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Abstract

Acquired aplastic anemia (AA) is characterized by partial or total bone marrow 
(BM) destruction resulting in pancytopenia. Most of the acquired AA is the result 
of autoimmune condition the imbalance between T-regulatory cells (Treg), abnor-
mal cytokines production and cytotoxic T cells activation, leading to the hemato-
poietic stem cells (HSCs) death. The first-line treatment is given by HSC transplant, 
but some patients did not respond to the treatment. Therefore, new technologies 
need to treat AA nonresponder patients. Studies are in progress to test the efficacy 
of stem cell-based therapeutic as mesenchymal stem cells (MSCs), which confer 
low immunogenicity and are reliable allogeneic transplants in refractory severe AA 
cases. Furthermore, MSCs comprise the BM stromal niche and have an important 
role in supporting hematopoiesis by secreting regulatory cytokines, providing 
stimulus to natural BM microenvironment. In addition, MSCs have immunomodu-
latory property and are candidates for efficient supporting AA therapy.

Keywords: allogeneic transplant, mesenchymal stem cell,  
immune-mediated aplastic anemia, paracrine effects, immunomodulation

1. Introduction

Aplastic anemia (AA) is a rare disease, caused by bone marrow (BM) aggression 
resulting in hypo or aplastic BM with precocious fat replacement and consequently 
to peripheral blood pancytopenia [1, 2]. The autoimmunity process in AA occurs 
due to the activation of the oligoclonal cytotoxic T cells that will lead the hema-
topoietic cells to apoptosis. Its triggering occurs by the imbalance between CD8 
+, CD4 +, T-Helper (Th), Th type 1 (Th1), Th type 2 (Th2), Th17 type (Th17), 
Natural Killer (NK) and T-regulatory cells (Treg). Besides, there is also an abnormal 
production of proinflammatory cytokines, such as tumor necrosis factor-alpha 
(TNF-α), interferon-gamma (IFN-γ) and transformed growth factor (TGF) [3–7].

For severe cases, immunosuppressive therapy is accepted as the first-line treat-
ment option and the allogeneic transplantation of BM and hematopoietic stem cells 
(HSCs). However, 30–40% of patients with severe aplastic anemia (SAA) remain 
pancytopenia following the treatment. The transplant option still has a restricted 
number of compatibility between suitable donors. Additionally, patients aged 
>50 years are not eligible for transplant [8].
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A new viable alternative for the treatment of AA has been sought and the use 
of mesenchymal stem (MSCs) therapy may be a promising therapeutic candidate 
mainly because of their hypoimmunogenicity and the lack of rejection after trans-
plants and immunomodulatory effects, which may promote decreasing the symp-
toms of the disease [9, 10]. These benefits are attributed to the paracrine effects, 
above all by its ability to regulate the immune system [11].

Actually, is known that MSCs have wide therapeutically potential attributed 
by paracrine effects and the past decades have seen explosion research directed to 
understand better these MSCs mechanism and function [12]. One of the main and 
most important features of MSCs is the low expression of human leukocyte antigen 
(HLA) class I, with no expression of HLA class II. This feature allows the cell to 
be characterized as hypoimmunogenic, since it does not stimulate the patient’s 
immune system and can be used safely in transplants [13]. More recently, the stud-
ies showed that the main cause of AA is autoimmunity. Through the secretion of 
bioactive molecules, MSCs have the capacity of regulating immune responses. The 
mechanism of MSCs may decrease secretion of proinflammatory cytokines such as 
transforming growth factor (TGF), IFN-γ TNF-α, interleukin (IL)-17 and increase 
secretion of many soluble mediators, including anti-inflammatory cytokines stimu-
lation that inhibit antigen-presenting cells (APCs) functions, which are capable to 
decrease proliferation of dendritic cells (DCs) and regulate macrophage activity by 
polarizing proinflammatory phenotype (M1) to anti-inflammatory phenotype (M2) 
[14, 15]. Therefore, the decrease of B cells proliferation and antibodies production 
and adjustment of T cells activities as well as inhibit the proliferation of cytotoxic T 
cells and stimulate Treg activity [16].

MSCs therapy has gained space due to its vast therapeutic potentials such as 
immunomodulation mechanisms and main safety as bioproduct. Thus, this chapter 
will discuss the challenges of allogeneic MSCs as an alternative for an efficient 
therapeutic in AA immune-mediated treatment.

2. Aplastic anemia: general features

AA is a disorder characterized by BM hypocellularity, and peripheral blood 
pancytopenia due to a deficit of HSCs. It affects mostly children, young adults, and 
adults, over 60 years of age [17]. This condition can be similar to other hematologic 
disorders, however, in most cases, the AA is caused by reduced HSCs function, an 
increase in HSCs apoptosis level, consequently, the decreased of HSCs and hemato-
poietic progenitors and lastly, microenvironment fat replacement [18, 19].

Following the patient diagnosis, AA can be considered as moderate or severe. 
The patients with pancytopenia may present symptoms of anemia purpura or 
skin hemorrhage, and in most of the cases there is an infection association, that 
may worsen the symptoms [20]. Three main criteria are used for the diagnostic: 
neutrophil count lower than 0.5 × 109 cells/L, reticulocyte count lower than 1% and 
platelet count lower than 20 × 109 cells/L [21]. To confirm acquired AA, the clinical 
case must be differentiated from other hematological diseases, as well as from the 
signs of malignant cell transformation or myelodysplasia [22].

Normally the first AA etiology is uncertain and for this reason, the disorder is 
considered heterogeneous in origin and characterized as idiopathic [23]. AA is asso-
ciated with exposures to chemical agents (pesticides and benzene), cytotoxic drugs 
(antineoplastics, antibiotics, non-steroidal anti-inflammatory drugs), active viral 
infections exposure (Epstein Barr, hepatitis virus, human immunodeficiency virus 
parvovirus) and radiation exposure [18, 24, 25]. However, these causes considered 
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secondary etiologies, since the studies are directed to the primary etiology of AA 
to autoimmunity [26, 27]. AA pathogenesis involves an immunity dysfunction, 
initially provoked by the activated T cells [23], which leads to an abnormal hemato-
poietic microenvironment, destruction of hematopoietic stem/progenitor cell and 
differentiation deficiency. These findings suggest that the immune system plays an 
important role in the pathogenesis of AA.

2.1 AA pathophysiology

Currently, the studies of AA etiology are focused on the immune mechanism of 
hematopoietic cells destruction. Many researchers [28, 29–31] have demonstrated 
that the dysfunction of T cells might be a key factor in recent characterization as 
an autoimmune disease [28]. Most of the acquired AA is the result of an immune-
mediated process as an imbalance between CD8+ and CD4+ T cells, including Th1, 
Th2, Treg and Th17 cells, NK, and natural killer T cells (NK T) that leads to apopto-
sis of BM cells triggered by cytotoxic T cells activation [6, 17].

The abnormal immunoregulatory cell functions observed in AA can be attribut-
able to abnormal antigen stimulation and some inappropriate T cells activation 
[28]. Studies demonstrated that patients with AA have a significantly increased 
proportion of Th1 cells, and showed a reduced fraction of natural killer T cells and 
regulatory T cells, together with an increased level of TNF-α, a consequent eleva-
tion of IL-6, IL-8, and IL17 productions [18]. Additionally, there is also an abnormal 
production of proinflammatory cytokines including IFN-γ and TGF [4, 5, 28, 32]. 
The new T cells subset was characterized as Th17 and currently is known that both 
Th17 cells and the cytokine IL-17, which is secreted by Th17 cells, also is in an asso-
ciation with AA pathogenesis [31]. Studies showed that AA patients who presented 
an increase in the frequency of Th17 cells had a positive correlation with an increase 
in the IFN- γ and IL-17 expression. Autoimmunity promotes inflammatory Th17 
immune responses that contributed to disease pathophysiology [29].

