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Summary

Acquired aplastic anaemia (AA) is an immune-mediated bone marrow failure disorder inextricably 

linked to clonal haematopoiesis. The majority of AA patients have somatic mutations and/or 

structural chromosomal abnormalities detected as early as at diagnosis. In contrast to other 

conditions linked to clonal haematopoiesis, the clonal signature of AA reflects its immune 

pathophysiology. The most common alterations are clonal expansions of cells lacking 

glycophosphotidylinositol-anchored proteins, loss of human leucocyte antigen alleles, and 

mutations in BCOR/BCORL1, ASXL1 and DNMT3A. Here, we present the current knowledge of 

clonal haematopoiesis in AA as it relates to aging, inherited bone marrow failure, and the grey-

zone overlap of AA and myelodysplastic syndrome (MDS). We conclude by discussing the 

significance of clonal haematopoiesis both for improved diagnosis of AA, as well as for a more 

precise, personalized approach to prognostication of outcomes and therapy choices.
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1. Introduction

Acquired aplastic anaemia (AA), an immune-mediated bone marrow aplasia, has long been 

linked to clonal haematopoietic disorders(Dameshek 1967). Within 10 years of receiving 

immunosuppression therapy (IST), approximately 10% of AA patients develop 
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myelodysplastic syndrome (MDS) and 7% progress to acute myeloid leukaemia (AML)(de 

Planque, et al 1989, Frickhofen, et al 2003, Socie, et al 1993, Tichelli, et al 1988). 

Additionally, more than half of AA patients acquire detectable paroxysmal nocturnal 

haemoglobinuria (PNH) cell clones lacking surface glycosylphosphatidylinositol (GPI)-

linked proteins due to somatic mutations in the PIGA gene(de Planque, et al 1989, 

Frickhofen, et al 2003, Sugimori, et al 2006, Tichelli, et al 1988). Morphological findings of 

patchy haematopoiesis, commonly seen in bone marrow biopsies of AA patients, have also 

been proposed to be a possible histopathological correlate of clonal haematopoietic 

recovery(Hotta, et al 1990, Huic, et al 2002)

Despite the early recognition of AA as a pre-leukaemic state(Marsh and Geary 1991, Socie 

1996), it was only recently that our ability to detect clonal changes expanded beyond 

detection of gross cytogenetic alterations and PNH. Recent application of high-density 

genotyping with single nucleotide polymorphism arrays (SNP-A)(Afable, et al 2011, 

Babushok, et al 2014, Katagiri, et al 2011) and next-generation sequencing (NGS)

(Babushok, et al 2015a, Heuser, et al 2014, Kulasekararaj, et al 2014, Lane, et al 2013, 

Yoshizato, et al 2015) uncovered a plethora of clonal somatic changes in the bone marrow of 

AA patients, making AA the non-neoplastic blood disease most singularly linked to clonal 

haematopoiesis.

In this review, we will discuss recent advances in our understanding of clonal 

haematopoiesis in AA. We will specifically focus on the characteristics of clonal 

haematopoiesis that directly reflect on its underlying immune pathogenesis. In doing so, we 

will compare clonal changes in AA to those seen in normal aging and in inherited bone 

marrow failure and will review the evidence for the increasingly difficult-to-define 

boundaries between AA and MDS. We will conclude by critically appraising the data for 

significance of acquired genetic changes in AA as they relate to the diagnosis of AA, AA-

directed therapy and the patients’ overall prognosis.

2. Forces That Drive Clonal Haematopoiesis in Aplastic Anaemia

To understand clonal haematopoiesis in AA, it is important to consider the underlying 

currents that influence haematopoietic stem and progenitor cell (HSPC) populations over the 

course of AA. Under normal circumstances, humans have approximately 11,000 

haematopoietic stem cells (HSCs), up to 30% of which are estimated to actively contribute 

to haematopoiesis, with steady-state haematopoiesis primarily maintained by long-lived 

multipotent progenitors and short-term (ST) HSCs (Abkowitz, et al 2002, Busch, et al 2015, 

Catlin, et al 2011). In AA, immune-mediated depletion of haematopoiesis-maintaining cells, 

probably multipotent progenitors and ST-HSCs, leads to aplasia and cytokine-driven marrow 

suppression (Busch, et al 2015, Catlin, et al 2011, Smith, et al 2016). It is not known 

whether long-term HSCs are also directly targeted by immune-mediated destruction, or 

whether HSC loss occurs through attrition and differentiation.

Pre-existing genetic mutations acquired as a part of normal aging can become a substrate for 

clonal selection at the time of haematopoietic stress, serving as an evolutionary “bottleneck” 

(Figure 1). Thus, in AA, HSPC-directed autoimmunity can lead to selective growth 

Stanley et al. Page 2

Br J Haematol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



advantage for a cell that, through acquisition of somatic alterations, becomes either less 

immunogenic or acquires relative resistance to cytotoxicity or cytokine-mediated marrow 

suppression. Additionally, alterations that increase the replicative potential or promote 

differentiation down the myeloid lineage could lead to clonal expansion within the myeloid 

compartment during AA haematopoietic recovery (Figure 1).

3. Markers of Clonal Haematopoiesis in AA

Our current understanding of clonal haematopoiesis in AA is based on a composite of data 

from a variety of studies evaluating different markers of clonality in AA: cytogenetic 

abnormalities, clonal copy number-neutral loss of heterozygosity (CN-LOH), somatic 

mutations, and X chromosome inactivation bias.

