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Introduction

Idiopathic acquired aplastic anemia (aAA) is a rare, life threatening bone marrow failure 

syndrome characterized by cytopenias and a hypocellular bone marrow. Aplastic anemia 

(AA) is classified as either inherited or acquired. Inherited bone marrow failure syndromes 

(IBMFS) are rare genetic diseases that are well characterized clinically and usually 

associated with an identified germline mutation. They typically present in childhood, though 

they can be diagnosed later in life and are associated with an increased risk of developing 

malignancy. AA is considered acquired (aAA) if no inherited syndrome is identified. The 

incidence of aAA is low, ranging from 2 to 14 per million per year, with higher incidences 

reported in Asia than Europe 1–3. There is a bimodal age of peak presentation, with the first 

occurring in patients aged 15–25 years and the second in patients over 60 years old4. The 

prognosis for severe or very severe aAA with supportive care only is dismal, with mortality 

rates exceeding 80% at two years5. Overall survival rates at 2 years after treatment with 

immune suppressive therapy (IST) with cyclosporine and ATG are typically greater than 

80%6,7. However, event free survival, with events defined as death or requirement for a 

subsequent therapy, decreases over time and is as low as 58% at 60 months in a recent 

pediatric study8.

The pathophysiology of aAA is unknown, though the most favored model is that of a 

dysregulated immune system leading to autoreactive T cell destruction of hematopoietic 

stem and progenitor cells (HSPC) in a genetically susceptible host. In addition to the 

immune component, HSPC intrinsic defects and bone marrow microenvironment 
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dysfunction are thought to contribute to the disease process. Here we summarize the current 

concepts regarding the pathophysiology of aAA and propose that destruction of HSPCs by a 

combination of intrinsic HSPC genetic defects and an inappropriately activated immune 

response to viral infection is the major driver of aAA.

Dysregulated Immune System

An immunologic mechanism in aAA was suspected when lymphocyte infusions in mice 

resulted in a hypocellular bone marrow9. It was further supported in humans when identical 

twin bone marrow transplantation without conditioning was initially unsuccessful in 15 of 

23 patients, but hematopoiesis was restored with conditioning and repeat transplantation10. 

And finally, this model is largely accepted given favorable responses to immune suppressive 

therapy (IST) with equine antithymocyte globulin (ATG) and cyclosporine, two entirely 

nonspecific agents11.

Destruction or dysfunction of HPSC by activated cytotoxic T cells in the setting of infection, 

drug, or another unidentified environmental trigger is thought to occur via recognition of an 

auto-antigen(s) presented via class I or II HLA molecules11. However, there is no definitive 

evidence of this mechanism as an inciting auto antigen has not been identified. Furthermore, 

there have been very few demonstrations of HSPC specific in-vivo cytotoxic T cell (CTL) 

repertoires. There are many studies delineating immunologic changes seen at diagnosis and 

during treatment. It’s unclear if these immunologic changes result in the disease process of 

aAA, or are secondary to other concurrent, unidentified processes such as a preceding 

hepatitis, EBV, or other viral infection.

T cells

A number of studies have demonstrated increased percentages of activated CD8+ cytotoxic 

T cells in patients with AA in both peripheral blood and bone marrow8–10. In vitro co-

culture of CD8+ T cells from untreated AA patients enhances apoptosis of CD3- bone 

marrow cells from normal individuals12 and inhibits colony formation of CD34+ cells13. 

Putative HSPC death from T cells expanded in-vivo has been demonstrated in two patients. 

In one patient, CD8+ cells induced cell death in 75% of autologous bone marrow 

mononuclear cells14, and in the second patient, a CD4+ T cell clone demonstrated 

cytotoxicity against autologous CD34+ cells in an HLA-DRB1 restricted manner13.

