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Abstract
[bookmark: OLE_LINK38]Acquired bone marrow failure diseases (ABMFD) are a class of hematopoietic stem cell diseases with a commonality of non-inherited disruption of hematopoiesis that results in pancytopenia. ABMFDs also are a group of heterogeneous diseases with different etiologies and treatment options. The three most common ABMFDs are aplastic anemia, myelodysplastic syndrome, and paroxysmal nocturnal hemoglobinuria. Stem cell transplantation is the only treatment that can cure these diseases. However, due to high therapy-related mortality, stem cell transplantation has rarely been used as a first line treatment in treating ABMFD. With the advance of personalized medicine and precision medicine, various novel cellular therapy strategies are in trial to increase the efficiency and efficacy of ABMFD treatment. This article aims to review current available stem cell transplantation protocols and promising cellular therapy research in treating ABMFD. 
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Core tip: Stem cell transplantation is the only method can cure acquired bone marrow failure diseases (ABMFD). However, due to the high mortality rate of stem cell transplantation itself, this method is not usually used as the first line treatment for ABMFD. With the advance of current cellular therapy technology, it is becoming possible to cure ABMFD without significant treatment related complications.  
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INTRODUCTION
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]Acquired bone marrow failure diseases (ABMFD) are a group of rare hematologic disorders manifested by insufficient hematopoiesis to produce a sufficient amount of red blood cells, white blood cells, or thrombocytes. ABMFD can occur after exposure to viral infections, toxins, chemicals, or radiation. ABMFD includes aplastic anemia (AA), myelodysplastic syndrome (MDS), and paroxysmal nocturnal hemoglobinuria (PNH). Though the pathogenesis of these diseases is heterogeneous, the high similarity of their clinical manifestation and their bone marrow pathophysiological presentation makes them hard to distinguish from each other. ABMFD can be cured by stem cell transplantation. However, because of the high mortality rate of this therapy, stem cell transplantation has not usually been used as a first line treatment for ABMFD. Currently, there is a lack of literature that offers insight into ABMFD as a class of disorders. This review offers a comprehensive overview of many of the standard and novel treatment options.

CLINICAL PRESENTATION AND CURRENT MANAGEMENT OPTIONS
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]The common clinical presentations for AA, MDS and PNH are cytopenia in single or multiple hematological lineages, together with signs of impaired quality of life such as fatigue, dizziness, headache, shortness of breath, and other symptoms that are associated with prolonged anemia. The individual clinical presentations of AA, MDS and PNH are illustrated as Figure 1. Due to nearly indistinguishable clinical presentation, peripheral blood smear and bone marrow biopsies are used in the diagnosis of ABMFD. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK15][bookmark: OLE_LINK16]MDS is the most common form of ABMFD, affecting around 15000 Americans each year[1]. The risk of MDS increases with age[2]: it typically affects people at age 60 years or older. In MDS, myeloid stem cell dysfunction in the bone marrow leads to ineffective hematopoiesis[3]. If left untreated, some of MDS can progress into acute myeloid leukemia. Cancer drugs such as chlorambucil, cyclophosphamide, doxorubicin, ifosfamide, mechlorethanmine, melphalan, procarbazine, and etoposide are associated with onset of treatment related MDS[3]. 
AA is the second most common form of ABMFD, with an incidence rate of 2.0/million to 7.4/million worldwide[4], and can be triggered by toxins, radiation, chemotherapy, viruses, medicines, autoimmune disorders, or pregnancy[4]. In AA, the bone marrow is injured and the hematopoiesis is interrupted. In most cases, AA is secondary to immune system dysfunction and subsequent premature turnover of hematopoietic cells. AA is commonly seen in young adults. 
PNH is a rare hemolytic disease caused by complement system attack on cells with surface membrane glycosylphosphatidylinositol (GPI)-anchor protein deficiency. PNH affects roughly 6000 Americans each year. The clinical presentation of PNH includes hemolytic anemia, thrombosis in large blood vessels, and cytopenia or pancytopenia, depending on severity[5]. PNH appears in suddenly, but recurring episodes can be triggered by stress or physical exertion of the body. Attack on both hematopoietic cells and mature blood cells leads to formation of abnormal blood cells[6]. Abnormally weakened red blood cells will rupture. The ruptured red blood cells will release free hemoglobin that is then excreted through the kidney and stains the urine dark-colored. 