3.1 Structural Genomic Variants: Recurrent Cytogenetic Abnormalities and CN-LOH

Studies of structural genomic variation, with metaphase karyotyping and, more recently, 

single-nucleotide polymorphism arrays (SNP-A), have identified acquired cytogenetic 

abnormalities in up to a quarter of patients with otherwise unremarkable AA (Tables I and 

II). The most common cytogenetic alterations include −7/del(7q) and trisomy 8, with other 

recurrent abnormalities including del(13q), trisomy 6, trisomy 15 and trisomy 21. Other 

chromosomal abnormalities common to myeloid neoplasms, such as del(5q) and del(20q), 

occur less frequently in AA (Table I)(Gupta, et al 2006, Maciejewski, et al 2002, 

Maciejewski and Selleri 2004, Ohga, et al 2002). Notably, approximately ~1–4% (range 0–

23%) of patients with newly diagnosed AA have clonal cytogenetic abnormalities detected at 

the time of diagnosis(Maciejewski, et al 2002); this may be an underestimate because of the 

not-infrequent failure of karyotyping due to poor cell growth. The rarity of AA and of 

cytogenetic abnormalities within the AA population have limited the ability to perform 

prospective studies of specific cytogenetic abnormalities in AA. However, retrospective 

analyses of cytogenetic changes in AA led to several important observations. Similar to its 

adverse prognosis in myeloid malignancies, −7/del(7q) was found to confer worse outcomes 

in AA, with a lower response to immunosuppression and an increased mortality and greater 

progression to MDS(Maciejewski, et al 2002). In contrast, trisomy 8 and deletion 13q, 

particularly when detected in the presence of a small PNH clone, were found to be 

associated with an improved response to immunosuppression and a better prognosis(Holbro, 

et al 2013, Hosokawa, et al 2012, Hosokawa, et al 2015, Ishiyama, et al 2002, Maciejewski, 

et al 2002). Additionally, there are documented cases of cytogenetic abnormalities, including 

cases with monosomy 7, which remit with haematopoietic recovery(Gupta, et al 2006, 

Maciejewski, et al 2002, Mikhailova, et al 1996).

The recent advent of SNP-A genotyping and its use in clinical cytogenetic testing for 

patients with cancer and bone marrow failure has enabled detection of another acquired 

structural genetic abnormality, copy number neutral loss of heterozygosity (CN-LOH), that 

is not detected by conventional cytogenetic approaches. Using SNP-A genotyping, AA 

patients were found to have regions of acquired CN-LOH at a significantly higher frequency 

than patients with other forms of bone marrow failure(Babushok, et al 2014). The region 

most commonly involved by acquired CN-LOH in AA is the short arm of chromosome 6, at 
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the site of the major histocompatibility complex (MHC) locus (Figure 2A), detected in ~11–

13% of patients(Afable, et al 2011, Babushok, et al 2014, Betensky, et al 2016, Katagiri, et 
al 2011) (Table II). Importantly, acquired 6p CN-LOH is characteristic and relatively 

specific to AA, as compared to MDS, where it occurs at only ~1% frequency(Mohamedali, 

et al 2015). Additionally, 6p CN-LOH is exceedingly rare in the general population, where 

its prevalence is estimated at ~ 0.09% (1 of 1153)(Score, et al 2015). 6p CN-LOH appears to 

favour the loss of specific human leucocyte antigen (HLA) alleles, including HLA-A*02:01, 

-A*02:06, -A*31:01, -B*40:02 and -B*14:02, suggesting specificity to the underlying 

immune attack in AA(Betensky, et al 2016, Katagiri, et al 2011). Larger, prospective studies 

are needed to more fully evaluate the prognostic significance of 6p CN-LOH, as data thus far 

have been mixed (see further discussion of clinical significance below)(Betensky, et al 2016, 

Katagiri, et al 2011).

3.2 Somatic Mutations in AA

Several groups have used targeted sequencing of genes recurrently mutated in 

haematological malignancies to identify emergence of clonal, haematopoietic-specific 

mutations in MDS-associated genes in 5–36% of AA patients (Figure 3) (Heuser, et al 2014, 

Huang, et al 2015, Kulasekararaj, et al 2014, Lane, et al 2013, Yoshizato, et al 2015). The 

wide variation in mutation frequencies among studies reflects the differences in study 

methodologies, including compositions of targeted gene panels, detection sensitivities, as 

well as significant differences in study populations, both with respect to age and in inclusion 

of patients with post-AA MDS. Despite the methodological differences, studies have 

consistently identified recurrent somatic mutations in AA falling into a small cluster of 

genes: PIGA, ASXL1, BCOR, and DNMT3A, while other genes were mutated less 

frequently(Kulasekararaj, et al 2014, Lane, et al 2013, Yoshizato, et al 2015). In many cases, 

these mutations were present at diagnosis, albeit at a small allele burden, and expanded over 

time(Yoshizato, et al 2015). Compared to clones associated with MDS, mutant clones in AA 

were smaller, and frequently were stable and compatible with stable blood counts for a long 

period of time, even in cases that eventually progressed to MDS/AML(Yoshizato, et al 
2015). Mutations could be found in multiple haematopoietic lineages, suggesting 

involvement of a multipotent primitive haematopoietic progenitor or an HSC(Lane, et al 
2013, Yoshizato, et al 2015). Although additional studies in paediatric patients are needed, 

preliminary data from the National Institutes of Health (NIH), Japan and Philadelphia 

cohorts suggests that children and young adults may be less likely to carry somatic 

mutations in MDS-associated genes(Babushok, et al 2015b, Yoshizato, et al 2015, Young 

and Ogawa 2015).

