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Introduction
Aplastic anemia (AA) and paroxysmal nocturnal hemoglobinuria 

(PNH) are hematopoietic disorders with distinctive disease 
mechanisms. However, they are often comorbid and both associated 
with an increased risk of developing clonal disease [1,2], suggesting a 
link between them.

AA is characterized by a markedly hypocellular bone marrow (BM) 
with few hematopoietic precursors. Consequently, hematopoiesis is 
inadequate, which leads to peripheral blood cytopenias [3,4]. Increasing 
amount of evidence suggest an immune mediated pathogenesis of 
AA leading to the BM failure (BMF) [5]. The immune dysregulation 
is marked by an increased activation of auto reactive lymphocytes 
together with an impaired immune suppression.

The management of AA has drastically improved since the 
1970s with the introduction of allogeneic stem cell transplantation 
and immunosuppressive therapy (IST), as well as optimization of 
supportive care [6]. Development of late clonal diseases, such as PNH 
and myelodysplastic syndrome (MDS) has occasionally been reported 
for patients successfully treated with IST [1].

PNH is an acquired clonal disorder in hematopoietic 
stem cells (HSCs), resulting in a defect in the synthesis of the 
glycosylphosphatidylinositol (GPI) anchor. Genetically, almost 
all described cases are attributed to somatic mutations in the 
phosphatidylinosityl glycan class A gene (PIGA gene) [7], which 
encodes a protein essential for synthesis of GPI anchors (GPI-A). 
Clinically, PNH is characterized by haemolytic anemia, thrombosis, 
and variable degrees of BMF [7-11]. Hemolysis and thrombosis is 
thought to be due to a deficiency in the GPI anchored proteins (GPI-AP) 
CD55 and CD59, both being complement inhibitors. This deficiency, 
together with reduced fibrinolysis, NO scavenging and the presence of 
free hemoglobin, results in a chronic complement-mediated hemolysis 

as well as activation of thrombocytes [7]. The humanized monoclonal 
antibody, Eculizumab, inhibits the complement factor 5 and thereby 
the formation of the membrane attack complex (MAC). It is, in 
developed countries, the first choice of treatment for PNH, although 
BM transplantation (BMT) remains the only cure [7].

The pathogenesis of both AA and PNH are complex and the 
disease mechanism making them comorbid is yet to be elucidated. 
This review provides an overview of the immune mechanisms involved 
in the development of both diseases and summarizes the current 
understandings of the disease mechanisms linking them together.

Immune Mechanisms Involved in Development of 
Aplastic Anemia
Impaired immune suppression

CD4+CD25+FOXP3+ Regulatory T cells (Tregs) are believed to 
control development and progression of autoimmunity by suppressing 
autoreactive effector T cells. AA patients show dysregulation of 
this immunosuppressive mechanism: First, they have significantly 
decreased numbers of Tregs compared to healthy controls both 
in peripheral blood (PB) and BM [12], possibly resulting from of 
altered transcription of FOXP3 [13]. Secondly, Tregs of AA patients 
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Abstract
Aplastic anemia (AA) and paroxysmal nocturnal hemoglobinuria (PNH) are two rare and often concomitant 

hematologic diseases. Their development is - despite lack of decisive evidence - attributed autoimmune mechanisms. 
AA is characterized by cytopenias combined with a hypocellular bone marrow. The pathophysiology is believed to be 
immune-mediated with destruction of hematopoietic stem cells by autoreactive lymphocytes, a hypothesis supported 
by its response to immunosuppressive therapy.

A large proportion of patients with AA also have PNH. In PNH, somatic mutations in the PIGA gene in 
hematopoietic stem cells blocks synthesis of the glycosylphosphatidylinositol (GPI) anchor. As a result, blood cells 
deriving from the GPI-deficient clone lack GPI-anchored proteins, most notably the complement inhibiting factors 
CD55 and CD59. The clinical manifestations primarily arise because of uncontrolled complement activation on 
erythrocytes and thrombocytes.