TRANSFUSION THERAPY
Transfusion therapy is recommended as a part of supportive therapy for all ABMFDs[7,8]. The current transfusion guidelines suggests transfusion for those patients with platelet counts below 10 × 109/L (or < 20 × 109/L in febrile patients), though the ultimate decision for transfusion should be based on the patient’s overall clinical condition. Transfusions should be used cautiously because it can induce alloimmunization and autoimmunization that will complicate future treatments, such as hematopoietic cell transplantation (HCT). 
[bookmark: _GoBack]Transfusion using blood from family members may induce sensitization against human leukocyte antigens (HLA) of potential HCT donors. The blood units should be carefully screened for common viruses (such as cytomegalovirus, human immunodeficiency virus, human T-lymphotropic retroviruses, hepatitis B and C, and West Nile virus), undergo leukocyte reduction, and be irradiated to avoid graft vs host disease (GVHD). Platelet transfusion is useful to prevent or stop thrombocytopenic bleeding. Platelet units are useful only for 3-7 d. Platelet shall be stored at room temperature to keep its activity, which, on the otherside, increases the risk of transfusion related infection. White blood cell transfusion is not highly recommended due to efficacy issue.

IMMUNOSUPPRESSIVE THERAPY
For AA and PNH, immunosuppressive therapy (IST) is a front line management to treat immune system dysfunction[9,10]. The complement system is a part of immune system that facilitates leukocytes and antibodies in removing pathogens. However, the over activated complement system attacking GPI-anchor protein deficient stem cells in bone marrow is the mechanism of PNH[11,12]. Different types of immunosuppressive agents, such as antithymocyte globulin (ATG), cyclosporine-A (CSA), or various anti-complement anti-bodies or complement blockers, are used with high degree of response and survival[10,13,14]. 

ANDROGENS
Androgens (naturally occurring male hormones) have long been used as supportive treatment for many forms of anemia, including ABMFD[10]. Either injection of androgen (testosterone) or giving medications to increase endogenous androgen production are the common approaches to increase serum androgen level. The elevated androgen levels in patient’s body may have gender-specific side effects: Men may experience enlargement of breasts or prostate, while women may experience facial hair growth, development of muscles, deepening of voice, or enlargement of the clitoris. Other side effects such as acne, jaundice due to increases in liver enzymes, and liver damage may occur. Due to the wide range of side effects, androgen therapy is limited and is typically used in combination with blood transfusions. 

CELLULAR THERAPIES
Hematopoietic stem cell transplantation (HSCT) is the process of treating with a conditioning regimen followed by infusion of a healthy donor’s mononuclear cells rich in hematopoietic stem cells and progenitor cells. In general, HSCT can be autologous (obtained from the patient’s own cells), syngeneic (obtained from the patient’s identical twin), or allogeneic (obtained from another individual); however, autologous HSCT is usually not a choice for ABMFD because the patient’s lack of hematopoietic stem cells. The hematopoietic stem cells can be derived from either bone marrow, peripheral blood, or umbilical cord blood. The advantages and disadvantages of each type of hematopoietic stem cell transplantation are shown in Table 1. GVHD is one of the most common and serious complications. The risk and the severity of GVHD are largely related with the degree of HLA tissue type match between the donor and the recipient. Typically, a sibling has a 25%probability of being a perfect match for the recipient’s eight major HLA antigens. The chance of finding an unrelated match ranges from 10% for some minority groups, to around 60%-70% for Caucasians in the United States. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Quite often, ABMFD occurs in patients that receive high doses of radiation therapy and/or chemotherapy. HSCT is often used, following cancer treatments, to facilitate recovery from high doses of radiation therapy and/or chemotherapy by replacing damaged or destroyed stem cells in the bone marrow and restoring hematopoiesis. HSCT for ABMFD has showed promising results[15].

PERIPHERAL BLOOD STEM CELL TRANSPLANTATION
Peripheral blood stem cell transplantation (PBSCT) involves harvesting stem cells from the peripheral blood cells (peripheral blood is composed of erythrocytes, leukocytes and platelets) of the donor[16]. Before harvesting, donors are usually injected with granulocyte colony-stimulating factor to promote stem cell growth and release into the peripheral blood[17]. Currently, PBSCT is the most commonly performed HSCT due to easy access to peripheral blood stem cells and quick donor peripheral blood cell recovery[16]. 