To comprehensively evaluate the landscape of somatic mutations in AA, two studies used 

comparative whole exome sequencing (WES) of the patients’ bone marrow or blood DNA 

compared to the paired germline DNA control. Both studies identified a high frequency of 

somatic mutations in genes not previously linked to myeloid neoplasms(Babushok, et al 
2015a, Yoshizato, et al 2015). Only a small number of genes were involved multiple times, 

with the majority interpreted to be passenger mutations in genes of larger size (Yoshizato, et 
al 2015), with a notable exception of inactivating mutations in the HLA class I genes 

(Babushok, et al 2015a). Two patients were found to have oligoclonal loss of specific HLA 
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alleles—HLA-A*33:03 and HLA-B*14:02 through two independent mechanisms in the 

same patients—6p CN-LOH and mutational inactivation (Babushok, et al 2015a) (Figure 

3B). While the immune selection against specific HLA alleles was previously proposed to be 

a mechanism for emergence of 6p CN-LOH (Katagiri, et al 2011), strong linkage 

disequilibrium and the numerous other genes present within the MHC locus made it difficult 

to exclude other genes in the region (e.g. TNF-α and complement proteins). Thus, finding 

recurrent somatic mutations causing HLA class I loss provides evidence of immune 

specificity in AA, and underscores that immune escape is a major mechanism of AA clonal 

haematopoiesis.

3.3 In AA, Clonal Haematopoiesis is a Rule Rather Than an Exception

Putting together the results of cytogenetics, SNP-A and WES/NGS, clonal haematopoiesis 

has been detected in the vast majority (~70–85%) of all AA patients, ranging from ~60% in 

childhood-onset AA to almost 100% in adults (Babushok, et al 2015a, Yoshizato, et al 
2015). These numbers are significantly higher than previously estimated by historical studies 

that used skewed X-chromosome inactivation (XCI) as a marker of clonality. The lower 

estimates in the XCI studies can be largely explained by the lower sensitivity of XCI that 

require at least 35% of the studied population to be involved in the clone to ensure detection 

(Ishiyama, et al 2003); co-occurrence of multiple clones with potentially disparate XCI in 

each clone may also confound the analysis.

4. Blurring the Line Between AA and MDS: AA/MDS Overlap

The recent discovery that clonal haematopoiesis develops in most cases of AA has brought 

to the forefront the long-acknowledged difficulty in distinguishing between hypoplastic 

MDS (hMDS) and AA. The diagnosis of MDS, based on the 2008 World Health 

Organization Classification Criteria, requires morphological dysplasia in 10% of one or 

more myeloid lineages (Vardiman, et al 2009), while, at the same time, allowing for a 

presumptive diagnosis of MDS in the absence of morphological dysplasia when certain 

cytogenetic abnormalities are identified. Although the majority of patients with MDS have a 

hypercellular or normocellular marrow, up to 20% of MDS patients may have a cellularity 

under 30%, a condition referred to as hMDS(Geary, et al 1996, Maschek, et al 1993, 

Tuzuner, et al 1995). Because the pathological criteria used to define dysplasia are difficult 

to apply to severely hypocellular marrow with only few cells to assess, distinguishing hMDS 

from AA on morphological grounds is often impossible. In such cases, detection of a clonal 

marker, whether a chromosomal abnormality or molecular markers of clonal 

haematopoiesis, has been traditionally used to support a diagnosis of hMDS (Gondek and 

DeZern 2014, Tuzuner, et al 1995). However, given the recent finding of high prevalence of 

clonality in AA, with the spectrum of genetic changes overlapping that of MDS, the 

presence of clonality cannot be used to exclude AA and extreme caution must be used in 

interpreting somatic mutations and chromosomal abnormalities to make the MDS diagnosis.

Notably, a subset of patients with AA, primarily in the elderly, can be better characterized as 

an overlap syndrome of AA and hMDS. Unlike the traditional model of AA, where a T-cell 

mediated immune response is directed at the healthy HSPCs, patients with the AA/hMDS 
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overlap develop immune responses directed at the underlying MDS clone, which is 

associated with “bystander” autoimmune aplasia (Figure 4). This pathophysiological link 

between MDS and autoimmune aplasia is supported by several clinical observations. First, 

both syndromes share age-related epidemiological characteristics: AA has a well-described 

bimodal distribution, with the second and major peak in the elderly coincident with the rise 

in age-related clonal haematopoiesis and MDS (International Agranulocytosis and Aplastic 

Anemia Study 1987). Second, patients with both AA and MDS can respond to 

immunosuppressive therapy, with ~30% of patients with hMDS showing a haematological 

improvement with immunosuppression, including the loss of the predominant clonal T cell 

populations in responding patients (Kochenderfer, et al 2002, Sloand, et al 2008). One of the 

better examples of the role of immune system in MDS are studies of patients with MDS and 

trisomy 8, where Sloand and colleagues demonstrated that trisomy 8 cells are more 

susceptible to lymphocyte-mediated apoptosis, and have a preferential expansion in culture 

with T-cell depletion or cyclosporine therapy (Sloand, et al 2002, Sloand, et al 2005). Third, 

in the same vein, there are well described cases of MDS developing in AA patients within 

months of immunosuppression, suggesting that immune surveillance may be suppressing the 

malignant clone, which can be unmasked by immunosuppressive therapy (Nazha, et al 
2015). These, together with the many commonalities in clonal haematopoiesis seen in AA 

and MDS, including detectable PNH cells in ~15% of MDS patients (Kaiafa, et al 2008, 

Wang, et al 2002, Wang, et al 2009), suggest that a subset of patients may have co-existing 

hMDS and secondary immune-mediated aplasia, a syndrome which can be thought of as 

AA/hMDS overlap.

