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2. INTRODUCTION (EINLEITUNG) 

 

2. A. HAEMATOPOIESIS  

The production of blood cells and immune cells is a dynamic and complex developmental 

process leading to the formation of erythrocytes, leukocytes (granulocytes, lymphocytes) and 

platelets [1-2]. The healthy adult produces about 2.5 billion erythrocytes and 1.0 billion 

granulocytes per kilogram of body weight daily. This number can increase rapidly in response 

to stress factors such as anaemia, bleeding, infections or immunologic challenges [3]. Since 

mature haematopoietic cells have a limited lifespan and no capacity for self-renewal, all of the 

circulating cells in the blood stream are continuously replaced by proliferation and 

differentiation of  haematopoietic stem cells (HSCs) leading to generation of mature blood 

cells [4] (Figure 1). According to the self-renewal theory, haematopoietic stem cells develop 

from a small population of pluripotent stem cells. 

Haematopoiesis occurs in two distinct phases throughout mammalian development, known as 

the primitive and definitive phases. The two stages of haematopoiesis occur at discrete 

anatomical locations and produce different cell types, possibly through divergent genetic 

programs. Primitive haematopoiesis originates during embryonic life within the blood islands 

of the yolk sac at around embryonic day eight (E8) in mice [5] and E15-E18 in humans. 

Initially the yolk sac provides oxygen-carrying red blood cells, and then several sites of 

intraembryonic blood cell production become involved [6-8]. The definitive phase of 

haematopoiesis occurs in the bone marrow. 

 

HSCs have the capacity to differentiate into all lineages of the mature haematopoietic system. 

In addition to being able to differentiate, HSCs also undergo a process of continual self-

renewal in order to maintain a steady pool of undifferentiated cells, assuring that a stem cell 

population can be sustained over time. There is a continual maturation of cells, such that there 

is some degree of overlap between stem cells and partially differentiated cells that still 

conserve some stem cell characteristics. However, as HSCs acquire partially differentiating 

characteristics, their ability to proliferate becomes more restricted, although there can still be 

trans-differentiation in populations that have already committed to a particular lineage. Stem 

cell division leads to self-renewal as one cell retains the multi-potent capacity of the original 

cell and haematopoiesis as the second daughter cell is committed to differentiation. These 

early committed progenitors respond to lineage-specific cytokines and express low levels of 
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transcription factors that may commit them to discrete cell lineages. Which cell selected may 

depend on both chance and the external signals received by the progenitors. Several 

transcription factors have been found that regulate differentiation into major cell lineages. For 

instance, PU.1 commits cells to myeloid differentiation, whereas GATA-1 has an essential 

role in erythropoietic and megakaryocytic differentiation [9-11].  

 
The action and effects of cytokines like colony-stimulating factors (CSF), interleukins (IL), 

stem-cell factors (SCF), and other factors including erythropoietin (EPO) and thrombopoietin 

(TPO) are crucial for the proliferation and differentiation of haematopoietic cells [12-14]. An 

important function of growth factors is also that two or more growth factors may synergize in 

stimulating a particular cell to proliferate or one growth factor may stimulate the production 

of another. For instance, SCF and Flt-ligand (Flt-L) act locally on pluripotent cells and on 

early myeloid and lymphoid progenitors. IL-3 and GM-CSF are growth factors with 

overlapping activities. G-CSF, thrombopoietin, and erythropoietin act on already committed 

and differentiated haemopoietic progenitor cells [15-17]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Legend: CFU: colony forming unit; BFU: Burst forming unit; E: erythroid, Eo: eosiniphil, Baso: 

Basophils; GEMM: granulocyte, erythroid, monocyte, megakaryocyte; Meg: Megakryocytes; B: B-Lyphocytes, 

T: T-Lymphocytes; Source: Adapted from Essential Haematology, A. V. Hoffbrand, P. A. H. Moss and J. E. 