Otherwise, AA is attributed to inappropriate antigen stimulation and abnormal 
APCs activation [28], resulting in the priming of T cells specific for hematopoietic 
cells [33, 34]. APCs exhibit a significant increase in the expression of major histocom-
patibility class 2 (MHCII), increasing the recognition of CD4+ T cells. In AA, T cells 
are also stimulated by unknown antigens or abnormal APC activation as DCs and 
macrophages, which trigger a series of immune responses. Studies have shown that 
immunoregulatory cell dysfunction leads to a corresponding immune tolerance disor-
der and renders the body unable to recognize autologous hematopoietic cells [28].

Although the definitive mechanism has not been identified, some genetic factors 
are the targets of ongoing research, such as the molecular basis of the aberrant 
immune response and hematopoietic cell deficiency, telomere repair gene muta-
tions in the target cells and unregulated T cell activation pathways and cytokine 
genes polymorphisms [9, 26, 28]. These changes in the nucleotide sequence and 
gene regulation are associated with an increased immune response and suggest a 
genetic basis for aberrant T cells activation in BM failure [35].

2.2 AA treatment

The treatment depends on the severity of the disease, once for moderate 
cases are based on red blood cell (RBC) transfusions, on platelet transfusions to 
prevent bleeding, and on supportive care in association with antibiotic aiming to 
reestablish blood cell volume and prevent secondary infections [17]. However, the 
pancytopenia of many moderate cases may progress to severe [21]. For severe cases, 
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immunosuppressive therapy is accepted as a first-line treatment option. However, 
30–40% of patients with SAA remain pancytopenia following the treatment. 
Patients with SAA, which are refractory or have a relapse after immunosuppres-
sive treatment, may undergo allogeneic hematopoietic stem cells transplantation 
(HSCT). However, about one-third of patients do not have a suitable donor for 
HSCT. Additionally, patients aged >50 years are not eligible for transplant [8].

Furthermore, the immunosuppressive drug treatment has several side effects 
on patients. On the other hand, the patients often do not respond adequately to 
the therapies and are not suitable for life treatment (refractory patients) [24]. 
Therefore, immunosuppressive drugs are considered supporting AA treatment, 
once it does not promote the cure [20].

2.3 Allogeneic transplantation and alternative methods for AA treatment

Generally, patients are treated with allogeneic HSCs or whole BM transplanta-
tions, which replace since HSCs, hematopoietic precursors, until differentiated 
bloodstream cells and immune system cells. However, in all types of transplants, 
the treatment involves a combination of immunosuppressive agents or radiation 
therapy to prevent and to eliminate residual host BM [24]. The transplantation 
success varies according to risk factors, such as age and mainly histocompat-
ibility allogeneic HLA-matched sibling donors, which are rare for the majority of 
patients. Despite being well established for many years, the transplanted patients 
can trigger late complications, such as the development of graft versus host disease 
(GVHD) and infections, especially in patients who have received hematopoietic 
grafts from HLA antigen matched donor [36, 37]. Studies show that the incidence 
of GVHD after unrelated donor transplantation can achieve ∼14%, and overall 
survival index was 57% for all 8 HLA-loci matched transplants and 39% for 1-loci 
mismatched transplant [38]. Thus, for BM and HSCT, the immediate challenge is 
the extension of stem cell therapies to all patients, regardless of age, with a histo-
compatible sibling [24].

Since then a new viable alternative for the treatment of AA has been sought 
and the use of MSCs transplantation becomes of choice. The MSCs therapy may 
be a promising therapeutic candidate mainly because of their hypoimmunoge-
nicity, the lack of rejection after transplants and immunomodulatory effects, 
which may promote decreasing the symptoms of the disease [39]. These benefits 
are attributed to MSCs paracrine effects, above all to their ability to regulate the 
immune system. MSCs may help for AA treatment, especially for autoimmune 
type [11].

3. Mesenchymal stem cell: general features

MSCs are multipotent progenitors, which were first isolated from an adult 
organism by Friedenstein and colleagues in 1968, and described years later by 
Caplan and colleagues [40, 41]. These cells include firstly an inherent autocrine 
effect, as self-renewal and differentiation potential for a variety of cell types, as 
main adipocytes, osteoclasts, and chondrocytes [42], depending on the surround-
ing microenvironment conditions [43]. Currently, such cells have shown to be 
isolated from many postnatal and adult tissues, such as adipose tissue, umbilical 
cord, placenta, dental pulp, and others [44, 45].

Initially, the mechanism therapeutic potential of the MSCs was based only 
on the potential for regeneration through cellular self-renewal and its plasticity. 
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Further studies have shown low engraft of MSCs in injured areas that questioned 
the hypothesis that MSCs repair tissue damage by replacing cell loss with newly 
differentiated cells [46, 47].

3.1 MSC: paracrine effects

It is known that MSCs have wide therapeutically potential attributed to paracrine 
effects and the past decades explosion research was directed to understand better 
these MSCs mechanism and function [12]. Although the therapeutic mechanisms of 
MSCs are not yet well characterized, it is possible to say that their paracrine effects 
consist in the secretion of bioactive molecules such as a variety of cytokines and 
growth factors as like anti-inflammatory, anti-apoptotic and angiogenic [46–51].

MSCs can to migrate to the lesion site through signals from specific chemokines. 
This process called homing consists of the steps of activating adhesion molecules, 
rolling to the endothelium, adhesion, and migration to the tissue that is the source 
of chemokine inflammation production [52, 53]. The current hypothesis is that 
paracrine factors secreted by MSCs promote protective microenvironment and 
repair by local tissue-resident progenitor populations, favoring the hypothesis of 
detecting favorable effects even in the absence of the cells at lesion sites [54].

3.2 MSC: immunogenic effect and safety for transplantation

One of the main and most important features of MSC is the low expression of 
HLA class I, with no expression of HLA class II. Also, MSCs do not appear to express 
the co-stimulatory molecules CD80 or CD86 required for effector T cell induction 
[55]. The absence of co-stimulatory molecules implies that any residual engagement 
of the T cell receptor on Th cells would result in absence of the normal immune 
response to a particular antigen and contribute to tolerance rather than allogeneic 
responses. This feature allows the cell to be characterized as hypoimmunogenic, 
since it does not stimulate the patient’s immune system and can be used safely in 
transplants [113. As well, MSCs have properties attributed to immune functions, 
indicating their ability to immunomodulatory activity. Studies indicated that MSCs 
can regulate immune responses during chronic inflammation through the innate and 
adaptive immune system, regulating the recruitment and their function [56, 57].

3.3 MSC: immunomodulatory potential

The paracrine effects of MSCs may have great importance in the treatment of 
autoimmune diseases. Through the secretion of bioactive molecules, MSCs have the 
capacity of regulating immune responses. These cells can regulate adaptive immune 
responses through multiple redundant pathways, interacting with various immune 
cells and secreting soluble mediators such as IL-6, IL-10, prostaglandin E2 (PGE2), 
nitric oxide (NO), transforming growth factor-β1 (TGF-β1), and hepatocyte 
growth factor (HGF), indoleamine-pyrrole 2, 3-dioxygenase (IDO) [58, 59]. They 
can regulate APCs activity, decreasing maturation and proliferation of DCs [14]. 
MSC also may regulate macrophage activity by polarizing its pro-inflammatory 
phenotype (M1) to its anti-inflammatory phenotype (M2) [15]. Therefore, suppress 
T cell proliferation and activation and regulate the differentiation of Th cells and 
act on the humoral response by inhibiting of B cell activation and antibody produc-
tion [60]. MSCs may also reduce pro-inflammatory cytokines proliferation, such 
TNF-α, which has an important role of the pathogenesis of autoimmune diseases 
and chronic inflammation (Figure 1) [14, 16, 61].
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4. MSC mechanism in AA treatment

The first paracrine effect, showed for MSCs, was the capacity to support HSCs 
growth in vitro. Afterward, adipose tissue (AT) – derived MSCs also supported HSCs 
growth in vitro [62, 63]. Therefore, the most successful clinical application of  
MSCs is involved in the hematological disease.