5. Differences in Clonal Haematopoiesis of Inherited Bone Marrow Failure 

Syndromes (IBMFS) and AA

While AA and hMDS are frequently considered in adults presenting with pancytopenia and 

hypocellular bone marrow, there is a growing awareness that inherited marrow failure can 

present similarly and should be included in the differential diagnosis in children and adults 

presenting with apparent AA and MDS (Babushok, et al 2016). A recent study evaluated the 

frequency of undiagnosed IBMFS in 98 patients aged ≤ 40 years transplanted for AA at Fred 

Hutchinson Cancer Research Center; germline mutations were identified in 5.1% of AA 

patients, most of whom did not have a suggestive family history or syndromic stigmata 

(Keel, et al 2016). The 5% prevalence of germline mutations in this cohort of AA patients is 

in general agreement with historical studies, which identified mutations in TERT and TERC 
genes in 3.4% (7/205) and ~1.4% (3/210) of AA patients, respectively (Fogarty, et al 2003, 

Yamaguchi, et al 2003, Yamaguchi, et al 2005). Additional syndromes, probably 

underdiagnosed in adults, include germline GATA2 haploinsufficiency and Fanconi 

Anaemia (FA), both of which have been reported at as high as a 12% and 8% frequency in 

selected AA and bone marrow failure cohorts(Ganapathi, et al 2015, Pinto, et al 2009). The 

true prevalence of occult IBMFS may actually be higher than currently appreciated, given 

the incomplete knowledge of and limited screening for IBMFS in the adult population. Thus, 

undiagnosed IBMFS may account for a subset of AA patients who fail to respond to 

immunosuppressive therapy.
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Similar to AA, IBMFS is associated with clonal haematopoiesis, but has a significantly 

greater risk of transformation to MDS and AML (Abkowitz, et al 1984, Alter, et al 2010). 

Among the IBMFS most likely to mimic AA because of their late presentation or lack of 

overt extrahaematopoietic manifestations [e.g. FA, Dyskeratosis Congenita (DC), and 

GATA2 haploinsufficiency], all have high rates of clonal haematopoiesis with cytogenetic 

abnormalities and somatic mutations (Jongmans, et al 2012, Perdigones, et al 2016, Quentin, 

et al 2011, Soulier, et al 2005, Steele, et al 2006, Venkatraj, et al 1994, West, et al 2014, 

Wlodarski, et al 2016). Importantly, the differences in the underlying selective pressure in 

AA and IBMFS lead to distinct characteristics of the acquired genetic aberrations seen in 

these disorders. In AA, clonal haematopoiesis appears to be driven largely by immune 

escape, with the two most common abnormalities being PNH and 6p CN-LOH(Katagiri, et 
al 2011, Kulasekararaj, et al 2014, Yoshizato, et al 2015). In contrast, both PNH and 6p CN-

LOH are exceedingly rare or absent in IBMFS (Babushok, et al 2014, DeZern, et al 2014, 

Oo 2014, Quentin, et al 2011). Conversely, in IBMFS, clonal haematopoiesis frequently 

occurs due to events that rescue the underlying inherited defect. For example, up to 15% of 

FA patients undergo somatic reversion in their haematopoietic compartment (Soulier, et al 
2005). In DC, reversion of the underlying pathogenic mutations in TERC and DKC1 was 

recently identified as a driver of clonal haematopoiesis (Jongmans, et al 2012, Perdigones, et 
al 2016). Similarly, recurrent genetic abnormalities involving the site of the SBDS gene, i(7)

(q10) or 7q CN-LOH lead to improved haematopoiesis in compound heterozygous patients 

with Shwachman Diamond Syndrome (SDS). This is caused by duplication of the 

hypomorphic mutant SBDS allele allowing for the production of some normal SBDS 

protein, thus increasing the mutant HSC fitness (Minelli, et al 2009, Parikh, et al 2012). It is 

likely that other recurrent abnormalities in IBMFS (e.g. trisomy 1q and trisomy 3q in FA, 

monosomy 7 in GATA2 haploinsufficiency, and del(20q) in SDS) in some way alleviate the 

underlying defect in these disorders; however, the mechanism for emergence of these 

abnormalities still remains poorly understood.

6. Age-Related Clonal Haematopoiesis Forms a Substrate for Immune 

Selection in AA

Healthy individuals are now known to accumulate structural genomic rearrangements and 

somatic mutations as a part of normal aging. Two pivotal studies used SNP-A analysis, each 

in over 50,000 individuals from a variety of genome-wide association cohorts, to find that 

although individuals under the age of 50 years had <0.5% frequency of chromosomal 

rearrangements, the frequency of chromosomal rearrangements reached 2–3% in the 

elderly(Jacobs, et al 2012, Laurie, et al 2012). Subsequently, three large whole exome 

sequencing studies of 2,728 control blood specimens from the Cancer Genome Atlas 

(TCGA)(Xie, et al 2014), 17,182 blood specimens from population-based cohorts of type 2 

diabetes and heart disease (Jaiswal, et al 2014), and 12,380 blood samples from case-control 

studies of schizophrenia and bipolar disorder (Genovese, et al 2014) demonstrated an age-

related increase in somatic mutations, with mutations found in ~10% of patients aged over 

65 years. Most commonly, somatic mutations disrupted key cellular epigenetic modifiers, 

DNMT3A, TET2 and ASXL1, whose loss has been linked to expansion of HSCs through 

impaired differentiation(Challen, et al 2012), increased self-renewal(Moran-Crusio, et al 
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2011), or, in the case of ASXL1, to increased proliferation of haematopoietic 

progenitors(Wu, et al 2015). The authors found that the presence of clonal haematopoiesis 

was associated with an ~11- to 12-fold higher risk of developing haematological 

malignancies.

Importantly, subsequent studies of clonal haematopoiesis in healthy individuals highlighted 

new facets of age-related clonality, raising new questions as to its true prevalence, prognostic 

implications, and the role of the bone marrow environment in shaping clonal evolution. To 

evaluate the true prevalence of age-related clonal haematopoiesis, Young et al (2016) 

employed a novel technique of error-corrected NGS to push the limits of sensitivity in 

detecting somatic mutations in twenty 50- to 60-year-old women from the Nurse’s Health 

Study. The authors found mutations in 19 out of 20 women (95%), far more commonly than 

the ~10% previously reported for this age group using less sensitive NGS methodology. The 

mutations had a very low median allele frequency of 0.0024, with 64% of mutations 

occurring in the DNMT3A and TET2 genes. Approximately a quarter of the mutations were 

persistent at two time points a decade apart, while 14% and 59% were detected at only the 

first or the second sampling, respectively. This study brings to light the nearly ubiquitous, 

yet clinically silent clonal haematopoiesis in middle-aged adults, which contrasts with the 

much lower prevalence of myeloid malignancies in the population.