This review summarizes current knowledge and theories about of the pathophysiology of both diseases with 
focus on immune mechanisms attributing to the two diseases.
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show decreased ability to suppress autoreactive T cells [12]. Figure 1 
summarizes the events leading to development of AA. An impaired T 
cell regulation and suppression by regulatory T cells (Tregs) leads to 
an increased T cell activation, seen as an increase in cytokines specific 
for the type 1 immune response. This activation and production of the 
specific cytokines results in killing of hematopoietic stem cells (CD34+ 
cells) and consequently impaired hematopoiesis and cytopenias.

IL-35 has been identified as a potentially immunosuppressive 
cytokine produced by Treg cells and is required for maximum 
suppressive activity [14]. It has been shown to inhibit the proliferation 
capacity of PBMCs and induce a significant reduction in the absolute 
number of CD4+ and CD8+ effector T cells in both healthy controls and 
AA patients [15]. The level of IL-35 is significantly lower in AA patients 
than in healthy controls [15], suggesting a mechanism for the impaired 
suppressive capacity of Tregs in AA.

Tregs modulate the activity of a wide variety of effector T cells by 
cell contact inhibition, which depends on their ability to move into 
physical proximity with their targets by homing to specific tissues 
[16]. The stromal cells in the BM strongly express CXCL12, the ligand 
for CXCR4. Tregs home to and are retained in the BM by signalling 
through CXCR4/SDF1α, a CXCL12 chemokine [17]. Studies show that 
Tregs from patients with AA have less migratory capacity toward SDF-
1α, compared with Tregs from healthy controls [12].

The impaired migratory potential of Tregs is likely due to a lower 
expression of CXCR4 mRNA in PB and BM Tregs from patients, 
compared to controls [12], since there are comparable levels of SDF-
1α in BM fluid from controls and patients. This suggests that the 
attenuation of chemotactic signals is not responsible for the impaired 
migratory capacity [12].

T cell mediated suppression of hematopoiesis

A hypocellular BM is the hallmark of AA and may be attributed 
to T cell mediated BM suppression [5]. There is substantial evidence 
supporting this, such as hematologic reconstitution after IST with 
drugs targeting T cell function [18] and improvement of in vitro colony 
formation after removal of T lymphocytes from the marrow of AA 
patients [19].

  BM failure might be due to a stem cell lesion or to an inefficient 
stromal microenvironment. The latter does not seem to be the case in 
most of AA as factors stimulating hematopoiesis are usually normal or 
elevated in patients [20].

Early experiments demonstrate that BM lymphocytes from AA 
patients suppress normal haematopoiesis. Stem cells and primitive 
progenitor cells can be identified by the expression of the cytoadhesive 
protein CD34 and quantified by flow cytometry. The number of 
CD34+ cells is greatly reduced in AA. It has been shown that normal 
differentiation can be obtained following lymphocyte depletion and 
that such patient-derived lymphocytes directly inhibit haematopoiesis 
in co-culture experiments [16,19].

Activated lymphocytes that produce IFN-γ and TNF-α are found 
in peripheral blood of AA patients and there are significantly higher 
percentages of cytolytic PB- and BM T cell clones in AA patients than 
in controls [21]. Furthermore, production of INF-γ, TNF-α and IL-2 
is increased in T-cells from patients with AA [15,22-24] suggest an 
ongoing Th1 response that may be responsible for the human stem- 
and progenitor cell (HSPC) destruction, as depicted in Figure 2. (1) T 
cells recognize an epitope, possibly a self-peptide, on the hematopoietic 
stem and progenitor cells (HSPC), this leads to an (2) expansion of 
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Figure 1: Summary of events that may lead to aplastic anemia (AA). 

Figure 2: Possible mechanism of an autoimmune mediated bone marrow failure in aplastic anemia. 
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autoreactive T cells. Production of INF-γ and TNF-α suggest that 
the HSPCs are suppressed through a Th1 T cell response. (3) The 
cytokines induce expression of Fas receptor (Fas-R) on the HSPCs. 
The autoreactive T cells induce apoptosis of HSPCs by releasing a 
Fas ligand, that binds and activate the Fas-R, thus (4) mediating 
intracellular signal transduction leading to apoptosis.