Pettit, Edition: 5, ISBN 1405136499, 9781405136495 and Stem cells redrawn, Nature Review Immunology 

03/2009. 
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Granulocyte and monocyte formation can be stimulated through inflammation or infection via 

release of IL-1 and tumour necrosis factor (TNF), which then stimulate cells to produce 

growth factors. In contrast, cytokines such as transforming growth factor-ß (TGF-ß) and 

interferon-gamma (INF-γ) can exert a negative effect on haematopoiesis and may have a role 

in aplastic anaemia [18-19]. Effects of growth factors are mediated through specific receptors 

on target cells. Many of these receptors are of the haematopoietin receptor superfamily which  

dimerize after binding their ligand.  

 

 

2. B. GRANULOPOIESIS AND NEUTROPHIL GRANULOCYTES 

 

Leukocytes may be divided into two broad groups: the phagocytes and the immunocytes. 

Phagocytes are comprised of granulocytes and monocytes/macrophages formed from a 

common precursor in bone marrow. Granulocytes are additionally subdivided into neutrophils 

(polymorphs), eosinophils and basophils. Lymphocytes, plasma cells, and natural killer cells 

make up the immunocytes. Only mature cells are found in peripheral blood (Table of white 

blood cells). The earliest morphologically recognisable precursor of neutrophils in the bone 

marrow is the myeloblast, a cell of variable size with a large nucleus having a fine chromatin 

and usually two to five nucleoli. The cytoplasma is basophilic and no cytoplasmic granules 

are present. In the granulopoietic series, progenitor cells, myeloblasts, promyelocytes and 

myelocytes form a proliferative or mitotic pool of cells while the metamyelocytes, band and 

segmented granulocytes make up a post-mitotic maturation compartment. Large numbers of 

granulocytes are held in the marrow as a reserve pool or storage compartment. The bone 

marrow contains more myeloid than erythroid precursor cells in the ratio 2:1 to 12:1. 

Following their secretion, neutrophils spend 6-10 hours in circulation before moving to 

tissues where they perform their phagocytic functions. Many growth factors including IL-3, 

GM-CSF and G-CSF are involved in the maturation processs of granulopoiesis. Increased 

numbers of monocytes and granulocytes in infections are due to increased growth factor 

production from stromal cells, endothelial cells, and T-lymphocytes, stimulatied by bacterial 

endotoxin, IL-1 and TNF. 
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2. C. SYNOPSIS OF CONGENITAL NEUTROPENIA 

Severe congenital neutropenia (Kostmann syndrome, Morbus Kostmann, Congenital 

Neuropenia; CN) is a bone marrow failure syndrome characterized by a maturation arrest of 

the neutrophilic granulopoiesis at the level of the promyelocytes/myelocytes. Affected 

promyelocytes are unable to complete their differentiation into mature granulocytes. 

Depending on the type of inheritance, there are different subtypes of patients suffering from 

congenital neutropenia identified. The largest group of patients (approximately 60%) are 

characterized by an autosomal dominant inheritance with mutations in the ELA2-gene 

encoding for the protein neutrophil elastase. Interestingly ELA2-mutations are found 

additionaly in patients suffering from cyclic neutropenia (CyN). CN and CyN are 

characterized by recurrent fever, skin and oropharyngeal infections (i.e., mouth ulcers, 

gingivitis, sinusitis, and pharyngitis). Infectious complications are generally more severe in 

congenital neutropenia than in cyclic neutropenia. In congenital neutropenia, omphalitis 

immediately after birth may be the first sign. In untreated children, infections of the upper 

respiratory tract, pneumonia, and deep abscesses in the liver, lungs, and skin are common 

already in the first year of life.  In addition, CN patients are at risk of developing 

myelodysplasia syndrome (MDS) or acute myelogenous leukaemia (AML). Cyclic 

neutropenia is usually diagnosed within the first year of life based on approximately three-

week intervals of fever and oral ulcerations and regular oscillations of blood cell counts. 