Focusing on the differences in mutational spectrum as a function of age, the study of 3,067 

blood donors and 1,152 unselected elderly from the United Kingdom Household 

Longitudinal Study highlighted a role of age-related changes in the marrow environment in 

shaping the HSC clonal make-up (McKerrell, et al 2015). The authors observed that in 

addition to the expected age-related increase in mutation frequency, there were age-related 

differences in the types of observed mutations, with spliceosome gene mutations detected 

exclusively in those over 70 years of age. Such age-related differences in mutational profiles 

indicate that varied selective pressures within the bone marrow environment can change the 

clonal composition over an individual’s lifetime.

Thus, in AA, pre-existing age-related somatic mutations serve as a substrate that is then 

shaped by autoimmune selection and haematopoietic stress to create the unique clonal 

signature of AA (Figure 5). Although age-related somatic mutations are frequently detected 

in adult AA patients, they form a backdrop to the two most common abnormalities in all age 

groups: mutations in PIGA and the loss of HLA class I alleles(Kulasekararaj, et al 2014, 

Yoshizato, et al 2015) (Figure 5). These two prototypical markers of immune escape in 

AA(Gargiulo, et al 2013, Inaguma, et al 2016, Katagiri, et al 2011, Murakami, et al 2002) 

are closely followed by mutations in ASXL1 and BCOR/BCORL1(Kulasekararaj, et al 
2014, Yoshizato, et al 2015), which are significantly over-represented in AA compared to 

their relative prevalence in similarly aged individuals, outcompeting the two most commonly 

mutated genes, DNMT3A and TET2 (Figure 5). Other age-related mutations appear to 

grossly track with the patients’ age, and probably represent expansion of pre-existing age-

related clones. An example of such age-related differences in AA is illustrated by the 

differences in the mutation spectra in the two main AA cohorts in the study by Yoshizato 

and colleagues, where the older Japanese cohort (median age 60 years) had a significantly 

higher prevalence of mutations in DNMT3A(Young and Ogawa 2015), as well as 
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qualitatively higher prevalence in mutant TET2 and spliceosome factors, as compared to the 

younger USA cohort (NIH cohort median age 29.5)(Yoshizato, et al 2015). Both cohorts had 

a significantly higher proportion of age-related mutations as compared to the primarily 

paediatric study published by our group (median age 18.5 (range 2–61) as well as the 

paediatric subset of patients within the cohort of Yoshizato and colleagues, where the 

recurrent age-related mutations were mainly found in ASXL1 and BCOR (Babushok, et al 
2015a, Yoshizato, et al 2015). It is likely that mutations in the repressive epigenetic modifier 

genes BCOR, BCORL1, and ASXL1 confer a selective advantage specific to the AA bone 

marrow environment. Possible mechanisms could involve enhancing progenitor proliferative 

capacity (Cao, et al 2016, Wu, et al 2015) or reducing susceptibility to the T cell-mediated 

autoimmune destruction and/or cytokine marrow suppression; however, specific mechanisms 

have not been defined.

7. Clinical Significance of Clonal Haematopoiesis in AA

The growing understanding of distinct features of clonal haematopoiesis in AA, as compared 

to normal aging, IBMFS and MDS, holds promise for improved patient care through more 

precise diagnosis and an improved ability to predict response to immunosuppression and the 

risk of progression to MDS/AML.

7.1 Using Clonal Haematopoiesis to Improve Diagnostic Precision in AA

Because clonal abnormalities reflect the underlying selective pressure on HSC, finding 

clonal changes characteristic of a particular pathogenic entity can be of diagnostic value. 

This is particularly applicable to AA, where the diagnosis relies on the exclusion of 

mimicking disorders. In this setting, detection of clonal changes reflective of immune 

escape, such as a small PNH clone (DeZern, et al 2014, Oo 2014), or loss of HLA alleles 

through 6p CN-LOH or somatic inactivation (Afable, et al 2011, Babushok, et al 2014, 

Betensky, et al 2016, Katagiri, et al 2011), can suggest the immune pathogenesis and support 

the diagnosis of AA.

Conversely, cytogenetic abnormalities that are recurrent in AA (e.g. trisomy 8, del(13q), 

trisomy 6, trisomy 15) should not be used as a means of establishing a diagnosis of MDS in 

a patient with an otherwise unremarkable AA (Table I). Approximately ~5–15% of AA 

patients have cytogenetic abnormalities, frequently at diagnosis, which may persist or remit 

with haematopoietic recovery. In contrast, finding clonal abnormalities that are characteristic 

of IBMFS, should prompt an evaluation for an alternative diagnosis. These include classical 

cytogenetic abnormalities of IBMFS, such as trisomy 1q and trisomy 3q in FA, 

isochromosome 7q or 7q CN-LOH in SDS, and 3q CN-LOH leading to mosaic reversion of 

TERC mutations in DC.