At BM microenvironment, MSCs niche supports hematopoietic cells and 
produce factors recruiting HSCs and supporting hematopoiesis [64]. This mecha-
nism occurs through chemokine secretion of C-X-C motif chemokine ligand 12 
(CXCL12), which acts on the homing regulation of HSCs, regulating the stages of 
adhesion, expansion and migration [65, 66]. The secretion of other factors is also 
important in the proliferation of HSCs mechanisms such as Flt-3 ligand (FLT3LG) 
[67], thrombopoietin (TPO) [[68] and IL-6 [17]. That despite being a proinflam-
matory cytokine in general, when IL-6 is secreted in BM microenvironment, is 
capable to stimulate hematopoiesis [69, 70].

More recently, the studies showed that the main cause of AA is autoimmunity. 
This process occurs in the result of an imbalance between CD8 + and CD4 + T 
cells, including Th1, Th2, Th17, NK, leading to the death of hematopoietic cells 
and their precursors [28]. Many studies have hypothesized that the onset of the 
immune imbalance in AA begins by stimulating APCs through an unknown antigen 
resulting in the T cells activation [71]. Another important mechanism of MSCs is 
the immunomodulation mechanism. MSCs can act directly on AA imbalance by T 
cells suppression, inhibiting activation and proliferation of T cells [72]. MSCs also 
inhibit the secretion of two important cytokines present in the pathology of AA, the 

Figure 1. 
Benefits of MSCs paracrine effect (immunomodulatory) on immune cells imbalance. MSCs secrete many 
soluble mediators, including anti-inflammatory cytokines stimulation that regulates APCs functions capable 
to decrease proliferation of DCs and regulate macrophage activity by polarizing proinflammatory phenotype 
(M1) to anti-inflammatory phenotype (M2). Therefore, they are responsible for humoral response regulation 
by the decrease of B cells proliferation and antibodies production. The APCs are also capable to regulate 
the T cell activities as well as inhibit cytotoxic T cell proliferation and upregulation and increase of Treg 
cells. MSCs may also promote the decrease of proinflammatory cytokines secretion. And act on the homing 
regulation of HSCs mechanism on stages of adhesion, expansion, and migration through chemokine and 
other factors secretion.
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INF-γ and TNF-α and stimulate the proliferation of Treg, promoting the production 
of the anti-inflammatory cytokine IL-10 Table 1 [73, 74]. In addition, some studies 
also show that MSCs also acts through its anti-apoptotic effects [75].

5. Biodistribution and engraftment of allogeneic MSC in BM

In the last years, several studies have been exploring intravenous administrations 
(IV) due to being safe and do not present morbidity risk for patients. However, still 
lack the data about the biodistribution mechanism of MSCs and about how these 
cells engraftment on the target organ, which is essential for the success of clinical 
studies. It is known that the biodistribution is influenced in vivo and in vitro condi-
tions. Stromal cell-derived factor 1 (SDF-1) (also known as CXCL12) is upregulated 
at sites of injury and acts as a chemoattractant to recruit circulating or residing 
MSCs expressing its cognate receptor CXC chemokine receptor 4 (CXCR4). It has 
been demonstrated that the CXCR4-SDF-1 axis is critical for BM homing [76]. 
Diverse studies demonstrate that some in vitro conditions may influence the expres-
sion of adhesion molecules [77, 78]. For instance, long expansion periods [79] and 
cells culturing at high density may reduce CXCR4 cell expression; the cells cultured 
at higher confluence secrete more metalloproteinase inhibitor 3, which decreases 
migration of MSCs when compared to those cultured at the low confluence [80]. 
Hypoxia condition may increase CXCR4 expression; on the other hand, hypoxia 
may decrease matrix metalloproteinase-2 secretion and an increase in membrane-
type 1 matrix metalloproteinase [81].

In vivo engraftment is influenced by interactions of MSCs with different types 
of immune cells that depend on their ability to respond to signals from the immune 

AA disorders x MSC benefits

Aberrant secretion of pro-inflammatory 

cytokines ↑IFN-γ ↑TNF-α ↑IL-17 ↑IL-2;

Immunomodulatory effect: Decreased secretion of 

proinflammatory cytokines, ↓IFN-γ ↓TNF-α ↓IL-17 ↓IL-2;

Imbalance between CD8+ and CD4+

T cells; ↑ Cytotoxic T cell ↓Treg

Regulation of T cell activity and Treg cell proliferation

↓ Cytotoxic T cell ↑Treg

Apoptosis of HSC and progenitor cells

↑ Apoptosis

Protect BM by antiapoptotic properties

↓ Apoptosis

BM hypoplasia Recovery of BM

↑ Hematopoiesis improvements

↑ CXCL12 ↑FLT3LG ↑TPO ↑IL-6

Abnormal APC activation

↑ DCs ↑ Macrophage

Regulate APCs functions

↓ DCs maturation and proliferation and

↓ Macrophages M1 activation

↑ Macrophages M2 activation

Abnormal humoral response

↑ B cells

↑ Antibodies production

Regulate humoral response

↓ B cells

↓ Antibodies production

Irregular activity of NK cells

↑ Cytotoxicity of NK cells

↓ Cytotoxicity of NK cells

MSC can decrease secretion of pro-inflammatory cytokines such as TGF, IFN-γ TNF-α, IL-17, regulate T cell activity, 
inhibit proliferation of cytotoxic T cells and stimulate Treg activity. MSC has anti-apoptotic properties, protects 
BM environment and recovery BM through cytoprotective effect and stimulates macrophages M2 activation and 
hematopoiesis improvements. MSCs may also regulate APCs functions, humoral response, and cytotoxicity of NK cells.

Table 1. 
Table shows disorders characterized in AA and the mechanism of action of MSCs in AA pathology.
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system. On the other hands, the MSCs biodistribution and homing depend on 
the host niche. Interesting the MSCs migration and homing to target tissue can be 
influenced positively by irradiation. It has been demonstrated an increased absolute 
number of human MSCs in the brain, heart, bone marrow, and muscles after total 
body irradiation and MSCs IV administrations in mice, when compared to the 
untreated control [82].

Some animal studies evidence that MSCs can engraftment in BM after systemic 
administration [83]. Studies in patients showed MSCs engraftment into BM 30 days 
after the second MSCs IV administration. Although, after MSCs infusion was 
observed no recovery of hematopoietic tissue, interstitial hemorrhage, edema, and all 
adipocytic necrosis disappeared in BM [84]. Other studies indicate the engraftment 
due to myeloid and plated recovery after HSCs and MSCs transplantation [85, 86].

6. MSC use in clinical studies

6.1 Clinical potential and market of MSC in hematopoietic disorders

MSCs have been implicated in immunomodulatory therapy, in particular, in 
GVHD treatment and as an adjunct to hematopoietic stem cell transplantation 
(HSCT) to help enhance engraftment [87, 88]. The first major clinical trial of MSCs 
(Prochymal) was for the treatment of steroid-refractory of GVHD (NCT00366145) 
[89, 90]. The primary endpoint of the study was complete remission at day 28 
after allogeneic BM-MSCs infusion but was not significantly increased compared 
to placebo [89, 91]. In 2012, MSCs have bens conditional approval to treat children 
GVHD in Canada, based on subset analysis that suggested children with GVHD 
were responsive to MSCs [89, 92, 93]. Many new studies have been developed in 
recent years; however, a few of them have attempted to look at biological correlates 
of response to therapy. Isolated studies reported serum biomarkers of GVHD 
severity including IL-2, tumor necrosis factor receptor 1 (TNFR1), regenerating 
islet-derived protein 3 alpha (Reg3a), and levels of inflammatory cytokines, which 
not clearly correlate with the response in humans. More studies are needed to obtain 
correlative research data [94, 95]. This outcome results in the first Food and Drug 
Administration (FDA) approved MSCs product in the United States [96, 97].