Between neutropenic periods, affected individuals are generally healthy. Cyclic neutropenia is 

not associated with risk of malignancy or conversion to leukaemia.  

Another type of inheritance important for the etiology of CN includes autosomal recessive 

mutations, which are observed in approximately 30% of the remaining patients. Several of 

these autosomal recessive mutations have now been described including mutations in the 

following genes: HAX 1 [20-22], G6PC3 [23], P14 [24-25], TAZ [26], WASP [27] and [28], 

GFI-1 [29-32], and other spontaneous and unknown mutations. In consangeous families the 

frequency of CN patients is higher because of these inheritance patterns, but the disease can 

still occur spontaneously. Although the general prevalence of about 1: 300 000 is 

comparatively low, CN is clinically a very heterogeneous disorder and children with CN  

often suffer additionally to neutropenia from other symptoms including increased risk of 

osteoporosis, cardiovascular malformations, and neurological symptoms.  
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Gene Gene function Incidence  Inheritance Associated Features 

ELA2 Serine protease 50-60% Autosomal 
dominant, 
sporadic 

Osteopenia 

HAX1 Mitochondrial 
function 

Unknown Autosomal 
recessive 

Neurologic and 
neuropsychological 
abnormalities in some cases 

GFI1 Transcription factor Rare Autosomal 
dominant 

Monocytosis and defects in 
lymphocyte number and function 

WASP Cytoskeleton 
function 

Rare X-linked recessive Monocytosis and T-lymphocyte 
activation 

CSF3R G-CSF function Rare Autosomal 
dominant 

Severe myeloid hypoplasia in the 
bone marrow, resistant to G-CSF 

G6PC3 Glucose 
metabolism 

Unknown Autosomal 
recessive 

Cardiac defects, 
thrombocytopenia and 
urogenital abnormalities 

Table 1: Genetic Variants of Severe Congenital Neutropenia, Source: New England Journal of Medicine, 

Volume 360:3-5 

2. C.I. DIAGNOSIS OF CONGENITAL NEUTROPENIA 

Most congenital neutropenia patients are diagnosed because of frequent severe bacterial 

infections already infancy. Omphalitis immediately after birth may be the first sign of CN 

[33-35]. Diagnosis requires at least three absolute neutrophil counts (ANCs) lower than 

500/µl in the peripheral blood obtained at least three months after birth. In ELA2-related 

congenital neutropenia, absolute neutrophil counts are usually below 0.2 x 109/L [36-37]. 

Often, serial blood cell counts are needed to assure that individuals suspected of having 

congenital neutropenia do not have cyclic neutropenia. However, this approach has 

limitations because, in some cases of cyclic neutropenia, the amplitude of the oscillations may 

be very low. Alterations in abundance of other haematopoietic cells include increased 

monocyte counts (i.e., >1.0 x 109/L), increased platelet counts and mildly decreased 

hematocrit. Intriguingly, the level of serum immunoglobulin (IG,s) is often elevated [38] and 

anti-neutrophil-specific antibodies are absent [39].   
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Analysis of bone marrow aspirate typically shows "maturation arrest" at the promyelocyte or 

myelocyte stage of neutrophil formation. Increased bone marrow monocytes and eosinophils 

may be present. Cytogenetic analysis of bone marrow is normal. ELA2 mutations were 

initially reported in 100% of individuals with well-documented cyclic neutropenia [40] [41] 

and ELA2 mutations were initially reported in 88% of individuals with congenital neutropenia 

[41]. Further studies showed that 38%-80% of individuals with congenital neutropenia have 

ELA2 mutations [42] [43-44]. This broad range probably depends on the selectivity of the pre-

test assessments. Bone marrow examination is mandatory to confirm the diagnosis of 

congenital neutropenia and cyclic neutropenia and to rule out other disorders such as 

myelodysplasia or leukaemia. 