Finally, several genetic changes, including somatic mutations in DNMT3A, TET2, ASXL1 
and certain chromosomal aberrations, such as monosomy 7, appear to reflect the shared 

pathway of HSC clonal evolution, which selects for characteristics that enhance relative 

HSC fitness, such as decreased differentiation and increased self-renewal. Genetic changes 

in this category can be observed in clonal haematopoiesis in many settings, including AA, 

MDS, IBMFS and, for some abnormalities, in normal aging.
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7.2. Effect of Therapy on Clonal Haematopoiesis

An intriguing and important question in the clinical care of AA patients is the role of therapy 

on clonal evolution. It is well established that clonal complications predominantly affect 

individuals treated with immunosuppression, with a much lower rate of clonal complications 

in patients treated with allogeneic transplant (Socie, et al 1993). With appreciation that age-

related somatic mutations contribute to clonal haematopoiesis in AA, it remains an open 

question whether paediatric patients who respond to front-line immunosuppression are at an 

increased risk of developing MDS. Among the different immunosuppression therapies, there 

do not appear to be differences in cytogenetic clonal evolution in patients treated with a 

cyclophosphamide-based regimen (Scheinberg, et al 2014a), nor in patients treated with a 

prolonged cyclosporine course (Scheinberg, et al 2014b). However, studies have identified 

that longer disease duration and relapsed and refractory AA may potentiate clonal evolution 

(Desmond, et al 2014, Kojima, et al 2002, Kulasekararaj, et al 2014), thus providing another 

impetus for optimizing AA therapies to achieve a prompt and durable disease control.

The question of whether growth factors adversely alter the natural history of AA remains 

unresolved. While there is no evidence that granulocyte colony stimulating factor (G-CSF) 

potentiates transformation to MDS or changes overall survival in AA (Teramura, et al 2007, 

Tichelli, et al 2011), this may be a reflection of the relatively short duration of G-CSF 

therapy given to most patients, as compared to patients with severe congenital neutropenia 

where long-term high dose G-CSF therapy has been definitively linked to leukemogenesis 

through the acquisition of CSF3R mutations (Link, et al 2007). In the case of AA, multiple 

groups found an association between the use and duration of G-CSF therapy and subsequent 

emergence of monosomy 7 (Desmond, et al 2014, Hama, et al 2015, Kaito, et al 1998, 

Kojima, et al 2002, Li, et al 2011). A possible mechanistic link was reported by Sloand et al 
(2006), where pharmacological doses of G-CSF were shown to preferentially stimulate the 

growth of monosomy 7 clones through abnormal signalling by the GCSF class IV receptor.

More recently, the thrombopoietin receptor agonist and HSC homeostatic agent, 

eltrombopag, was found to facilitate trilineage haematopoietic recovery in patients with 

relapsed refractory AA(Desmond, et al 2014, Olnes, et al 2012). Despite US Food and Drug 

Administration approval, clonal evolution remains a major concern, as 8 of 43 studied 

patients (18.6%) developed new cytogenetic abnormalities within 3–13 months of 

eltrombopag therapy, including 5 patients with monosomy 7(Desmond, et al 2014). Future 

prospective randomized studies are needed to more clearly determine the role of 

eltrombopag in clonal evolution, both in the upfront as well as in the refractory AA setting.

7.3 Prognostic Implications of Somatic Changes in AA

Using all modalities, clonal haematopoiesis can be detected in ~85% of patients with adult-

onset AA and over ~60% of patients with paediatric-onset AA (Babushok, et al 2015a, 

Yoshizato, et al 2015). In many patients, somatic mutations, acquired CN-LOH and 

cytogenetic abnormalities can be detected at a low allelic burden at the time of initial 

presentation. Although early studies suggested that patients with any somatic mutations in 

MDS-related genes are at an increased risk of MDS transformation (Kulasekararaj, et al 
2014), this was not validated in subsequent studies (Yoshizato, et al 2015). Additionally, the 
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discovery of nearly universal subclinical age-related mutations in aging individuals(Young, 

et al 2016) adds to the uncertainty regarding the prognostic impact of age-related mutations 

in AA. To interpret the significance of clonal haematopoiesis at the level of an individual 

patient, clonal characteristics have to be considered within the context of their age, prior and 

current disease states, underlying immune- and other selective pressures, therapies received 

and clonal dynamics over time.

7.3.1 Genetic Markers of Immune Escape Can be Predictive of Improved 
Response to Immunosuppression—Currently, there are insufficient data to accurately 

characterize the prognostic impact of most mutations, with a notable exception of mutations 

in PIGA. Multiple studies found that PIGA mutations, as assessed by the presence of a PNH 

clone by high-sensitivity flow cytometry, are predictive of improved response to 

immunosuppression (~67–91% for PNH clone-positive as compared to ~32–65% for PNH 

clone-negative patients), with no effect on clonal evolution or overall survival (Kulagin, et al 
2014, Maciejewski, et al 2001, Narita, et al 2015, Sugimori, et al 2006, Tutelman, et al 2014, 

Zhao, et al 2015). The prognostic impact of the other characteristic AA abnormality 

attributed to immune escape, 6p CN-LOH, is less clear. In a Japanese cohort, patients with 

6p CN-LOH were more likely to have a favourable response to immune suppression therapy 

(IST), with apparent 100% response to therapy and ~40% complete response rate in 

evaluable patients (Katagiri, et al 2011). In contrast, in a North American cohort, no patient 

with 6p CN-LOH was found to have a complete response, and 3 patients had refractory 

and/or relapsed disease (Betensky et al. 2016). The difference between the two studies may 

reflect the underlying immunogenetic differences between the populations and requires 

further investigation in large prospective studies of different ethnic groups. Importantly, 

improved response to immunosuppression by patients with detectable PNH clones and, 

possibly, 6p CN-LOH, underscores that these clonal changes are de facto genetic markers of 

autoimmune pathophysiology.

7.3.2 Prognostic Implications of MDS-Associated Somatic Mutations in AA—
Among the genes recurrently mutated in AA as well as in normal aging, mutations in 

BCOR, BCORL1 and ASXL1 occur at a disproportionately high frequency in AA (Figure 

5), suggesting that they confer an increased fitness on the HSPC within the AA marrow 

environment. Indirectly, this also implies that there are differences between the marrow 

environment of AA and that of aging. In a recent study, patients with mutant BCOR and 

BCORL1 were found to have an improved response to immunosuppression (Yoshizato, et al 
2015), and, together with mutations in PIGA, marked a group with “favourable” prognosis 

with respect to survival and progression to MDS (Yoshizato, et al 2015). In longitudinal 

follow-up, clones bearing PIGA and BCOR/BCORL1 mutations were more likely to remain 

stable or to decrease overtime (Yoshizato, et al 2015).