6.2  Clinical studies with MSC in combination to HSCT transplantation for  
treat AA

Cotransplantation of HSCs with (umbilical cord) UC-MSCs has been performed 
to study whether the last will be able to support hematopoiesis, enhance the 
engraftment of HSCs, and reduce the incidence of GVHD following HSCT  
[98–100]. These studies include adult and children in AA patients [101, 102]. Stem 
cells application was mainly intravenous. In some of the studies multiple (five) 
infusions were used. All clinical protocols have been developed in the presence of 
traditional immunosuppressive protocol to prevent GVHD manifestation [98–102].

One pioneer study, where the conditioning of patients was myeloablative or 
reduced, followed BM-MSCs treatment together with allogeneic HSCT. This study 
showed that co-transplantation of MSCs resulted in fast engraftment of absolute 
neutrophil count and platelets and 100% donor chimerism [87]. In turn, Yamei and 
co-workers (2014) demonstrate prolonged survival (follow up of 78 months) in 80.9% 
patients after cotransplantation of the culture-expanded third party donor-derived 
UC-MSCs in 21 young people with SAA undergoing haplo-HSCT [103]. Even so, the 
patients did not show infusion toxicity. This study showed that MSCs support in vivo 
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normal hematopoiesis and display potent immunosuppressive effects. The other 
metacentric study shows that cotransplantation of BM-MSCs and haplo-HSCT could 
reduce the risk of graft failure and severe GVHD in SAA [104]. Similar data were 
obtained in a study that used cotransplantation of haploidentical HSCs and BM-MSCs 
into children with SAA without an HLA-identical sibling donor. It was shown that such 
cotransplantation seems to be safe and may improve survival rates and reduce the risk 
of graft failure [105]. Another multicenter study, which explored cotransplantation 
of BM-MSCs with allo-HSCT, reported that such treatment could ameliorate clinical 
outcomes of a GVHD, viremia, and survival in allo-HSCT for AA patients [106].

6.3 Clinical studies with MSC for treat AA

Nowadays there a few clinical studies using only MSCs single to treat AA. All 
studies used MSCs isolated from BM s and adult patients with severe or non-severe 
AA and refractory. The via of MSCs administration used was IV and the number of 
administrations was 2 until 5 depending on study in combination with conventional 
immunosuppressive therapy.

The study development by Pang et al. showed, six of 18 patients (33.3%) achieved 
a complete response or a partial response to MSCs treatment [107]. In six patients, 
two achieved a complete response including recovery of three hematopoietic cell lines 
after MSCs therapy. Similar results was achieved by Cle et al. 2015 using MSCs being 
22% of all patients (18 patients) presents hematologic response at 6 months after 
MSCs transplantation [108]. One clinical trial phase II conducted in China evaluated 
the MSC overall response rate and safety using a significant number of refractory 
AA younger patients (n = 72). The study performed full quality control of BM-MSCs 
production, which includes counts, viability, morphology, endotoxin, aseptic culture, 
immunophenotype. It was the first clinical study that showed significant results in 
BM functional recovery. The rate response of patients was 28.4% being that 6.8% 
complete response and 21.6% partial response after MSCs transplantation. Among 
patients with hematologic response, ten patients had normalization of cellularity BM 
followed for more than 1 year MSCs transplantation. Seven patients got adverse events 
such as fever and headaches. No other adverse events were observed in the study. At 
the follow-up endpoint, nine patients died. One patient with RAEB-II died of disease 
progression, two patients died of intracranial hemorrhages, and six patients died of 
serious infection [107]. In other two studies were reported adverse events such as, 
fever, hypoxemia, mild dyspnea and diarrhea during MSCs administration or some 
hours after MSCs injection, this phenomenon occurs in 2 of 16 patients [107] and 7 of 
the 18 patients [108]. None major adverse effects were reported in all studies during 
months of follow-up of each respective study. Fuillard et al., 2003 reported one death 
due to fungal infection and Cle et al. 2015 four patients died in consequence result of 
heart failure and bacterial or invasive fungal infections and none of the deaths in both 
studies were directly attributable to MSCs infusions [84, 108].

These preliminary studies support the concept that MSCs replacement can 
improve BM stroma and may alleviate symptoms severe and non-severe AA 
patients. However, larger studies with a significant number of patients are needed to 
evaluate the utility of MSCs further.

7. Conclusion and future perspectives

The progress in dissecting the underlying and complex pathophysiology of AA 
has been gain space over the past years in the hematology research community [26]. 
In addition to that, the need for an optimal alternative of a targeted treatment for 
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this disorder. It is too soon to place the conventional AA treatment methods, but 
MSCs have gained space for demonstrating positive results in several AA clinical 
studies and other hematological diseases. The hypoimmunogenicity advantages, 
ensuring the absence of rejection in patients due to no expression of MHC class II, 
prevention and treatment of GVHD traditional transplants, and mainly immuno-
modulatory action presented [109]. Essential in the environment imbalance pro-
voked by own immune system in people committed by the AA disorder. The MSCs 
are able in a modulating way to relieve the BM self-attack [110].

Contemporary, personalized therapies are famous in the whole scientific world. 
The MSCs may fit into this class due to their paracrine effects. These cells can assist 
in diverse situations such as: migration, injury recovery, stimulates cells renewal, 
death cell prevention, anti-inflammatory and modulation of the immune system to 
control the autoimmune environment [111]. Thus, MSCs have the heterogeneous 
capacity in varied therapies field. And the patient may have alternative use accord-
ing to their needs.

In that event, the current way is providing the MSCs safety and acceptance by 
regulatory agencies as new biological product [112], which has already been proven 
to be more efficient than synthetic industries products [113]. And finally, imple-
ment the MSCs as ideal allogeneic transplant model, even for adequacy periods used 
as support for other established therapies.

Acknowledgements

Thanks to everyone on the Cellavita team who helped us so much. Special thanks 
to the company Cellavita Ltda., for financial and professional supporting. And to 
Butantan Institute, to providing us space and the research opportunity.

Conflict of Interest

The authors declare no conflict of interest.

Author details

Vivian Gonzaga1,2*, Bruna Policiquio1, Cristiane Wenceslau2 and Irina Kerkis1*

1 Laboratory of Genetics, Butantan Institute, São Paulo, SP, Brazil

2 CellAvita Ltd, Valinhos, SP, Brazil

*Address all correspondence to: vivia_gonzaga@hotmail.com 
 and irina.kerkis@butantan.gov.br

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



11

Alternative Immune-Mediated-Based Methods in the Aplastic Anemia Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89090

[1] Medinger M, Drexler B, Lengerke C, 
Passweg J. Pathogenesis of acquired 
aplastic anemia and the role of the bone 
marrow microenvironment. Frontiers 
in Oncology. 2018;8:587. DOI: 10.3389/
fonc.2018.00587

[2] Marsh JCW, Ball SE, Cavenagh J, 
Darbyshire P, Dokal I, Gordon-Smith EC, 
et al. Guidelines for the diagnosis 
and management of aplastic 
anaemia. British Journal of 
Haematology. 2009;147:43-70. DOI: 
10.1111/j.1365-2141.2009.07842.x

[3] Zoumbos NC, Gascon P, Djeu JY, 
Young NS. Interferon is a mediator of 
hematopoietic suppression in aplastic 
anemia in vitro and possibly in vivo. 
Proceedings of the National Academy 
of Sciences. 1985;82(1):188-192. DOI: 
10.1073/pnas.82.1.188

[4] Dubey S, Shukla P, Nityanand S. 
Expression of interferon-γ and tumor 
necrosis factor-α in bone marrow T cells 
and their levels in bone marrow plasma 
in patients with aplastic anemia. Annals 
of Hematology. 2005;84(9):572-577. 
DOI: 10.1007/s00277-005-1022-8

[5] Zeng W, Miyazato A, Chen G, 
Kajigaya S, Young NS, Maciejewski JP. 
Interferon-induced gene expression in 
CD34 cells: Identification of pathologic 
cytokine-specific signature profiles. 
Blood. 2006;107:167-175. DOI: 10.1182/
blood-2005-05-1884