Abnormalities in the number and/or function of all types of CD4+ cells are reported, with 

increased Th1 and Th2 helper cells, and decreased Treg cells15. T regulatory cells play an 

important role in suppressing autoreactive T cells, and are thus believed to influence 

autoimmune diseases. Treg cells present in aAA are functionally impaired and unable to 

suppress normal effector T cells15,16. A reduction in the number of Treg cells in aAA 

correlates with disease severity, and conversely increased numbers of Treg cells predict 

better response to IST15,17. Since Treg depletion and dysfunction are regularly observed 

following viral infections18 and viral infection often precedes aAA, the Treg findings in aAA 

are of unclear pathophysiological significance. However, in general Treg cells tend to be 

depressed in autoimmunity.
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A subset of patients with aAA at diagnosis have restricted CD8+ and CD4+ cytotoxic cell 

receptor diversity, ie., oligoclonal expansion identified by flow cytometry analysis for T cell 

receptor (TCR) subfamilies14,19–21. The presence and degree of oligoclonal T-cell expansion 

predicts response to IST, with strongly skewed TCR repertoires predicting good or partial 

response to IST in children20. Oligoclonal expansion is also quantitatively related to the 

disease course. Patients with good response to IST typically have waning or resolution of 

their immune dominant clones and restoration of TCR variability22. At the time of relapse, 

patients may have recurrence of original clones or expansion, perhaps indicating further 

putative antigen presentation23.

Limited heterogeneity of the T cell repertoire in aAA supports the hypothesis that an antigen 

(presumably on an HSPC) may be driving a pathologic lymphocyte response. However, 

controls derived from patients with recent viral infections are needed to determine the 

clinical significance of any these findings, as T cell clonal expansion is characteristic of such 

infections24. Furthermore in-vitro growth of T-cells may artificially skew representation of 

clones, and perfectly healthy individuals of all ages may exhibit skewing and nonpathologic 

expansion of T cell clones24.

Myelosuppressive Cytokines

T cells likely play a role in the pathogenesis of AA via the release of myelosuppressive 

cytokines. Elevated interferon gamma and TNF alpha levels are found in the serum and bone 

marrow of aAA patients25,26. INF-gamma alone inhibits murine myeloid progenitors and 

their differentiation and leads to aplasia27. TNF alpha and INF-gamma induce HSPC death 

via the Fas/FasL pathway28 and TRAIL expression29. In mice, anti- INF-gamma antibody 

can partially rescue hematopoiesis in a model of infusion induced bone marrow failure30. 

Thus, T cells, activated by either autoimmune response or viral infection may cause aplasia, 

particularly in patients with mutated HPSCs or overactive immune cells (vide infra).

Immune Cell dysregulation

That viral infection or other insult may lead to an inappropriate immune response in certain 

patients is illustrated by hemophagocytic lymphohistiocytosis (HLH). Mutations in the 

perforin gene, PRF1, cause some forms of familial HLH, and heterozygous mutations have 

been reported in aAA31. Polymorphisms in TNF2, the gene forTNF-alpha32,33, INF-gamma 
34 and IL-6 genes 33 result in excessive myleosuppresive cytokine gene expression and are 

associated with an increased immune response and reported in aAA.

HLA genes

A number of studies have reported the epidemiologic association between certain class I and 

class II HLA alleles and increased or decreased risk of aAA. These studies are limited by 

effect size and reporting of statistically significant data that may have little clinical 

relevance. A recent meta-analysis demonstrated an increased risk of aAA associated with 

HLA-A and HLA-DRB1 polymorphisms and protective effect of other HLA-DRB 

polymorphisms35. HLA-DRB1* 1501 predicts response to cyclosporine therapy36. HLA 

allelic variations are hypothesized to be involved in the pathogenesis of aplastic anemia by 

two mechanisms; activation of autoreactive T cells and failure to protect with decreased 
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production of auto regulatory (Treg) cells37. However, the mechanistic link of HLA alleles 

and AA remains unclear.

Antibodies

As mentioned above, T-cells, not antibodies, are the usual suspects as the inciters of an 

autoimmune mechanism of aAA. Therapies including plasmapheresis and anti-CD20 

antibodies have been fruitlessly attempted and are rarely effective. While an autoantigen has 

not been identified in aAA, multiple antibodies have been observed. Their clinical 

significance is ill defined.

Kinectin is an antigen widely expressed and present in all hematopoietic cell lines. Kinectin 

antibodies are present in many patients with AA and in vitro are capable of suppressing 

granulocyte-macrophage colony forming units (CFU-GM). However, anti-kinectin focused T 

cells were not identified in these patients38. Anti-moesin antibodies are also found in 

patients with AA. In vitro, they stimulate peripheral mononuclear cells to secrete TNF alpha 

and IFN gamma. But, serum TNF-alpha levels are not influenced by anti-moesin antibody 

levels observed in aAA patients39. Other antibodies, including heterogenous nuclear 

ribonucleoprotein (hnRNP) antibodies are associated with good response to IST but their 

mechanistic link to aAA is unknown40.