In contrast, the significance of mutations in ASXL1 is less clear. Huang et al (2015) 

analysed clinical outcomes of 138 AA patients, to find that ASXL1-mutant patients had a 

higher risk of MDS transformation than patients with wild type ASXL1 (33% vs 8%). 

However, perhaps due to insufficient statistical power, the independent negative impact of 

ASXL1 mutations was not confirmed in other studies (Kulasekararaj, et al 2014, Yoshizato, 
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et al 2015). The discrepancy can be partly explained by two differences. First, unlike the 

cohorts reported by Kulasekararaj et al (2014) and Yoshizato et al (2015), ASXL1-mutant 

patients in the Huang et al (2015) cohort were more likely to be children with abnormal 

cytogenetics, raising a question of possible admixture of patients with occult IBMFS. 

Second, by virtue of using direct sequencing for mutation identification, Huang et al (2015) 

focused on ASXL1-mutant clones of larger allelic size than the NGS-based studies by the 

other two groups(Kulasekararaj, et al 2014, Yoshizato, et al 2015). Together with the finding 

that a large subset of ASXL1-mutant clones expand overtime (Yoshizato, et al 2015), the 

results reported by Huang et al (2015) may imply that ASXL1 mutations have an adverse 

prognostic significance when they lead to clonal dominance.

Although no other mutations were found to have prognostic significance individually, 

Yoshizato et al (2015) identified a set of “unfavourable mutations” (mutations in DNMT3A, 
ASXL1, TP53, RUNX1 and CSMD1), which was associated with worse overall survival, 

particularly in patients under 60 years of age. Similar to mutations in ASXL1, clones 

bearing these mutations frequently expanded over time (Yoshizato, et al 2015).

7.3.3. Prognostic Implications of Cytogenetic Abnormalities—Because of the 

small numbers of patients involved, studies of prognostic implications of cytogenetic 

abnormalities in AA have been limited to the three most common chromosomal changes—

monosomy 7, trisomy 8 and del(13q).

Structural and numerical abnormalities of chromosome 7 were generally associated with 

poor overall survival and a greater risk of transformation to MDS/AML (Kaito, et al 1998, 

Kojima, et al 2002, Li, et al 2011, Maciejewski, et al 2002). Although the presence of 

monosomy 7 does not preclude the ability to respond to immunosuppressive therapy and 

although cases of cytogenetic remission have also been described(Gupta, et al 2006), eligible 

patients with monosomy 7 should be considered for allogeneic transplantation because of 

the potential for rapid progression to MDS/AML. Evolution to monosomy 7 in AA has been 

linked to the use of growth factors, including both G-CSF and eltrombopag (Desmond, et al 
2014, Hama, et al 2015, Kaito, et al 1998, Kojima, et al 2002, Li, et al 2011), and, in the 

case of G-CSF, may be caused by the preferential stimulation of monosomy 7 clones by 

aberrant signalling of the G-CSF class IV receptor(Sloand, et al 2006). Long-term 

randomized prospective studies of these agents in the upfront and relapsed setting are 

needed to better characterize this association.

The impact of trisomy 8 has been extensively studied in the context of both AA and hMDS. 

Patients with trisomy 8 were found to respond to immunosuppression at ~56–100% response 

rates (Gupta, et al 2006, Hosokawa, et al 2015, Maciejewski, et al 2002, Sloand, et al 2002, 

Sloand, et al 2005). In a subset of patients, trisomy 8 MDS clones were suppressed by 

oligoclonal T cells in vitro, and clonally expanded after T cell depletion (Sloand, et al 2002, 

Sloand, et al 2005); this association was not validated in a Japanese cohort where trisomy 8 

clones in patients responding to immunosuppression were variable and failed to show a 

steady increase (Hosokawa, et al 2015). In an attempt to better stratify the trisomy 8 

population, Hosokawa et al (2015) identified two trisomy 8 subsets of AA patients with 

differing clinical outcomes; a favourable subset, representing approximately one quarter of 
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trisomy 8 patients, had a detectable PNH clone. PNH-positive trisomy 8 patients had a 

higher response to immunosuppressive therapy and an improved 5-year overall survival 

compared to patients without PNH cells (88% and 100%, respectively, as compared to 41% 

and 59%) (Hosokawa, et al 2015). This preliminary observation suggests that stratifying 

trisomy 8 patients based on PNH cells can potentially identify patients most likely to benefit 

from immunosuppressive therapy.

Finally, three case series totalling 37 patients described a generally benign clinical course for 

AA patients with del(13q) (Holbro, et al 2013, Hosokawa, et al 2012, Ishiyama, et al 2002). 

None of the studied patients had overt bone marrow dysplasia. There was a 60–100% 

response to immunosuppression and a greater than 75% 5-year survival; several patients had 

cytogenetic remission post-therapy. Interestingly, the majority of del(13q) patients also had a 

detectable PNH clone, pointing to both abnormalities being a phenomena related to immune 

escape.

Conclusions and Future Directions

In summary, AA is an autoimmune bone marrow failure disorder inextricably linked to 

clonal haematopoiesis. Clonal haematopoiesis of AA has a unique signature of immune 

escape, overlaid on the fabric of age-related and MDS-associated somatic mutations shared 

with other bone marrow failure syndromes. The presence of characteristic clonal changes 

such as PNH and 6p CN-LOH helps to support the diagnosis of immune-mediated bone 

marrow failure, and, in some cases, can be predictive of response to immunosuppressive 

therapy. The implications of age- and MDS-related somatic mutations in AA are complex 

and require cautious interpretation. While mutations in BCOR and BCORL1 are 

prognostically favourable, the significance of other age-related somatic mutations is less 

clear and depends on the clinical status of AA, clonal dynamics, and on the potential clonal 

selection by therapeutic agents.