[6] Li JP, Zheng CL, Han ZC. Abnormal 
immunity and stem/progenitor cells 
in acquired aplastic anemia. Critical 
Reviews in Oncology/Hematology. 
2010;75:79-93. DOI: 10.1016/j.
critrevonc.2009.12.001

[7] Sloand E, Kim S, Maciejewski JP, 
Tisdale J, Follmann D, Young NS. 
Intracellular interferon-γ in circulating 
and marrow T cells detected by 
flow cytometry and the response 

to immunosuppressive therapy in 
patients with aplastic anemia. Blood. 
2002;100(4):1185-1191. DOI: 10.1182/
blood-2002-01-0035

[8] Bacigalupo A. How I treat 
acquired aplastic anemia. Blood. 
2017;129(11):1428-1436. DOI: 10.1182/
blood-2016-08-693481

[9] Ogawa S. Clonal hematopoiesis 
in acquired aplastic anemia. Blood. 
2016;128:337-347. DOI: 10.1182/
blood-2016-01-636381

[10] Broglie L, Margolis D, Medin JA. Yin 
and Yang of mesenchymal stem cells 
and aplastic anemia. World Journal of 
Stem Cells. 2017;9(12):219-226. DOI: 
10.4252/wjsc.v9.i12.219

[11] Rad F, Ghorbani M, Mohammadi 
Roushandeh A, Habibi RM. Mesenchymal 
stem cell-based therapy for autoimmune 
diseases: Emerging roles of extracellular 
vesicles. Molecular Biology Reports. 
2019;46:1533-1549. DOI: 10.1007/
s11033-019-04588-y

[12] Marquez-Curtis LA, Janowska- 
Wieczorek A. Enhancing the migration 
ability of mesenchymal stromal cells 
by targeting the SDF-1/CXCR4 axis. 
BioMed Research International. 
2013;2013. DOI: 10.1155/2013/561098

[13] Oliveira RL, Chagastelles PC, 
Sesterheim P, Pranke P. In vivo 
immunogenic response to allogeneic 
mesenchymal stem cells and the role of 
Preactivated mesenchymal stem cells 
Cotransplanted with allogeneic islets. 
Stem Cells International. 2017;2017. 
DOI: 10.1155/2017/9824698

[14] Zhao Q , Ren H, Han Z. Mesenchymal 
stem cells: Immunomodulatory 
capability and clinical potential in 
immune diseases. Journal of Cellular 
Immunotherapy. 2016;2:3-20. DOI: 
10.1016/j.jocit.2014.12.001

References



Human Blood Group Systems

12

[15] Nakajima H, Uchida K, Guerrero AR, 
Watanabe S, Sugita D, Takeura N, et al. 
Transplantation of mesenchymal stem 
cells promotes an alternative pathway of 
macrophage activation and functional 
recovery after spinal cord injury. Journal 
of Neurotrauma. 2012;29(8):1614-1625. 
DOI: 10.1089/neu.2011.2109

[16] Kaundal U, Bagai U, Rakha A. 
Immunomodulatory plasticity of 
mesenchymal stem cells: A potential 
key to successful solid organ 
transplantation. Journal of Translational 
Medicine. 2018;16(1):31. DOI: 10.1186/
s12967-018-1403-0

[17] Gonzaga VF, Wenceslau CV, 
Lisboa GS, Frare EO, Kerkis I. 
Mesenchymal stem cell benefits 
observed in bone marrow failure 
and acquired aplastic Anemia. Stem 
Cells International. 2017;2017. DOI: 
10.1155/2017/8076529

[18] Shipounova IN, Petrova TV, 
Svinareva DA, Momotuk KS, 
Mikhailova EA, Drize NI. Alterations 
in hematopoietic microenvironment 
in patients with aplastic anemia. 
Clinical and Translational 
Science. 2009;2(1):67-74. DOI: 
10.1111/j.1752-8062.2008.00074.x

[19] Leguit RJ, Van Den Tweel JG. The 
pathology of bone marrow failure. 
Histopathology. 2010;57:655-670. DOI: 
10.1111/j.1365-2559.2010.03612.x

[20] Scheinberg P. Aplastic 
anemia: Therapeutic updates 
in immunosuppression and 
transplantation. Hematology. American 
Society of Hematology. Education 
Program. 2012;2012:292-300. DOI: 
10.1182/asheducation-2012.1.292

[21] Young NS. Introduction: Acquired 
aplastic anemia. Seminars in 
Hematology. 2000;37(1):2-2

[22] Rovó A, Dufour C, Tichelli A. 
Diagnosis of Acquired Aplastic Anemia. 

Congenital and Acquired Bone Marrow 
Failure. Elsevier Inc.; 2017. pp. 35-50. 
DOI: 10.1038/bmt.2012.230

[23] Dolberg OJ, Levy Y. Idiopathic 
aplastic anemia: Diagnosis and 
classification. Autoimmunity Reviews. 
2014;13:569-573. DOI: 10.1016/j.
autrev.2014.01.014

[24] Young NS. Current concepts in 
the pathophysiology and treatment 
of aplastic anemia. Hematology/the 
Education Program of the American 
Society of Hematology. 2013;2013:76-81. 
DOI: 10.1182/asheducation-2013.1.76

[25] Găman A, Găman G, Bold A. 
Acquired aplastic anemia: Correlation 
between etiology, pathophysiology, 
bone marrow histology and 
prognosis factors. Romanian Journal 
of Morphology and Embryology. 
2009;50(4):669-674

[26] Shallis RM, Ahmad R, Zeidan AM. 
Aplastic anemia: Etiology, molecular 
pathogenesis, and emerging concepts. 
European Journal of Haematology. 
2018;101:711-720. DOI: 10.1111/
ejh.13153

[27] Baranski BGYN. Autoimmune 
aspects of aplastic anemia. In Vivo 
(Brooklyn). 1988;2(1):91-94

[28] Liu C, Sun Y, Shao Z. Current 
concepts of the pathogenesis of aplastic 
Anemia. Current Pharmaceutical 
Design. 2019;25(3):236-241. DOI: 10.217
4/1381612825666190313113601

[29] De Latour RP, Visconte V, Takaku T, 
Wu C, Erie AJ, Sarcon AK, et al. Th17 
immune responses contribute to the 
pathophysiology of aplastic anemia. 
Blood. 2010;116(20):4175-4184. DOI: 
10.1182/blood-2010-01-266098

[30] Russell TB, Kurre P. Double-
negative T cells are non-ALPS-specific 
markers of immune dysregulation found 
in patients with aplastic anemia. Blood. 



13

Alternative Immune-Mediated-Based Methods in the Aplastic Anemia Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89090

2010;116:5072-5073. DOI: 10.1182/
blood-2010-09-306910

[31] Du HZ, Wang Q , Ji J, Shen BM, 
Wei SC, Liu LJ, et al. Expression of 
IL-27, Th1 and Th17 in patients with 
aplastic anemia. Journal of Clinical 
Immunology. 2013;33(2):436-445. DOI: 
10.1007/s10875-012-9810-0

[32] Hara T, Ando K, Tsurumi H, 
Moriwaki H. Excessive production of 
tumor necrosis factor-alpha by bone 
marrow T lymphocytes is essential in 
causing bone marrow failure in patients 
with aplastic anemia. European Journal 
of Haematology. 2004;73(1):10-16. DOI: 
10.1111/j.1600-0609.2004.00259.x

[33] Stauder R, Valent P, Theurl I. 
Anemia at older age: Etiologies, clinical 
implications, and management. Blood. 
2018;131(5):505-514. DOI: 10.1182/
blood-2017-07-746446

[34] Feng X, Chuhjo T, Sugimori C, 
Kotani T, Lu X, Takami A, et al. 
Diazepam-binding inhibitor-related 
protein 1: A candidate autoantigen 
in acquired aplastic anemia patients 
harboring a minor population of 
paroxysmal nocturnal hemoglobinuria-
type cells. Blood. 2004;104(8):2425-2431.  
DOI: 10.1182/blood-2004-05-1839