Surprising lessons from clinical trials

Despite the immune dysfunctions outlined above, there remain some puzzling results of 

clinical trials. If cytotoxic T cells play a key role, one would expect further inhibition of T 

cells to result in improved clinical outcomes. However, Alemtuzumab, a humanized CD52 

antibody that produces a more profound and durable lymphopenia than ATG, was 

unsuccessful as a single agent in treatment of naïve aAA patients. In fact, the response rate 

was so low in the clinical trial, that the arm was closed for safety concerns. In relapse or 

refractory settings, there were only modest response rates of ~30% to Alemtuzumab41. 

Rabbit ATG also more effectively depletes lymphocytes in vivo and is more cytotoxic on a 

weight basis42. But in a clinical trial, there was an inferior clinical response to rabbit ATG 

compared to horse ATG, 37% versus 68%, respectively43.

Perhaps horse ATG (which is really anti-human globulin) and cyclosporine (a drug with 

protean effects) exert changes beyond immune suppression and thereby may contribute to a 

clinical response in aAA by mechanisms that are not yet determined. For example, ATG 

stimulates CD34 dependent colony growth in normal, myelodysplastic, and aplastic anemia 

bone marrow44,45 and it reduces the expression of FAS on aplastic CD34 cells, an antigen 

that signals apoptosis44.

Stem Cell Abnormalities

There is evidence that groups of patients with aAA may have intrinsic abnormalities of their 

hematopoietic stem cells and progenitors. Hematopoietic stem and progenitor cells are 

measured immunophenotypically by the presence of CD34, and progenitors are assayed as 

myeloid colony-forming cells. Patients with aAA have a decreased number of immature 

hematopoietic cells at diagnosis, and those that are present demonstrate a poor plating 
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efficiency for colony formation46,47. Decreased progenitor cells persist in many patients 

even when peripheral blood counts improve with treatment, perhaps suggesting an 

underlying stem cell abnormality47–49. Treatment of aplasia with simple infusion of stem 

cells from an identical twin donor without conditioning was successful in a small number of 

patients10,50, further supporting a primary stem cell etiology. Finally, there is a growing 

body of literature identifying germline mutations using next generation and whole exome 

sequencing in patients with a previously negative work up. This suggests that perhaps what 

is being called aAA, particularly in young people, may be a disease with an unidentified 

germline mutation in the hematopoietic stem cell.

Telomeres

About 1/3 of patients with AA have significantly short telomeres in their leukocytes51. 

Shorten telomeres are associated with poor response to IST51,52. Telomeres are structures 

that stabilize the ends of each chromosome to prevent excessive shortening with replication. 

Telomeres shorten until they reach a critical length when they signal cessation of division to 

prevent chromosomal rearrangements. Patients with mutations in the telomere complex 

(TERT or TERC) have increased chromosome end to end fusions and aneuploidy, suggesting 

that telomeres play an important role in the prevention of myelodysplasias and 

leukemias53,54.

Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome with genetic 

mutations that impair telomere length maintenance and is typically associated with other 

clinical features. A subset of patients with only aplastic anemia were found to harbor 

mutations in some of the same genes found in dyskeratosis congenita including TERC55,56 

and TERT57. However, the majority of patients with aplastic anemia and short telomeres do 

not share these identifiable mutations. Thus, it is unclear whether telomeres are short 

secondary to increased stem cell turnover of a few remaining “over demanded” stem cells or 

if there are unidentified environmental, genetic or epigenetic modifiers causing erosion of 

telomeres, which then contribute to disease.

In addition to shortened telomeres, HSPCs from patients with aAA display downregulation 

of cell cycle check point genes including cyclin-dependent kinase 6 (CDK6), CDK2, MYB, 

MYC, and a Fanconi anemia (FA) complementation member (FANCG)37. Taken together, 

all of these changes in HSPCs in aAA may contribute to the inability of hematopoietic stem 

cells to compensate and replicate in the setting of insult.

Clonal Hematopoiesis

The detection of clonal hematopoiesis in over 50 percent of patients with aAA is perhaps the 

strongest indication that accumulated mutations play an important role in the disorder58–62. 