The transcription factor T-bet binds to the INF-γ promotor and 
is responsible for the Th1 phenotype. T-bet is also up-regulated in AA 
patients [25] which correlates with the increased expression of INF-γ 
[25].

Th1 cells assist in activation of CD8+ T cells by direct interaction 
or licensing of dendritic cells and expression of IL-2 that drives the 
CD8+ T cell proliferation. PB mononuclear cells from patients with 
AA produce large amounts of IL-2 in vitro, and their circulating T 
cells have high expression the IL-2 receptor [24,26]. This suggests an 
activation of CD8+ T cells.

The suppression of normal hematopoiesis by addition of patient’s 
BM to normal marrow, the low CD34+ cell number, and the elevated 
levels of type 1 cytokines all supports a disease mechanism involving 
a T cell mediated BM suppression. INF-γ and TNF-α suppress the 
proliferation of early and late HSPCs and exerts a direct inhibitory 
effect on hematopoiesis [23,27,28]. The BM suppression by these 
cytokines, may occur not only as an inhibition of hematopoietic cell 
proliferation, but also by apoptotic depletion of HSPCs [28].

Both IFN-γ and TNF-α induce expression of the Fas-receptor on 
CD34+ cells in vitro [29]. Patients with active disease shows higher 
level of Fas expression than those who recover [29]. A monoclonal 
anti-Fas antibody, mediates apoptosis upon binding to Fas antigen 
[30]. However, expression of Fas ligand (Fas-L) on the surface of CD3+ 
T-cells is not detectable in AA patients, but higher levels of intracellular 
FasL are found in the T cells from AA patients compared to T cells from 
normal controls [31]. The proportion of apoptotic cells is significantly 
increased in BM biopsies from AA patients [32].

The reduction of CD34+ cells and their failure to form colonies may 
be related to a block of cell cycling and arrest in the G0 phase [3]. In 
normal BM 25-40% of CD34+cells are in G1 or S-phase [3]. It has not 
yet been possible to analyse cell cycle directly on CD34+ cells from AA 
due to the patients’ hypocellular BM. However, it has been shown that 
cycle status is associated with the expression of c-kit [3], a receptor 
tyrosine kinase protein. The percentage of c-kit+ cells within the CD34+ 
cell population is significantly decreased compared to controls, which 
is consistent with the decreased number of mitotically active CD34+ 
cells [3].

Antigen recognition in bone marrow

Several studies document the presence of an oligoclonal T cell 
response in vivo [33] and a cytotoxic activity of these T cell clones on 
autologous HSPCs in vitro. For lymphocytes to be activated they must 
recognize and bind the proper antigen. However, the initial antigen 
exposure that mediate the immune response in idiopathic AA is yet 
unknown.

The fact that patient BM cells suppress normal differentiation and 
hematopoiesis by their addition to normal BM cells [9] imply that the 
antigen recognition is shared between humans. It may be that T cells 
recognize the self-peptides with low affinity, but get activated due to 
the impaired immune suppression. However, the dysregulatory events 
leading to loss of tolerance are unknown.

Studies have shown the presence of leukocytes with a copy-number 
neutral loss of heterozygosity in the short arm of chromosome 6 
(6pUPD) [34,35]. 6pUPD is commonly involved in the HLA locus, 
leading to the loss of one HLA haplotype [34]. This could represent an 
escape of HSPCs with 6pUPD from the attack of CTLs that are specific 
to autoantigens presented by the lacked HLA type. HLA-B*40:02 
have been revealed to be the most frequently lost allele [36]. The high 
prevalence of HLA-B*40:02 loss suggest that antigen presentation by 
HSPCs to CTLs via the HLA-B allele plays an important role in the 
pathogenesis of AA.