BONE MARROW STEM CELL TRANSPLANTATION
Harvesting bone marrow stem cells is particularly complex procedure, compared to harvesting peripheral blood and umbilical cord blood. The donor must be given a general anesthetic and placed in an operation room. During the procedure, an aspiration needle is inserted at multiple points of the iliac crest region to collect approximately one liter (10 to 15 mL/kg) of bone marrow targeting a harvest of 2-4 × 108 nucleated cells per kilogram of recipient weight. The marrow is then filtered prior to infusion into the recipient. In the past, bone marrow stem cell transplantation was the only option available for HSCT, but due to the many obstacles in harvesting and health risks to the donor, other HSCT sources are becoming more frequently used. However, bone marrow stem cell transplantation is still a preferred option for ABMFD partially due to fewer amounts of lymphocytes in bone marrow reducing the risk and intensity of GVHD.

UMBILICAL CORD BLOOD TRANSPLANTATION
Umbilical cord blood collections are typically obtained from allogeneic, unrelated donors[18]. Cord blood is harvested from the leftover blood of the placenta and umbilical cord after a birth. The hematopoietic stem cells are filtered from the cord blood and kept frozen in storage. Total cord blood stem cell content is usually less than that obtained from peripheral blood or bone marrow, but the cord blood stem cells have higher hematopoietic potential and are able to produce more blood per cell than their counterparts. Due to the lesser quantity of cord blood stem cells, this type of transplantation is given to children or adults of smaller stature. There does not seem to be a strong association between HLA matching and acquiring GVHD and only one-third of patients can find a HLA-identical donor[19,20]. Thus, cord blood transplantation is beneficial for patients that cannot find an acceptable donor based on their HLA loci[21].

COMPARING IST AND HSCT
As of yet, there have been no clinical trials that have compared IST and HSCT. However, many cohort studies have been completed to analyze overall survival, quality of life and failure-free survival. Survival using HSCT is highly dependent upon the age of patients and donor matching (HLA-identical donor transplants showed the highest proportion of survival). While in general, studies reported that for IST and HSCT overall survival and event-free survival were similar in the two groups, HSCT in patients that received HLA-identical transplants resulted in higher survival than patients receiving IST. Adjusting for quality of life, HSCT patients enjoyed longer periods without symptoms or drug toxicity than IST patients. In the past, most patients received IST due to the inability to find an HLA-identical donor, but with scientific advancement in combatting GVHD and rejection and improved survival in transplants involving unrelated donors, HSCT is being more frequently used.

NOVEL CELLULAR THERAPIES
Clinicians and researchers are working towards developing novel therapies to cure ABMFD. The goal of novel cellular therapies is to increase patient accessibility, improve feasibility, and reduce procedure related complications. The methods range from improvements upon traditional methods, such as haploidentical transplantation, amplified umbilical blood transplantation, and mesenchymal cell transplantation, to novel ideas such as thrombocyte stimulator and chimeric antigen receptor T-cells. 

HAPLOIDENTICAL HEMATOPOIETIC STEM CELL TRANSPLANTATION IN COMBINATION THERAPY
Haploidentical HSCT has been used frequently in the past, for patients that are unable to find a HLA identical donor[22]. Haploidentical HSCT, by itself, leads to the great amount of complications due to unmatched HLA, such as GVHD, graft failure, or infection, resulting in significant morbidity or mortality[23]. Recently, haploidentical HSCT has been used in combination with immunosuppressive techniques to counteract the side effects of unmatched HLA. The overall goal of these combination therapies is to induce acceptance of unmatched donor stem cells in the recipient’s bone marrow via conditioning. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Full or partial T-cell depletion in combination with non-myeloablative haploidentical HSCT has shown good preliminary results[24,25]. Immunotoxins are used to fully or partially eliminate the T-cells of the HSCT recipient before the transplant. After the transplant, immunosuppressive agents such as ATG, CSA, or various anti-complement anti-bodies or complement blockers are given on a regular basis to prevent GVHD or rejection of the stem cells. “Megadose” haploidentical HSCT along with full T-cell depletion has also been explored[24,25]. Patients showed success in stem cell engraftment, but they experienced delayed immune reconstitution and higher rate of rejection compared with using partial T-cell depletion with normal HSCT. Variations of these types of therapies are currently being explored; some of them have showed impressive result comparable with HLA matched donor stem cell transplantation. The advantages of haploidentical HSCT combination therapy are the short waiting period in finding a donor and the brevity of the entire HSCT procedure, compared with other methods. 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]AMPLIFIED UMBILICAL CORD BLOOD STEM CELL TRANSPLANTATION
Umbilical cord blood HSCT offers an option to patients without a HLA matched donor. The recipients of HLA unmatched umbilical cord HSCT have significantly decreased risk of GVHD or graft failure compared to matched unrelated donor HSCT. Typically, cord blood HSCT from one donor is only sufficient to treat children or small adults. Larger adults must receive amplified cord blood from two or more donors. 