Early evidence suggesting a link between aAA, paroxysmal nocturnal hemoglobinuria 

(PNH), myelodysplastic syndrome (MDS) and AML was noted in the 1960s and has puzzled 

hematologists for some time63. High incidences of subsequent MDS or AML were noted 

prior to the use of IST, and are particularly evident after successful treatment with IST. 

Approximately 10% of patients with AA will later develop MDS or AML64, and as many as 

25% will develop PNH65–67.
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Cytogenetic abnormalities are reported in 4–11% of aAA68–71. However, given the difficulty 

of obtaining sufficient numbers of metaphases from a failing marrow, this could be an 

underestimate. Some common abnormalities are shared with myeloid malignancies 

including +8, −7, del(5q). Others, including +6 and +15 are rarely seen in the AML/MDS.

Somatic Mutations in AA

In a study of 156 patients by Yoshizato et al, 36% of patients with aAA had a somatic 

mutation; the most common was BCOR/BCORL172. Other clonal expansions of mutated 

cells fall in several large categories; paroxysmal nocturnal hemoglobinuria like cells or loss 

of glycophosphotiylinositol anchored proteins, loss of human leukocyte antigen alleles 

(6pLOH), and those commonly seen in myelodysplastic syndrome and/or myeloid 

malignancies.

PNH Like Cells

Paroxysmal nocturnal hemoglobinuria (PNH) is a bone marrow failure syndrome clinically 

characterized by acquired hemolytic anemia and thrombosis. Such patients have clonal 

expansion of cells derived from a HSPC carrying a somatic mutation in the PIGA gene. 

PIGA-mutated cells have defective cell surface expression of glcosylphosphatidylinositol 

(GPI)- anchored proteins including CD55 and CD59, making them vulnerable to 

complement mediated hemolysis. PNH and aAA are closely related with multiple reports of 

the complication of clinically relevant PNH in patients with aAA and vice versa.

Regardless of clinical manifestations of PNH, GPI deficient, “PNH like” cells are detectable 

in more than half of aAA patients when assessed by sensitive flow cytometry using 

antibodies to CD55 or CD59 or fluorescence aerolysin (FLAER) in aAA73–75. Clonal PNH 

expansion is strongly linked to HLA-DR276 and is a predictor of IST response77. This, in 

combination with an absence of these cell surface proteins in PNH has led to the hypothesis 

that the deficient cells have escaped immune destruction. However, there is no direct 

evidence supporting this particular mechanism. They may have survived for any one of 

many reasons.

6p Loss of Heterozygosity

An acquired copy number neutral loss of heterozygosity has been identified in 

approximately 11–13% of patients with AA, usually involving the 6p locus and this finding 

is the second most common mutation detected in aAA36,78. Acquired 6pLOH is 

characteristic and relatively specific to aAA, as it is exceedingly rare in the general 

population (prevalence ~0.09%)36. It is also not commonly identified in other bone marrow 

failure syndromes or MDS. The 6pLOH involves the HLA locus, leading to the loss of 

expression of one HLA haplotype79. Missing HLA alleles were biased to particular alleles 

including HLA-A*02:01, A*02:06, A*31:01 ad B*40:0279. The hypothesis is that auto- 

antigens are expressed via these class I HLAs, and that HSPC loss of expression of this HLA 

via 6pLOH might allow escape from immune attack36,79. Thus, clones with PIGA and 

6pLOH link clonality in aAA with the model of auto-directed CTL destruction of healthy 

HSPC (Figure 1).
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MDS/AML

Whole gene sequencing by Yoshizato et al demonstrated that mutations typically found in 

myeloid leukemias can be found in up to one third of patients with aAA72. DNMT3A and 

ASXL1 mutations are common to both aAA and MDS. In aAA, these clones tended to 

increase their clone size over years, although variability was high between individuals. 

Presence of these mutations is associated with faster progression to MDS/AML, shorter 

overall survival and poor response to IST. In contrast, PIGA and BCOR/BCORL1 mutations 

are underrepresented in MDS and AML compared to patients with aAA and clone sizes tend 

to stay stable or decrease over time. Compared to DNMT3A and ASXL2, these “favorable 

mutations” are associated with decreased mortality72. Of note, these data must be interpreted 

carefully, as somatic DNMT3A and ASXL1 are also found in healthy aged populations and 

are considered clonal hematopoiesis of indeterminate potential (CHIP)80.