Immune Manipulation as Treatment of AA
Hematopoiesis can be restored in most cases in SAA with HSCT or 

IST. HSCT is used as first-line treatment for patients under 40 years of 
age and who has an HLA-compatible sibling donor [37].

A large study from 1991-2004 investigated the impact of age on 
outcomes after HSCT using HLA-matched sibling donors and found 
that the 5-year probability of overall survival is 72% in patients between 
20-40 years and only 53% in patients over 40 years old [38].

IST is used as treatment for AA when HSCT are not feasible. 
The standard IST combination is antithymocyte globulin (ATG) and 
cyclosporine A (CsA), which produces hematologic recovery in 60-70% 
of cases [18]. Recently, a phase 1-2 study has shown that addition of the 
thrombopoietin agonist, eltrombopag, to IST likely improves outcomes 
[39]. A common complication of AA after IST is the progression to 
myelodysplastic syndrome or acute myeloid leukemia.

ATG binds to lymphocytes [40] and temporarily deplete T-cells 
in peripheral blood and to lesser extent in lymph nodes [41]. The 
mechanism of action is both activation-associated lymphocyte 
apoptosis by ATG-triggered Fas-ligand and Fas expression41 and 
complement-dependent lysis [42,43]. CsA inhibits T cell activation 
and proliferation by blocking the transcription of cytokine genes [44]. 
CsA binds to and inhibit calcineurin, an enzyme that activates the 
transcription factor NF-AT [44] important for expression of several 
effector cytokines. The immunosuppressive effect of CsA is attributed 
to the blockage of the c-jun-N-terminal kinase- and p38 pathway [44].

Immune mechanisms involved in development of paroxysmal 
nocturnal hemoglobinuria

PNH is characterized by three clinical hallmarks: Thrombosis, 
intravascular hemolysis, and variable degrees of BMF. The disease 
starts with a clonal expansion of HSPCs that have genetically lost 
their capacity to produce glycosylphosphatidylinositol (GPI), a 
glycolipid that anchors many proteins to the cell surface [10]. Figure 3 
summarized the events leading to the development of PNH. A mutation 
in the PIGA gene in hematopoietic stem and progenitor cells (HSPCs) 
result in an impaired GPI anchor (GPI-A) synthesis and thus GPI-A 
deficient HSPC clones. An autoimmune attack that selectively target 
GPI+ HSPCs favors the clonal expansion of GPI deficient HSPCs. Such 
an escape may be mediated by an impaired NK cell activation through 
the absence of stress induced UL-binding proteins (ULBPs), which is a 
GPI-A protein, or because the autoimmune attack is attacking the GPI 
molecule itself – thereby favoring the expansion of GPI- HSPCs. The 
GPI- erythrocytes originating from the GPI- HSPCs are susceptible to 
hemolysis and thrombosis due to increased complement activation.

Cellular effects

The expansion of GPI- HSPCs leads to a GPI anchor protein (GPI-
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AP) deficiency in all blood cells. This leads to chronic complement 
activation from the alternative complement pathway, through a 
deficiency of the complement-inhibitor proteins CD55 and CD59. 
The GPI-AP CD55 inhibits complement activation by preventing the 
intrinsic assembly of C3 and C5 convertases [45]. The GPI-AP CD59 
inhibits the membrane attack complex (MAC) formation by reducing 
the polymerization of C9. It binds to C8 in the C5b-8 complex and 
prevent binding of C9 [46]. Furthermore, it binds to C9 in the C5b-9 
complex, preventing recruitment of additional C9 molecules [46].

Genetics

GPI biosynthesis is a post-translational event that occurs in the 
endoplasmic reticulum [47]. Most patients with PNH has a defect in 
the first step of GPI synthesis [48]. Theoretically, any mutation of any 
gene in the pathway could lead to PNH. However, the first gene in the 
pathway, the PIGA gene, is an X-linked gene. Thus, a single somatic 
mutation of the PIGA gene is sufficient to produce a PNH phenotype. 
This also applies in women as one of their two alleles has already been 
silenced by X chromosome inactivation [49]. The other known genes 
involved in the GPI-A pathway are all autosomal. In consequence, a 
mutation on both alleles would be required to interrupt the biosynthesis 
[7].