The differential diagnosis of congenital neutropenia includes several disorders of 

myelopoiesis, e.g  benign familial neutropenia, an autosomal dominant form of congenital 

neutropenia with milder neutropenia and less severe symptoms, autoimmune neutropenia 

usually attributed to anti-neutrophil antibodies or idiopathic isolated neutropenia of unknown 

cause. Other syndromes with association of congenital neutropenia include; Glycogen storage 

disease type Ib, Shwachman-Diamond syndrome, Reticular dysgenesis, Cartilage-Hair-

Hypoplasia, Chediak-Higashi syndrome, Griscelli syndrome, Barth syndrome, Wiskott-

Aldrich syndrome, Dyskeratosis congenita, and Myelokathexis (WHIM syndrome). 

2. C. II. TREATMENT, MANAGEMENT AND PREVENTION 

Conventional management includes prompt treatment of infections with antibiotics. 

Individuals with abdominal pain require careful evaluation for the potentially lethal 

complications of peritonitis and bacteraemia. Daily subcutaneous treatment with recombinant 

granulocyte colony-stimulating factor (G-CSF) is the treatment of choice and effective in 

elevating blood neutrophil counts in both congenital neutropenia and cyclic neutropenia. The 

dose required to increase the ANC to above 1000/ul is very heterogeneous (1 – 80 µg/kg/d), 

whereas most of the patients respond to dosages between 5 and 20 µg/kg/d. G-CSF treatment 

ameliorates the symptoms and problems of infections in more than 95 % of affected 

individuals. Studies indicate that treatment is effective for more than 20 years without 

exhaustion of haematopoiesis and with no adverse effects on growth, development, or 

pregnancy outcome [34-35, 45]. Treatment of cyclic neutropenia requires daily or alternate-

day injections of rhG-CSF, normally in a dose of approximately 1-3 µg/kg/day.  
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Common side effects of G-CSF include bone pain and splenomegaly. Vasculitis, rashes, 

arthralgias, and glomerulonephritis have been infrequently reported [34-35, 45]. Preventive 

dental examination for gingival and periodontal disease, evaluation (particularly of those with 

severe congenital neutropenia) by an otolaryngologist and pulmonologist for chronic 

sinopulmonary inflammation and deep abscesses.   

Individuals with congenital neutropenia (with or without an ELA2 mutation) are at risk of 

myelodysplasia syndrome (MDS) or acute myelogenous leukaemia (AML). The respective 

cumulative incidences 15 years after starting treatment with G-CSF were 36% and 25% (P = 

0.96) [46-47]. Since cases of MDS/AML were reported before the availability of G-CSF 

treatment, it is not known if this therapy, which probably improves life expectancy, also 

increases the risk of leukaemia [48-49]. 

Observation should include the following: General evaluations by parents and medical 

personnel several times a year, blood counts several times a year, annual bone marrow 

cytogenetic studies because of the frequent association of monosomy 7 and malignant 

transformation. Although sequencing of the receptor for G-CSF (G-CSF-R) may also provide 

evidence of the first step towards evolution to MDS/AML [43-44, 50], its clinical utility is not 

yet clearly established [48-49] and [51-52]. Haematopoietic stem cell transplantation (HSCT) 

from HLA identical siblings or unrelated donors is recommended for affected individuals with 

CN who are refractory to high-dose G-CSF or who undergo malignant transformation. 

Unrelated cord blood transplantation for neutropenia is being investigated, and outcome 

appears to depend on the closeness of the match [53].  