[35] Gupta S. Aplastic anemia. In: 
Pathobiology of Human Disease: A 
Dynamic Encyclopedia of Disease 
Mechanisms. Elsevier Inc; 2014. 
pp. 1446-1461

[36] Miano M, Dufour C. The diagnosis 
and treatment of aplastic anemia: 
A review. International Journal of 
Hematology. 2015;101(6):527-535. DOI: 
10.1007/s12185-015-1787-z

[37] Eapen M, Horowitz MM. Alternative 
donor transplantation for aplastic 
anemia. Hematology. American Society 
of Hematology. Education Program. 
2010;2010:43-46. DOI: 10.1182/
asheducation-2010.1.43

[38] Perez-Albuerne ED, Eapen M, 
Klein J, Gross TJ, Lipton JM, Baker KS, 
et al. Outcome of unrelated donor stem 
cell transplantation for children with 
severe aplastic anemia. British Journal 
of Haematology. 2008;141(2):216-223. 
DOI: 10.1111/j.1365-2141.2008.07030.x

[39] Frank P, Carmen B, Ulrich G. First-
line allogeneic hematopoietic stem 
cell transplantation of HLA-matched 
sibling donors compared with first-line 
ciclosporin and/or antithymocyte or 
antilymphocyte globulin for acquired 
severe aplastic anemia. Cochrane 
Database of Systematic Reviews. 2013;7. 
DOI: 10.1002/14651858.CD006407.pub2

[40] Caplan AI. Mesenchymal stem 
cells*. Journal of Orthopaedic Research. 
1991;9(5):641-650. DOI: 10.1002/
jor.1100090504

[41] Friedenstein AJ, Petrakova KV, 
Kurolesova AIFG. Heterotopic of bone 
marrow. Analysis of precursor cells for 
osteogenic and hematopoietic tissues. 
Transplantation. 1968;6(2):230-247

[42] Chamberlain G, Fox J, 
Ashton B, Middleton J. Concise review: 
Mesenchymal stem cells: Their 
phenotype, differentiation capacity, 
immunological features, and 
potential for homing. Stem Cells. 
2007;25(11):2739-2749. DOI: 10.1634/
stemcells.2007-0197

[43] Ra JC, Kang SK, Shin IS, Park HG, 
Joo SA, Kim JG, et al. Stem cell 
treatment for patients with autoimmune 
disease by systemic infusion of 
culture-expanded autologous 
adipose tissue derived mesenchymal 
stem cells. Journal of Translational 
Medicine. 2011;9:(1):181. DOI: 
10.1186/1479-5876-9-181

[44] Potdar PD. Human dental pulp stem 
cells: Applications in future regenerative 
medicine. World Journal of Stem Cells. 
2015;7(5):839. DOI: 10.4252/wjsc.
v7.i5.839



Human Blood Group Systems

14

[45] Narang S, Sehgal N. Stem cells: 
A potential regenerative future in 
dentistry. Indian Journal of Human 
Genetics. 2012;18(2):150. DOI: 
10.4103/0971-6866.100749

[46] Caplan AI, Correa D. The MSC: An 
injury drugstore. Cell Stem Cell. 2011;9: 
11-15. DOI: 10.1016/j.stem.2011.06.008

[47] Caplan AI. Mesenchymal stem cells: 
Time to change the name! Stem Cells 
Translational Medicine. 2017;6(6): 
1445-1451. DOI: 10.1002/sctm.17-0051

[48] Caplan AI, Dennis JE. Mesenchymal 
stem cells as trophic mediators. Journal 
of Cellular Biochemistry. 2006;98: 
1076-1084. DOI: 10.1002/jcb.20886

[49] Gnecchi M, Zhang Z, Ni A, Dzau VJ. 
Paracrine mechanisms in adult stem 
cell signaling and therapy. Circulation 
Research. 2008;103:1204-1219. DOI: 
10.1161/CIRCRESAHA.108.176826

[50] da Silva ML, Fontes AM, Covas DT, 
Caplan AI. Mechanisms involved in the 
therapeutic properties of mesenchymal 
stem cells. Cytokine and Growth 
Factor Reviews. 2009;20:419-427. DOI: 
10.1016/j.cytogfr.2009.10.002

[51] Caplan AI. Adult mesenchymal 
stem cells: When, where, and how. Stem 
Cells International. 2015;2015. DOI: 
10.1155/2015/628767

[52] Yagi H, Soto-Gutierrez A, 
Parekkadan B, Kitagawa Y, Tompkins RG, 
Kobayashi N, et al. Mesenchymal 
stem cells: Mechanisms of 
immunomodulation and homing. Cell 
Transplantation. 2010;19:667-679. DOI: 
10.3727/096368910X508762

[53] Leibacher J, Henschler R. 
Biodistribution, migration and homing 
of systemically applied mesenchymal 
stem/stromal cells mesenchymal stem/
stromal cells - an update. Stem Cell 
Research & Therapy. 2016;7(1):7. DOI: 
10.1186/s13287-015-0271-2

[54] Nombela-Arrieta C, Ritz J, 
Silberstein LE. The elusive nature and 
function of mesenchymal stem cells. 
Nature Reviews Molecular Cell Biology. 
2011;12:126-131. DOI: 10.1038/nrm3049

[55] Tse WT, Pendleton JD, Beyer WM, 
Egalka MC, Guinan EC. Suppression of 
allogeneic T-cell proliferation by human 
marrow stromal cells: Implications 
in transplantation. Transplantation. 
2003;75(3):389-397. DOI: 10.1097/01.
TP.0000045055.63901.A9

[56] Munir H, McGettrick HM. 
Mesenchymal stem cell therapy 
for autoimmune disease: Risks and 
rewards. Stem Cells and Development. 
2015;24(18):2091-2100. DOI: 10.1089/
scd.2015.0008

[57] Marigo I, Dazzi F. The 
immunomodulatory properties of 
mesenchymal stem cells. Seminars in 
Immunopathology. 2011;33:593-602. 
DOI: 10.1007/s00281-011-0267-7

[58] Zhao S, Wehner R, Bornhäuser M, 
Wassmuth R, Bachmann M, 
Schmitz M. Immunomodulatory properties 
of mesenchymal stromal cells and their 
therapeutic consequences for immune-
mediated disorders. Stem Cells and 
Development. 2009;19(5):607-614. DOI: 
10.1089/scd.2009.0345

[59] Gao F, Chiu SM, Motan DAL,  
Zhang Z, Chen L, Ji HL, et al. 
Mesenchymal stem cells and 
immunomodulation: Current status 
and future prospects. Cell Death & 
Disease. 2016;7:e2062. DOI: 10.1038/
cddis.2015.327

[60] Herrero C, Pérez-Simón JA. 
Immunomodulatory effect of 
mesenchymal stem cells. Brazilian 
Journal of Medical and Biological 
Research. 2010;43:425-430. DOI: 
10.1590/S0100-879X2010007500033

[61] Castro-Manrreza ME, Montesinos JJ. 
Immunoregulation by mesenchymal 



15

Alternative Immune-Mediated-Based Methods in the Aplastic Anemia Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89090

stem cells: Biological aspects and 
clinical applications. Journal of 
Immunology Research. 2015;2015. DOI: 
10.1155/2015/394917

[62] Nakao N, Nakayama T, Yahata T, 
Muguruma Y, Saito S, Miyata Y, et al. 
Adipose tissue-derived mesenchymal 
stem cells facilitate hematopoiesis 
in vitro and in vivo: Advantages over 
bone marrow-derived mesenchymal 
stem cells. The American Journal of 
Pathology. 2010;177(2):547-554. DOI: 
10.2353/ajpath.2010.091042

[63] Dexter TM. Stromal cell associated 
Haemopoiesis. Journal of Cellular 
Physiology. Supplement. 1982;1:87-94

[64] Hamzic E, Whiting K, Gordon 
Smith E, Pettengell R. Characterization 
of bone marrow mesenchymal stromal 
cells in aplastic anaemia. British Journal 
of Haematology. 2015;169(6):804-813. 
DOI: 10.1111/bjh.13364