These findings suggest a second theoretical model of aAA linking MDS and aAA. The 

immune surveillance controlling these abnormal clones may result in “bystander” 

destruction of HSPC. With IST, suppression of the malignant clone is removed. Then clone 

unchecked may ultimately lead to MDS/AML. Additionally, it’s possible that clonal 

hematopoiesis occurs in the setting of unidentified germline mutations as described below.

Germline Mutations

By definition, aAA may only be diagnosed after exclusion of an IBMFS through a detailed 

history, physical examination and functional assays for FA and DC or genetic testing for 

Shwachman Diamond syndrome and congenital amegakaryocytic thrombocytopenia 

(CAMT) to exclude these classic inherited syndromes. To more rigorously diagnose IBMFS 

and MDS, a single center study used next generation sequencing (NGS) targeted BMF/MDS 

gene capture on patients diagnosed with aAA who underwent stem cell transplantation from 

1990–2012. Pathologic mutations in known BMF genes were identified in 5/98 (5.1%) of 

patients; 3/5 of these patient had no previous diagnosis, and family history and physical 

exam failed to distinguish them from other patients with aAA and no identified mutation81. 

In a more select population with suspected IBMFS, given family history, congenital 

abnormalities and young age but no previously identified mutation, whole exome sequencing 

identified pathologic mutations in 86/179 (48%) of patients82. Mutations included those well 

described in IBMFS as well as new mutations rarely described, including SAMD9/

SAMD9L, MECOM/EVI1, and ERCC6L2. Mutations in these genes frequently had a 

distinct clinical phenotype; transient aplasia and monosomy 7 in SAMD9/SAMD9L, severe 

infantile aplastic anemia in MECOM/EVI1, and mild pancytopenia with myelodysplasia in 

ERCC6L2.

It is well known that stem cell depletion leads to aplasia and subsequent MDS/AML in 

IBMFS, just as it does is aAA. These studies as well as those summarized above support the 

idea that intrinsic abnormalities of hematopoietic stem cells and progenitors are a key 

component of aAA. Additionally, a cohort of patients diagnosed with aAA, particularly the 

young, may have unidentified germline mutations.
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Alterations in Hematopoietic Stem Cell Environment

Mesenchymal stromal cells from AA patients are said to fail to form adherent layers in vitro 

and have reduced ability to sustain hematopoiesis as assessed by total cell proliferation83. 

Alterations in fibroblastic colony forming units and the stromal-derived cytokines ANG1, 

VEGF and VCAM-1 have also been reported84. Transforming growth factor (TGF-β) is a 

cytokine implicated in the regulation of hematopoietic stem cell cycling. In vitro and in vivo 

bone marrow stromal cells of AA express significantly less TGF- β than normal stroma85. 

While these alterations are provocative, they do not establish a clear link to the 

pathophysiology of AA.

Niches

Bone marrow niches are anatomically distinct spaces in the bone marrow that provide 

signals that maintain and support HSC. The osteoblastic niche is one of the best studied and 

is composed of osteoblasts in close proximity to quiescent HSC86. Destruction of osteoblasts 

in mice results in decreased HSC numbers and impaired hematopoiesis87. Examination of 

bone marrow samples in AA patients demonstrates fewer endosteal, vascular and 

perivascular cells indicating possible impairment of these niches in patients with aplastic 

anemia88.

Hematopoietic Growth Factors

Patients with AA have markedly elevated serum hematopoietic growth factors including 

erythropoietin (EPO), granulocyte colony stimulating factor (G-CSF), granulocyte 

macrophage colony stimulating factor (GM-CSF) and thrombopoietin (TPO)89,90. The use 

of hematopoietic growth factors in bone marrow failure syndromes has a long but frustrating 

history. Trials have included erythropoietin, GM-GCSF, G-CSF, interleukin 1, 3, and 6. They 

demonstrated no effect and except for GCSF, were associated with increased side effects91.

Thrombopoetin (TPO) is a potent endogenous cytokine that acts via the TPO-receptor, also 

known as MPL, to stimulate platelet production. MPL is present on HSPC and in vitro, TPO 

has been shown to play an important role in hematopoietic stem cell survival and 

expansion92,93,94. In vivo patients with MPL associated congenital amegakaryocytoic 

thrombocytopenia typically develop aplastic anemia early in life95,96.