The pathogenesis of PNH was elegantly revealed in an elegant 
in vitro study in which the PIGA gene was transfected into GPI-A 
deficiency lymphocytes from a patient with PNH, hereby restoring the 
surface expression of GPI-AP [50].

There are no mutational hotspots, although many mutations 
occur on exon 2, the largest exon of the PIGA gene [51]. Most PIGA 
mutations are small insertions or deletions, which result in a frameshift 
in the coding region, leading to a truncated protein [50,51]. The PIGA 
mutations must occur in a HSCs and must achieve clonal dominance, 
for it to cause PNH [52].

A few cases of patients with homozygous mutations on the 
PIGT gene [53], coding for the protein responsible for catalysing the 
translocation of the protein unto the GPI-A, have been reported [54].

Clonal expansion of PNH stem cells

The PIGA mutation alone is not sufficient to cause PNH, since 
small clones with PIGA mutations are commonly found in healthy 
individuals without causing disease.

The mechanisms leading to clonal expansion and dominance of 
PNH stem cells remain a topic of debate. In principle, two mechanisms 
can lead to the expansion. The expansion may occur from an acquired 
mutation other than the PIGA mutation, leading to a growth advantage 
for the mutated clone.

The leading hypothesis, however, based on the close clinical 
relationship between PNH and AA, is that an autoimmune attack, 

that selectively target GPI+ HSPCs, favours expansion of GPI- HSPCs 
[7,56,57]. This would happen, if the auto-antigen was a GPI-AP.

There is increasing amount of evidence supporting this. 
Phenotypically, GPI-AP- CD34+ cells show similar proliferation 
capacity in vitro with normal control CD34+ cells from healthy 
individuals [58] which suggest that PNH clones do not have an intrinsic 
growth advantage. Furthermore, the fact that PNH clones are found in 
low levels in healthy individuals [55] and that these clones do not have 
an intrinsic property to overgrow normal cells [59], suggest that an 
extrinsic selective pressure determines the expansion of the PNH clone.

Evidence supporting an autoimmune attack on the BM is that most 
patients with PNH show high level of oligoclonality in terms of their 
T-cell receptor beta chain usage [9]. The antigen binding sites of the 
TCR are composed of the hyper variable complementarity determine 
regions (CDR). The sequence and length of CDR3 represents a specific 
T cell clonotype and CDR3 size analysis in PNH patients shows a non-
gaussian distribution of CDR3 length and thus an oligoclonal T cell 
population [9].

Giving the large diversity of the physiological TCR repertoires, the 
detection of such identical or quasi-identical clonotypes in multiple 
PNH patients suggests an immune response driven by the same antigen. 
Such a selective pressure could be mediated by an immune attack on 
the BM. NK, NKT, and T cells are all feasible candidates for effector 
lymphocytes that damage BM cells. How these cells might selectively 
target GPI+ HSPCs is still not clear.

Evidence suggests that stress-induced UL-binding proteins 
(ULBPs) are involved in the activation of NK cells in PNH, by acting 
as a ligand for its receptor, NKG2D as shown in Figure 4. GPI- HSPCs 
do not express ULBPs on their cell surface, since it is a GPI anchored 
protein. The absence of ULBPs may lead to an impaired NK cell 
activation, thus favoring the expansion of GPI- HSPCs.

ULBPs are GPI-A proteins and are differentially expressed on GPI+ 
cells, but not on GPI- cells [60]. The absence of ULBPs results in an 
impaired NK activation. This is shown by the fact that GPI- K562 cells 
are less susceptible to NK cells than GPI+ K562 cells [60]. 
Likewise, antibodies to NKG2D inhibit the killing and abolished the 
difference in the killing of GPI+ K562 cells and GPI- K562 cells [60]. 
Transferred to in vivo settings, PNH cells-also lacking ULBPs would 
also be relatively spared from NK-mediated killing.