MESENCHYMAL STEM CELL TRANSPLANTATION
Mesenchymal stem cells (MSC) are found in the bone marrow and fat and are capable of differentiating into hematopoietic cells. MSCs represent a very small proportion of all adult bone marrow cells (< 0.1%), and their exact anatomical location within the bone marrow has yet to be determined[26]. These cells are multipotent and can differentiate into osteoblasts, fat and cartilage, in addition to hematopoietic cells. When transfused into a recipient, MSCs have a tendency to migrate to areas of injury or inflammation and proliferate into resident progenitor cells, but do not induce lymphocyte differentiation, thus immune cells such as T-cells or NK cells do not target MSC cells. The MSCs tendency to migrate to injured and inflammatory areas also represents a downside of using this transplantation, leading to poor engraftment. MSC can be used to enhance engraftments after HSCT. Efforts have been made to overcome these difficulties by selecting homogeneous populations of MSCs that exhibit strong osteoblastic potential, through identifying and selecting cells expression of certain surface antigens (such as STRO-1 or STRO-3)[27].

THROMBOCYTE STIMULATOR
For AA and PNH patients, drugs that stimulate thrombocyte production have been shown to have clinical benefits by improving blood clotting and raising blood cell levels for patients that have failed all standard therapies. This therapy provides a salvage option for AA or PNH patients, who are ineligible for immunosuppression and HSCT[28,29]. The drugs mimic thrombopoietin, which is the principal regulator of thrombocyte production, by binding of the receptor c-MPL on megakaryocytes. Initial clinical trials have shown a median increase in platelet count of 44000 per cubic millimeter for patients receiving the drug. Interestingly, it was observed that 8 of the 11 patients sensitive to the drug kept their response in a median of 10 mo. These drugs have been shown to stimulate erythrocyte and thrombocyte production[28] and are very helpful for patients who are unable to receive stem cell transplantation. 

CONCLUSION
ABMFD is a group of rare but serious hematological diseases with a manifestation of insufficient blood cell formation. There are three main forms of ABMFD that share a similar clinical presentation and bone marrow histological appearance. The primary goals in treating ABMFD are to remove the underlining etiologic factors and to rebuild a healthy bone marrow for normal hematopoiesis. Stem cell transplantation is the ideal method to treatment ABFD. However, the high treatment related mortality, long-term complications such as GVHD, and lack of HLA matched donor sources hinder the practical use of this treatment option. With advances in cellular therapy, immunotherapy, and personalized medical therapy, novel gene modification/targeting therapy under precision medicine model opens a new frontier for ABFD therapy.  
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Figure 1 Typical clinical presentation of aplastic anemia, myelodysplastic syndrome and paroxysmal nocturnal hemoglobinuria. AA: Aplastic anemia; MDS: Myelodysplastic syndrome; PNH: Paroxysmal nocturnal hemoglobinuria. 


Table 1 Advantages and disadvantages of hematopoietic stem cell transplantantion
	Sources of stem cells for transplantation
	
    Peripheral blood
	
    Bone marrow
	
    Cord blood

	Advantages
	Abundant supply
Easy to collect and differentiate
No surgical procedure
Short recovery period
Fastest engraftment
Low rates of morbidity and mortality
	Abundant supply
Easy to storage
Relatively fast engraftment
Autologous cells are immune compatible
	Rapid procedure
Less GVHD
Tolerance of HLA-mismatching

	Disadvantages
	High risk of GVHD
Requirement of close HLA-matching
	Surgical procedure
Long recovery period
High risk of GVHD
Requirement of close HLA-matching
	Limited number of stem cells
Difficult to grow and differentiate
Slow engraftment
Tissue rejection


GVHD: Graft vs host disease; HLA: Human leukocyte antigens. 
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Figure 1. Typical clinical presentation of AA, MDS and PNH
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