Future opportunities and challenges lie in translating the knowledge of individual patient’s 

haematopoietic clonal constitution into improved diagnostic precision and better prognostic 

stratification. An improved ability to stratify patients based on their likelihood of response 

and risk of progression to haematopoietic malignancies will be instrumental in enabling 

personalized treatment strategies aimed at recovery and maintenance of healthy 

haematopoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clonal Haematopoiesis in Aplastic anaemia
In Aplastic anaemia (AA), cytotoxic T lymphocyte (CTL)-mediated attack on the 

haematopoietic stem and progenitor cells (HSPCs) leads to an evolutionary “bottleneck”. 

Pre-existing age-related genetic mutations (1), depicted as circles of different colors, serve 

as a substrate for clonal selection. Cells that are either less immunogenic or more resistant to 

CTL-mediated apoptosis (2) or cytokine-mediated marrow suppression (3) have a relative 

growth advantage in the setting of autoimmunity, leading to immune escape of mutant 

HSPCs. During haematopoietic recovery (6), genetic events that increase HSPC replicative 

potential (depicted by circular arrows) lead to expansion of mutant clones. IST, 

immunosuppressive therapy.
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Figure 2. Loss of Class I Human Leucocyte Antigen (HLA) Alleles in Aplastic anaemia
A) A diagram of the Major Histocompatibility Locus (MHC), located on the short arm of 

chromosome 6. B) A schematic showing two mechanisms of HLA class I allele loss in AA. 

In patients whose HLA alleles allow for enhanced cytotoxic T cell (CTL) immune 

recognition due to an immunogenic features of a particular HLA class I allele, HSPCs that 

undergo a somatic loss of that allele have a selective advantage compared to wild type cells. 

Top panel, haematopoietic stem and progenitor cell (HSPC) containing wild type HLA 

alleles, with differential immunogenicity (shown by arrows of different width) of an 
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autoantigen (red line) presented in the context of two different HLA class I alleles. Middle 

panel, HLA allele loss due to an acquired 6p copy number-neutral loss of heterozygosity 

(CN-LOH) results in lessened immune recognition. Lower panel: HLA allele loss due to 

loss-of-function somatic mutations in HLA class I alleles can lead to decreased immune 

recognition by abolishing expression of the more immunogenic HLA allele.
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Figure 3. Targeted Sequencing Studies of MDS-associated Genes in AA
A histogram summarizing targeted sequencing studies of patients with aplastic anaemia 

(AA). Individual studies are listed along the Y-axis, with the number of patients included in 

each study plotted along the X-axis. The blue bar represents the total number of patients in 

the study; the yellow bar shows the number of patients with identified somatic mutations, 

with corresponding percentage of patients with mutations stated to the right of each yellow 

bar. An embedded table depicts salient characteristics of each study. Age, median age 

(range) at diagnosis in years). Sensitivity, minimal % mutant allele frequency detected in 

each study. n/a: not available.*, the listed age corresponds to a larger patient cohort; ǂ, 

Cohort of 57 patients was screened for 835 genes; with a validation cohort of 93 patients 

screened for a mutations in a smaller subset of genes. AML, acute myeloid leukaemia; 

MDS, myelodysplastic syndrome; NGS, next generation sequencing.
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Figure 4. Model of Autoimmune Pathogenesis of AA and of the AA/MDS Overlap Syndrome
A) In aplastic anaemia (AA), an immune trigger, such as type-negative hepatitis (1a), 

eosinophilic fasciitis (1b), or an exposure to an infectious agent (1c), drug or toxin (1d) leads 

to immune recognition of a neoantigen or an aberrantly expressed autoantigen (black and red 

line) presented in the context of a patient’s human leucocyte antigen (HLA) molecules (2). 

(3) Immune-mediated bone marrow aplasia is caused by subsequent clonal expansion of 

cytotoxic T lymphocytes (CTL) with autoreactivity against the normal haematopoietic stem 

and progenitor cells (HSPCs) due to epitope spread. B) In patients with coexisting AA and 

myelodysplastic syndrome (MDS), pre-existing MDS-related mutations may lead to 

presentation of an aberrantly-expressed or somatically modified neoantigen in the MDS 

HSPC (1) (shown in purple). Unlike the traditional model of AA, where a T-cell mediated 

immune response is directed at the healthy HSPCs, patients with the overlap AA/MDS have 

the immune response triggered by an underlying MDS clone with immune-mediated aplasia 

to the “bystander” wild type HSPCs (2).
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Figure 5. Clonal Signature of AA Compared to MDS and Normal Aging
A schematic diagram comparing the relative frequencies of the most common clonal 

abnormalities found healthy individuals(Genovese, et al 2014, Jaiswal, et al 2014, Xie, et al 
2014, Young, et al 2016), in three aplastic anaemia (AA)cohorts--King’s College 

(Kulasekararaj, et al 2014), National Institutes of Health (NIH) and Japan cohorts(Yoshizato, 

et al 2015), and in a myelodysplastic syndrome (MDS) cohort (Washington University in St. 

Louis, WUSTL) (Graubert, et al 2012, Walter, et al 2013). The prevalence of PNH cells in 

the healthy individuals and patients with MDS is depicted based on the published high-

sensitivity PNH flow cytometry data in these populations (Kaiafa, et al 2008, Sutherland, et 
al 2012). The frequencies of cytogenetic abnormalities for healthy individuals are shown 

based on population-based studies of mosaic copy number abnormalities (Jacobs, et al 2012, 

Laurie, et al 2012). The prevalence of 6p copy number-neutral loss of heterozygosity (CN-

LOH) in healthy individuals and in MDS is depicted based on a selection of studies (Jacobs, 

et al 2012, Laurie, et al 2012, Mohamedali, et al 2015).
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