Another theory is that the target of the autoimmune attack may 
be the GPI molecule itself rather than a GPI-linked protein. GPI is 
thought to be a natural ligand to CD1d [61], a molecule presenting lipid 
antigens and is important in NKT cell activation. A study show that 
CD1d-restricted T cells are expanded in some patients [56]. CD1d is 
expressed on HSPCs [62] and GPI may be a CD1d-ligand. This suggests 
that GPI itself is the target of the autoimmune attack, as depicted in 
Figure 5. The GPI molecule itself may presented to NKT cells by CD1d, 
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Figure 3: Summary of events that may lead to paroxysmal nocturne hematuria (PNH). 
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leading to an activation and killing of GPI+ HSPCs leading to the 
expansion of GPI- HSPCs. This would explain why the GPI-deficient 
HSPCs expand in PNH.

Immune Manipulation as Treatment of PNH
Eculizumab, a terminal complement inhibitor, and BMT remains 

the only widely effective therapies for patients with classic PNH. Giving 
the risk of transplant-related morbidity [63], Eculizumab is the first line 
of treatment. However, if Eculizumab is not available or effective, BMT 
remains a viable – and potentially curative - treatment of classic PNH. 
Since Eculizumab is only active against the haemolytic component of 
PNH, concomitant bone marrow failure such as myelodysplasia or AA 
would in themselves provide indication for BMT in fit patients.

Eculizumab is a humanized monoclonal antibody that binds to 
complement C5, preventing its activation to C5b and hereby inhibits 
the formation of MAC. Essentially, this compensates for CD59 
deficiency in PNH and prevents intravascular hemolysis and its clinical 
consequences such as smooth muscle dysfunction and increased 
thrombocyte aggregation [7,64]. However, it does not block for the 
activity of C3 convertase and does therefore not compensate for the 
CD55 deficiency of PNH cells. This means that the PNH cells are still 

susceptible to extravascular hemolysis, which often is detected with 
anti-C3d positivity on a direct antiglobulin test (DAT) (36).

Eculizumab has no effect on the stem-cell abnormalities and 
only treats the hemolysis associated symptoms, rather than curing 
the disease, meaning that indefinite treatment is needed. Eculizumab 
is extremely expensive and have several side effects. Patients treated 
with Eculizumab are in increased risk of meningococcal infections and 
should undergo meningococcal vaccination prior to the first treatment 
with Eculizumab [65,66].

Progression to malignant diseases

AA and PNH are closely associated diseases and and many patients 
with AA have a PNH clone or may develop such a clone over time. a 
condition known as AA/PNH syndrome. Such a comorbidity is seen in 
approximately 40-50% of cases [67]. Patients with either AA or PNH 
are predisposed to MDS and the risk may increase after IST [1,68,69].

The frequent development of AML and MDS is associated with 
clonal haematopoiesis (CH) seen in many patients with AA [70]. 
Nonetheless, the mechanisms underlying malignant transformation 
in AA patients without proof of CH is yet to be determined. There 
seems to be at least two types of genetic alterations involved in the 

Figure 4: Possible mechanism of impaired natural killer cell activation by GPI deficient hematopoietic stem and progenitor cells (GPI- HSPCs). 

Figure 5: Possible mechanisms showing how GPI-deficient hematopoietic stem and progenitor cells (GPI-HSPCs) expand in paroxysmal 
nocturne hemoglobinuria by avoiding NKT cell activation.
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clonal selection in AA; (1) mutations in epigenetic regulators that 
are commonly seen in MDS/AML, such as DNMT3A and ASXL1 
and genetic alterations in genes highly specific or overrepresented 
in AA such as mutations in PIGA/BCOR/ BCORL1 genes and 
uniparental disomy of the 6p arm (6pUPD). Distinction between AA 
and hypoplastic MDS is notoriously difficult and it is possible that 
AA with MDS/AML associated mutations would be better classified 
as hypoplastic MDS, whereas patients with PIGA/BCOR/BCORL1 
mutation would represent patients with genuine autoimmune driven 
AA. This is underscored by the observation that MDS/AML mutations 
is associated with progression of AA to MDS/AML [70].