[65] Sugiyama T, Kohara H, Noda M, 
Nagasawa T. Maintenance of the 
hematopoietic stem cell pool by 
CXCL12-CXCR4 chemokine signaling 
in bone marrow stromal cell niches. 
Immunity. 2006;25(6):977-988. DOI: 
10.1016/j.immuni.2006.10.016

[66] Asri A, Sabour J, Atashi A, 
Soleimani M. Homing in hematopoietic 
stem cells: Focus on regulatory role of 
CXCR7 on SDF1A/CXCR4 axis. EXCLI 
Journal. 2016;15:134-143. DOI: 10.17179/
excli2014-585

[67] Oubari F, Amirizade N, 
Mohammadpour H, Nakhlestani M, 
Zarif MN. The important role of FLT3-L 
in ex vivo expansion of hematopoietic 
stem cells following co-culture with 
mesenchymal stem cells. Cell Journal. 
2015;17(2):201-210. DOI: 10.22074/
cellj.2016.3715

[68] Anthony BA, Link DC. Regulation 
of hematopoietic stem cells by bone 
marrow stromal cells. Trends in 

Immunology. 2014;35:32-37. DOI: 
10.1016/j.it.2013.10.002

[69] Tvedt THA, Ersvaer E, Tveita AA, 
Bruserud Ø. Interleukin-6 in allogeneic 
stem cell transplantation: Its possible 
importance for immunoregulation and 
as a therapeutic target. Frontiers in 
Immunology. 2017;8:667. DOI: 10.3389/
fimmu.2017.00667

[70] Patchen ML, Macvittie TJ, 
Williams JL, Schwartz GN, Souza LM. 
Administration of Interleukin-6 
stimulates multilineage Hematopoiesis 
and accelerates recovery from radiation-
induced hematopoietic depression. 
Blood. 1991;77(3):472-480

[71] Young NS. Current concepts 
in the pathophysiology and 
treatment of aplastic anemia. Blood. 
2006;108(8):2509-2519. DOI: 10.1182/
blood-2006-03-010777

[72] Bacigalupo A, Valle M, Podestà M, 
Pitto A, Zocchi E, De Flora A, et al. 
T-cell suppression mediated by 
mesenchymal stem cells is deficient 
in patients with severe aplastic 
anemia. Experimental Hematology. 
2005;33(7):819-827. DOI: 10.1016/j.
exphem.2005.05.006

[73] Li J, Lu S, Yang S, Xing W, Feng J, 
Li W, et al. Impaired immunomodulatory 
ability of bone marrow mesenchymal 
stem cells on CD4 + T cells in aplastic 
anemia. Results in Immunology. 
2012;2:142-147. DOI: 10.1016/j.
rinim.2012.07.002

[74] Kyurkchiev D. Secretion of 
immunoregulatory cytokines by 
mesenchymal stem cells. World Journal 
of Stem Cells. 2014;6(5):552. DOI: 
10.4252/wjsc.v6.i5.552

[75] Qiao SK, Ren HY, Shi YJ, Liu W. 
Allogeneic compact bone-derived 
mesenchymal stem cell transplantation 
increases survival of mice exposed 
to lethal total body irradiation: 



Human Blood Group Systems

16

A potential immunological 
mechanism. Chinese Medical Journal. 
2014;127(3):475-482. DOI: 10.3760/
cma.j.issn.0366-6999.20132001

[76] Moll NM, Ransohoff RM. CXCL12 
and CXCR4 in bone marrow physiology. 
Expert Review of Hematology. 
2010;3:315-322. DOI: 10.1586/ehm.10.16

[77] Dar A, Goichberg P, Shinder V, 
Kalinkovich A, Kollet O, Netzer N, et al. 
Chemokine receptor CXCR4-dependent 
internalization and resecretion of 
functional chemokine SDF-1 by bone 
marrow endothelial and stromal cells. 
Nature Immunology. 2005;6(10): 
1038-1046. DOI: 10.1038/ni1251

[78] Yang JX, Zhang N, Wang HW, 
Gao P, Yang QP, Wen QP. CXCR4 
receptor overexpression in mesenchymal 
stem cells facilitates treatment of acute 
lung injury in rats. The Journal of 
Biological Chemistry. 2015;290(4): 
1994-2006. DOI: 10.1074/jbc.
M114.605063

[79] Honczarenko M, Le Y, 
Swierkowski M, Ghiran I, Glodek AM, 
Silberstein LE. Human bone marrow 
stromal cells express a distinct set of 
biologically functional chemokine 
receptors. Stem Cells. 2006;24(4): 
1030-1041. DOI: 10.1634/
stemcells.2005-0319

[80] De Becker A, Van Hummelen P, 
Bakkus M, Vande BI, De Wever J, De 
Waele M, et al. Migration of culture-
expanded human mesenchymal 
stem cells through bone marrow 
endothelium is regulated by matrix 
metalloproteinase-2 and tissue inhibitor 
of metalloproteinase-3. Haematologica. 
2007;92(4):440-449. DOI: 10.3324/
haematol.10475

[81] Annabi B, Lee Y-T, Turcotte S, 
Naud E, Desrosiers RR, Champagne M, 
et al. Hypoxia promotes murine bone-
marrow-derived stromal cell migration 
and tube formation. Stem Cells. 

2003;21(3):337-347. DOI: 10.1634/
stemcells.21-3-337

[82] François M, Romieu-Mourez R, 
Li M, Galipeau J. Human MSC 
suppression correlates with 
cytokine induction of indoleamine 
2,3-dioxygenase and bystander M2 
macrophage differentiation. Molecular 
Therapy. 2012;20(1):187-195. DOI: 
10.1038/mt.2011.189

[83] Gan J, En G FM, O U XZ, I CL, 
E YH, Zen XG, et al. Cross mark. 
Cytotherapy 2015;17:403-417. DOI: 
10.1016/j.jcyt.2014.ll.011

[84] Fouillard L, Bensidhoum M, Bories D, 
Bonte H, Lopez M, Moseley AM, et al. 
Engraftment of allogeneic mesenchymal 
stem cells in the bone marrow of a 
patient with severe idiopathic aplastic 
anemia improves stroma. Leukemia. 
2003;17:474-476. DOI: 10.1038/
sj.leu.2402786

[85] Hematti P, Kim J, Battiwalla M.  
Mesenchymal stem cells in 
hematopoietic stem cell transplantation. 
In: Stem Cells and Human Diseases. 
Springer Netherlands; 2014. pp. 101-115. 
DOI: 10.1007/978-94-007-2801-1_5

[86] Liu FD, Tam K, Pishesha N, Poon Z, 
Van Vliet KJ. Improving hematopoietic 
recovery through modeling and 
modulation of the mesenchymal stromal 
cell secretome. Stem Cell Research & 
Therapy. 2018;9(1):268. DOI: 10.1186/
s13287-018-0982-2

[87] Le Blanc K, Samuelsson H, 
Gustafsson B, Remberger M, Sundberg B, 
Arvidson J, et al. Transplantation of 
mesenchymal stem cells to enhance 
engraftment of hematopoietic stem cells. 
Leukemia. 2007;21(8):1733-1738. DOI: 
10.1038/sj.leu.2404777

[88] Fang B, Li N, Song Y, Li J, 
Zhao RC, Ma Y. Cotransplantation of 
haploidentical mesenchymal stem 
cells to enhance engraftment of 



17

Alternative Immune-Mediated-Based Methods in the Aplastic Anemia Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89090

hematopoietic stem cells and to reduce 
the risk of graft failure in two children 
with severe aplastic anemia. Pediatric 
Transplantation. 2009;13(4):499-502. 
DOI: 10.1111/j.1399-3046.2008.01002.x