Eltrombopag, a small molecule TPO mimetic, was studied initially as monotherapy97, and 

then in combination with ATG and cyclosporine. The addition of Eltrombopag improves 

response rates in aAA98. While Eltrombopag is clinically effective, the result gives little 

insight to the pathophysiology of AA. Eltrombopag binds MPL at a site distinct from that of 

endogenous TPO, so it may be exerting additional effects. In fact, recent unpublished work 

(Alvarado et al, ASH abstract 2017) indicates that INF-γ and TPO form heteromeric 

complexes that hinder binding to the MPL receptor at both high and low affinity99. 

Eltrombopag may evade this process, thus explaining its role on the HSPC and in aAA.
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Concluding Remarks

aAA has a complex pathophysiology. Lymphocyte subsets are altered; however similar 

alterations are seen in viral infections. Functional assays demonstrate lymphocyte effects on 

the growth of HSPC, but very few published studies demonstrate T-cell clones expanded in-

vivo with cytotoxic effects on HSPCs. Immune dysregulation likely occurs in patients with 

underlying genetic susceptibility in the setting of a second insult. Intrinsic deficits of the 

hematopoietic stem cell itself are also important in the disease process, as evidenced by 

shortened telomeres and somatic mutations ultimately leading to clonal hematopoiesis and 

increased risk of MDS and AML. The hematopoietic stem cell microenvironment may also 

contribute to disease. While immune suppressive therapy with equine ATG, cyclosporine 

and Eltrombopag have improved clinical outcomes, we have much to learn about the 

underlying mechanisms in acquired aplastic anemia and why these agents are effective. The 

potential role of upfront matched unrelated donor stem cell transplant as first-line treatment 

for aAA, particularly for younger patients, is currently under investigation.
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Synopsis

Idiopathic acquired aplastic anemia (aAA) is a rare, life threatening bone marrow failure 

syndrome characterized by cytopenias and a hypocellular bone marrow. The 

pathophysiology of aAA is unknown, though the most favored model is that of a 

dysregulated immune system leading to autoreactive T cell destruction of hematopoietic 

stem and progenitor cells (HSPC) in a genetically susceptible host. The authors review 

the literature and propose that the major driver of aAA is a combination of HSPC 

intrinsic defects and an inappropriately activated immune response in the setting of a 

viral infection. Alterations in bone marrow microenvironment may also contribute to the 

disease process.
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Key Points

1. The pathophysiology of acquired aplastic anemia (aAA) is unknown. The 

leading hypothesis is cytotoxic T cell destruction of hematopoietic stem cells, 

but no inciting auto-antigen has been identified.

2. There is evidence of immune dysregulation with abnormal lymphocyte 

subsets, including increased CD8+ cells, decreased T regulatory cells, and an 

expansion of Th1 and Th2 helper cells compared with normal individuals. 

Similar changes are observed in patients with autoimmune diseases and a 

viral infection.

3. The most striking evidence supporting the role of auto-reactive T cells in aAA 

is the presence of leukocytes with acquired copy number neutral (CNN) loss 

of heterozygosity (6pLOH) involving an HLA allele which might allow 

escape from immune attack.

4. Clonal hematopoiesis is common in aAA. The most frequent somatic 

mutations are BCOR/BCOR1, PIG-A and 6pLOH, followed by those shared 

with MDS/AML including DNMT3A and ASXL1.

5. That hematopoietic stem cells have other non-immune related genetic defects 

is further evidenced by shortened telomeres in leukocytes and recently 

described germline mutations in cohorts of patients with aAA.

6. While equine ATG, cyclosporine and eltrombopag have improved aAA 

clinical outcomes, we do not understand their mechanisms.
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Figure 1: 
Pathophysiology of Acquired Aplastic Anemia (aAA), and the link between PNH, MDS and 

AML. An antigen is presented to a CTL via a Class 1 HLA molecule, and autoreactive T 

cells are activated, perhaps by a virus in a susceptible host, then begin to expand. T cells 

release cytokines including TNF-α and INF-γ, which have direct apoptotic effects on the 

HPSC, ultimately resulting in bone marrow failure. Clonal hematopoiesis may occur either 

in the setting of immune escape, as evidenced by PIG-A, which can subsequently lead to 

clinical PNH, or 6pLOH mutations. Alternatively, clonal hematopoiesis may occur via 

selection of dominant clones with somatic mutations that are identified in both the normal/

aging population and those with aAA. Progressive proliferation of these clonal HPSC can 

then lead to progression of MDS/AML.
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