In a large study of samples from 439 patients with AA targeted 
deep sequencing identified a total for 249 somatic mutations among 
159 patients (36%). The most frequently mutated genes were BCOR 
and BCORL1 (9.3% of the patients), PIGA (7.5%), DNMT3A (8.4%) 
and ASXL1 (6.2%) [71]. The presence and number of mutations on 
DNMT3A and ASXL1 correlated positively with age [71]. 6pUPD was 
found in 13% of patients and in total CH was identified in 47% of AA 
patients [71].

These data suggest that CH in AA is highly likely to represent the 
early stages of leukemogenesis. Furthermore, the data show a parallel 
between BMF and normal aging by the age-related spontaneous 
conversion of methylated cytosine to thymidine. The exact mechanism 
of selection of mutated cells in AA is still unknown, however it can be 
speculated whether the treatment with immunosuppressive agents may 
in some contexts allow for expansion of the mutated clone, probably 
after accumulation of additional genetic events [72].

Main Findings of the Literature
Aplastic anemia (AA)

•	 AA is characterized by a hypocellular bone marrow (BM). 
Research suggest an immune mediated pathogenesis of AA 
leading to the BM failure [5].

•	 There is a decreased number of Regulatory T cells (Tregs) in 
both peripheral blood and BM of patients compared to healthy 
individuals [12].

•	 The Tregs from AA patients have a decreased ability to suppress 
autoreactive T cells [12].

•	 There is an increased activation of lymphocytes and production 
of INF-γ, TNF-α and IL-2 in AA patients, suggesting an 
ongoing Th1 response [15,21-24].

•	 Loss of heterogenicity of the short arm on chromosome6 
(6pUPD) is commonly involved, with HLA-B*40:02 being the 
most frequently lost allele [34-36].

Paroxysmal nocturnal hemoglobinuria (PNH)

•	 Most PNH patients has a defect in the first step of the GPI 
synthesis as a result of a mutation in the PIGA gene, leading 
to hemopoietic stem progenitor cells (HSPC) with a GPI 
deficiency (GPI-) [48].

•	 The leading hypothesis of the mechanisms leading to clonal 
expansion of the PNH stem cell is that an autoimmune attack, 
that selectively target GPI+ HSPCs, favors expansion of GPI- 
HSPCs [7,56,57].

•	 Most patients with PNH show high level of oligoclonality in 
terms of their TCR beta chain usage [9].

•	 The expansion of GPI- HSPC leads to a GPI anchor protein 
(GPI-AP) deficiency in all blood cells and thus impaired 
inhibition of the complement system through the GPI-APs 
CD55 and CD59, leading to hemolysis [45,46].

Discussion
The diagnosis of AA still relies on careful examination of a bone 

marrow examination and peripheral blood cell counts. Often, the 
distinction of AA from hypoplastic MDS is dubious and relies on 
subtle changes in morphology in the bone marrow. The identification 
of somatic mutations in a large proportion of AA patients give rise 
to the notion that these patients could be regarded as having MDS as 
demonstrated by their increased propensity to develop obvious MDS 
and progress to AML [70]. On the other hand, a significant proportion 
of MDS patients display features of autoimmunity such as 6pUPD [73] 
and response to IST [74]. AA is strongly associated with the presence 
of a PNH clone. This is hardly a coincidence and suggests common 
underlying immune dysregulation that specifically affect the HSPCs 
and that the acquirement of PIG-A mutations could allow the HSPCs 
to escape this immune dysregulation, thereby evolving into PNH. 
Progress in the understanding of the underlying molecular mechanisms 
of AA as well as PNH should allow future diagnostic classification to be 
shifted from morphology to immunological and genetic features.
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