursors.
Erythropoiesis is a well-regulated process in which eryth-
roid progenitors proliferate and differentiate to ultimately
generate RBCs in the circulation. It is a multi-step process
whereby bone marrow haematopoietic stem/progenitor cells
(HSPC) differentiate into committed erythroid progenitors
generating colony-forming unit-granulocyte, -erythrocyte,
-monocyte, and -megakaryocyte (CFU-GEMM) cells.
CFU-GEMM then differentiate into more committed burst-
forming unit-erythroid (BFU-E) cells. BFU-E are the earliest
progenitors exclusively committed to the erythroid lineage
to become colony-forming unit-erythroid (CFU-E) cells.
Mature erythrocytes are generated when CFU-E enter into
a terminal differentiation process: pro-erythroblasts—eryth
roblasts—reticulocytes—erythrocytes. A number of in vivo
studies explain the erythropoietic response following infec-
tion by murine Plasmodium species. Generally it has been
observed that erythroblasts, BFU-E, and CFU-E numbers
decrease within 24 h after infection with P. berghei [60].
A similar study with Plasmodium yoelii 17XL also showed
a decline in the BFU-E population in bone marrow [61].
A recent study showed increased numbers of CFU-E col-
onies and decreased numbers of BFU-E colonies in mice
infused with MSCs using in vitro colony forming assays
[52]. This observation suggests increased differentiation of
BFU-E towards more mature CFU-E, which is indicative of
enhanced erythropoiesis in the presence of MSCs (Fig. 3).
Thus, MSCs act as positive regulators of erythropoiesis,
making them attractive targets for treatment of malarial ane-
mia. Moreover, malaria infection leads to reduced expres-
sion of the GATA-1 transcription factor, which likely plays
arole in this reduced erythropoiesis. Infusion of MSCs was
also found to enhance the expression of GATA-1. GATA-
1, commonly referred to as a master transcription factor of
the erythroid lineage, plays an important role in the differ-
entiation of BFU-E to CFU-E, which is facilitated by the
mediator subunit MED1/TRAP220 [7-9]. By performing
in vitro studies, it has been observed that MED1/TRAP220
binds to GATA factors that forms a bridge between these
transcription factors and the RNA polymerase Il machinery
[7]. Further studies are needed to determine the mechanisms
involved.

MSCs regulate the generation of HSCs and their capac-
ity to differentiate into committed cell lineages through
direct cell—cell contact and secretion of various cytokines
[62]. To study the dynamic balance of the haematopoietic
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Fig. 3 Mesenchymal stem cells MSCs
involved in reprogramming +

of malaria-induced dyseryth- ),
ropoiesis by enhancing the
differentiation of erythroid
progenitors

Plasmodium infected mice

- BM-MSCs

Increased differentiation
of erythroid progenitors

CFU-E T
BFU-E

compartment, Belyaev et al. (2010) reported the existence of
a Lin"IL-7Ra*c-Kit" progenitor cell subset that has both mye-
loid and lymphoid potential under in vitro culture conditions.
Transplantation of these cells induced atypical IL-7Ro"¢c-Kit™
progenitor cells in Plasmodium chabaudi infected mice, which
upregulated the proliferation of myeloid biased progenitors
that contributed to clearance of parasite-infected erythro-
cytes. The expansion of these progenitor cells appeared to
be critically dependent on IFN-y signalling [63]. Another
study showed that MSCs make a major contribution to hae-
matopoietic progenitor cell proliferation and differentiation in
malaria by enhancing the differentiation of CD34* cells. Since
CD34" HSCs have an intrinsic capacity to give rise to all blood
cells, this mechanism might contribute to the repair of malaria
parasite-induced tissue injury [52]. Moreover, cytokines such
as IL-12 that are responsible for self-renewal and differentia-
tion of multipotent progenitor cells are also induced.

While preclinical studies have raised enthusiasm for MSC-
based therapies of malaria, translation of these findings to human
patients will require studies to determine the best source for MSC
isolation and to explore the ultimate fate of these cells after infu-
sion. Figure 3 provides a proposed experimental design to study
the possible role of MSCs in reprogramming erythropoiesis.

Conclusions and Future Prospects

Stem cell therapy is an emerging treatment for a wide
variety of human disorders. It has also been successfully
introduced in the treatment of many fatal parasitic infec-
tions posing a global health threat. In malaria, attempts at
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stem cell therapy were initiated in the early 90’s and the
advantages of employing MSCs were subsequently real-
ized. The multifaceted and versatile properties of MSCs in
mediating protective immune responses and maintaining
the haematopoietic niche have attracted the exploration of
MSC:s as a therapeutic approach for malaria-induced dys-
erythropoiesis and immune alterations. The role of MSCs
as niche cell organizers and immunomodulators provides
both opportunities and challenges in the development of
stem cell-based therapies.

A comprehensive analysis of the mechanisms by which
MSCs can protect against malaria should be performed.
Thorough evaluation is required to explore the clinical
effectiveness of MSCs in malaria infection by various
strains of Plasmodium parasites. It will also be impor-
tant to pursue the pattern and impact of protection using
primed as well as naive MSCs. This approach will enable
us to obtain a better understanding of the capacity of
MSCs to modulate immune responses and eventually opti-
mize protocols for their ex vivo expansion for clinical use.

As a variety of exogenous factors may greatly impact
the biological properties and efficacy of MSCs, it is criti-
cal to obtain a better understanding of the fate of MSCs
following their infusion into the host. Along with this, for
improved clinical efficacy, it is also important to have in-
depth knowledge of the dose as well as route of administra-
tion. Appropriate evaluation of efficacy at both preclinical
and clinical levels will help to determine the therapeutic
potential of MSCs when administered to patients. With a
deeper understanding of the immunomodulatory properties
and impact on erythropoiesis by MSCs, it should become
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possible to establish a new clinical paradigm in malaria
research.
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