[89] Kurtzberg J, Prockop S, Teira P, 
Bittencourt H, Lewis V, Chan KW, et al. 
Allogeneic human mesenchymal 
stem cell therapy (Remestemcel-L, 
Prochymal) as a rescue agent for severe 
refractory acute graft-versus-host 
disease in pediatric patients. Biology 
of Blood and Marrow Transplantation. 
2014;20(2):229-235. DOI: 10.1016/j.
bbmt.2013.11.001

[90] Česen Mazič M, Girandon L, 
Kneževič M, Avčin SL, Jazbec J. 
Treatment of severe steroid-refractory 
acute-graft-vs.-host disease with 
mesenchymal stem cells–single center 
experience. Frontiers in Bioengineering 
and Biotechnology. 2018;6. DOI: 
10.3389/fbioe.2018.00093

[91] Baron F, Storb R. Mesenchymal 
stromal cells: A new tool against 
graft-versus-host disease? Biology of 
Blood and Marrow Transplantation. 
2012;18:822-840. DOI: 10.1016/j.
bbmt.2011.09.003

[92] Van Pham P. Mesenchymal 
stem cells in clinical applications. 
In: Stem Cell Processing. Cham: 
Springer; 2016. pp. 37-69. DOI: 
10.1007/978-3-319-40073-0_2

[93] Keto J, Kaartinen T, Salmenniemi U, 
Castrén J, Partanen J, Hänninen A, et al. 
Immunomonitoring of MSC-treated 
GvHD patients reveals only moderate 
potential for response prediction but 
indicates treatment safety. Molecular 
Therapy. Methods & Clinical 
Development. 2018;9:109-118. DOI: 
10.1016/j.omtm.2018.02.001

[94] Galleu A, Milojkovic D, 
Deplano S, Szydlo R, Loaiza S, Wynn R, 
et al. Mesenchymal stromal cells for acute 
graft-versus-host disease: Response at 

1 week predicts probability of survival. 
British Journal of Haematology. 
2019;185(1):89-92. DOI: 10.1111/bjh.15749

[95] Elgaz S, Kuçi Z, Kuçi S, Bönig H, 
Bader P. Clinical use of mesenchymal 
stromal cells in the treatment of acute 
graft-versus-host disease. Transfusion 
Medicine and Hemotherapy. 
2019;46:27-34. DOI: 10.1159/000496809

[96] Galipeau J, Sensébé L. Mesenchymal 
stromal cells: Clinical challenges and 
therapeutic opportunities. Cell Stem 
Cell. 2018;22:824-833. DOI: 10.1016/j.
stem.2018.05.004

[97] Seng A, Dunavin N. Mesenchymal 
stromal cell infusions for acute graft-
versus-host disease: Rationale, data, and 
unanswered questions. Advances in Cell 
and Gene Therapy. 2018;1(2):e14. DOI: 
10.1002/acg2.14

[98] Tipnis S, Viswanathan C. Umbilical 
cord matrix derived mesenchymal 
stem cells can change the cord blood 
transplant scenario. Int J Stem Cells. 
2010;3(2):103-118. DOI: 10.15283/
ijsc.2010.3.2.103

[99] Rizvanov AA, Persson J, Şahin F, 
Bellusci S, Oliveira PJ. Hematopoietic 
and mesenchymal stem cells in 
biomedical and clinical applications. 
Stem Cells International. 2016;2016. 
DOI: 10.1155/2016/3157365

[100] Fernández-García M, 
Yañez RM, Sánchez-Domínguez R, 
Hernando-Rodriguez M, Peces-Barba M, 
Herrera G, et al. Mesenchymal stromal 
cells enhance the engraftment of 
hematopoietic stem cells in an autologous 
mouse transplantation model. Stem Cell 
Research & Therapy. 2015;6(1):165. DOI: 
10.1186/s13287-015-0155-5

[101] Li H, Wang L, Pang Y, Jiang Z, 
Liu Z, Xiao H, et al. In patients with 
chronic aplastic anemia, bone marrow-
derived MSCs regulate the Treg/Th17 
balance by influencing the notch/RBP-J/



Human Blood Group Systems

18

FOXP3/RORγt pathway. Scientific 
Reports. 2017;7:42488. DOI: 10.1038/
srep42488

[102] Jaganathan BG, Tisato V, 
Vulliamy T, Dokal I, Marsh J, Dazzi F, 
et al. Effects of MSC co-injection on 
the reconstitution of aplastic anemia 
patient following hematopoietic 
stem cell transplantation. Leukemia. 
2010;24:1791-1795. DOI: 10.1038/
leu.2010.164

[103] Yamei W, Rongmu L, Yongbin C, 
Yingjian S, Xiaohong L, Xiaomei Z, et al. 
Improved outcome of haploidentical 
transplantation in severe aplastic 
anemia using reduced-intensity 
fludarabine-based conditioning. 
Oncotarget. 2017;8(48):83817. DOI: 
10.18632/oncotarget.19745

[104] Liu Z, Zhang Y, Xiao H, Yao Z, 
Zhang H, Liu Q , et al. Cotransplantation 
of bone marrow-derived mesenchymal 
stem cells in haploidentical 
hematopoietic stem cell transplantation 
in patients with severe aplastic anemia: 
An interim summary for a multicenter 
phase II trial results. Bone Marrow 
Transplantation. 2017;52(5):704-710. 
DOI: 10.1038/bmt.2016.347

[105] Wang ZK, Yu HJ, Cao FL, Liu ZH, 
Liu ZY, Feng WJ, et al. Donor-derived 
marrow mesenchymal stromal 
cell co-transplantation following a 
haploidentical hematopoietic stem cell 
transplantation trail to treat severe 
aplastic anemia in children. Annals of 
Hematology. 2019;98(2):473-479. DOI: 
10.1007/s00277-018-3523-2

[106] Chen M, Zheng Z, He G, Lin S, 
Zhang D, Hu H, et al. Co-transplantation 
of mesenchymal stem cells can 
ameliorates acute Gvhd and viremia 
after allogeneic hematopoietic stem 
cell transplantation for severe aplastic 
Anemia: A multi-Center retrospective 
study of 119 patients. Blood. 

2018;132(1):4653-4653. DOI: 10.1182/
blood-2018-99-118758

[107] Pang Y, Xiao HW, Zhang H, 
Liu ZH, Li L, Gao Y, et al. Allogeneic 
bone marrow-derived mesenchymal 
stromal cells expanded In vitro for 
treatment of aplastic Anemia: A 
Multicenter phase II trial. Stem Cells 
Translational Medicine. 2017;6(7): 
1569-1575. DOI: 10.1002/sctm.16-0227

[108] Clé DV, Santana-Lemos B, 
Tellechea MF, Prata KL, Orellana MD, 
Covas DT, et al. Intravenous infusion of 
allogeneic mesenchymal stromal cells in 
refractory or relapsed aplastic anemia. 
Cytotherapy. 2015;17(12):1696-1705. 
DOI: 10.1016/j.jcyt.2015.09.006

[109] Kim HJ, Park J-S. Usage of human 
mesenchymal stem cells in cell-based 
therapy: Advantages and disadvantages. 
Development & Reproduction. 
2017;21(1):1-10. DOI: 10.12717/
dr.2017.21.1.001

[110] Figueroa FE, Carrión F, 
Villanueva S, Khoury M. Mesenchymal 
stem cell treatment for autoimmune 
diseases: A critical review. Biological 
Research. 2012;45(3):269-277. DOI: 
10.4067/S0716-97602012000300008

[111] Parekkadan B, Milwid JM. 
Mesenchymal stem cells as therapeutics. 
Annual Review of Biomedical 
Engineering. 2010;12(1):87-117. DOI: 
10.1146/annurev-bioeng-070909-105309

[112] Fagioli F, Ferrero I. Mesenchymal 
stem cell manufacturing for clinical 
use. In: Progress in Stem Cell 
Transplantation. Rijeka: InTechOpen; 
2015. DOI: 10.5772/61370

[113] Erickson B, Nelson WP. Perspective 
on opportunities in industrial 
biotechnology in renewable chemicals. 
Biotechnology Journal. 2012;7:176-185. 
DOI: 10.1002/biot.201100069