2. C. III. MOLECULAR GENETIC AND PATHOPHYSIOLOGY OF CN 

Neutrophil elastase, an enzyme synthesized in neutrophil precursors, is one of the first 

features of development of the neutrophil primary granules. The enzyme is normally 

processed in the Golgi apparatus and packaged in the granules as the fully active enzyme. The 

cell is probably protected from the enzymatic activity of neutrophil elastase during synthesis  

just before packaging. It is currently presumed that, in congenital neutropenia and cyclic 

neutropenia, inspite of mutations in the ELA2-gene, the abnormal enzyme is not inhibited. It 

may induce an unfolded protein response (UPR) within the endoplasmatic reticulum leading 

to increased apoptosis of the neutrophil precusors; predominantly the promyelocytes. Cellular 

studies on pathogenesis of cyclic neutropenia have clearly demonstrated that accelerated 

apoptosis of neutrophil precursors is the proximate cause for the reduced neutrophil 
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production [54-55]. The oscillation of blood counts in cyclic neutropenia is attributed to the 

excessive cell turnover in the early neutrophil compartments, coupled to a system of long-

range regulation by feedback from peripheral tissues [56-57]. The accelerated apoptosis may 

be mediated by altered expression of pro-apoptotic factors, Bcl-2, or cytoplasmic 

accumulation and induction of the unfolding protein response [58]. 

Heterozygous mutations in the ELA2-gene are the most common genetic abnormality found in 

approximately 50-60% of CN patients, suggesting a dominant mechanism of action [41] [59]. 

However, some cases of CN with ELA2 mutations arise sporadically, consistent with its 

transmission as an autosomal dominant disorder [59]. More than 50 ELA2 mutations have 

been described in CN patients resulting in proteins with various ranges of enzymatic 

activities. No obvious connection could be made linking the abnormalities of the mutant 

protein and neutropenia. Two case reports of paternal mosaicism for an ELA2 mutation also 

provide evidence for autosomal dominant inheritance and that mutant NE protein has no 

effect on wild-type neutrophils [60] [61]. Evidence for the causative role of ELA2 mutations 

is derived from a recently published study of five unrelated children from healthy mothers, 

whose impregnation was from semen of the same sperm donor [62]. 

Furthermore, as stated above, ELA2 mutations are also responsible for cyclic neutropenia, an 

autosomal dominant mutation but with cycling neutropenia with an average duration of 3 

weeks and fewer infections as compared to CN. Genetic analysis has shown that CN and 

cyclic neutropenia can have autosomal dominant mutations at the same site of ELA2-gene. 

However, the pathophysiology leading to two completely distinct phenotypes is not yet 

understood. The diversity of mutations within the ELA2-gene in CN and the lack of any 

consistent effect of the mutant NE on its enzymatic properties [59]  led us and others to 

hypothesize that structural rather than functional enzymatic properties of the mutated NE 

protein may be responsible for the neutropenia [63] and [62]. These studies hypothesize that 

mutations in the ELA2-gene result in the production of mis-folded NE protein in the ER 

which induces the unfolded protein response (UPR) and the subsequent UPR-dependent 

apoptosis [64],[63]. Indeed, the chaperone family member HsP70 protein BiP, which is 

associated with the mis-folded protein induced ER stress, was upregulated in CN [64]. 

Interestingly, neither targeting of CN-associated mutations in murine ELA2 [63] nor complete 

deletion of ELA2 [65]  has an effect on murine haematopoiesis, thus supporting the notion that 

enzymatic NE activities are not required for granulopoiesis.  
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A so-far unexplained finding is that the expression of NE protein is severely downregulated in 

CN, independent of whether CN patients harbour ELA2 mutations or not [66] [67].  Indeed, 

patients with ELA2 or HAX1 and other rare mutations all have similar morphological and 

clinical phenotypes in terms of myelopoiesis, suggesting that there are common downstream 

molecular events caused by these mutations. Regarding the role of ELA2 mutations and lower 

NE in CN, further studies are required to solve the understanding of the pathomechanism 

leading to maturation arrest of promyelocytes in these patients. The UPR caused by the 

misfolded NE protein induces a general decrease of protein synthesis through inhibition of 

translation initiation, increased chaperone protein expression, and activation of ER-associated 

protein degradation [68]. If these responses are inadequate to compensate for the quantity of 

misfolded protein, they induce apoptosis via increased caspase expression. HAX1 mutations 

leading to lack of a functional HAX1 protein compromises vital functions of mitochondria 

also leading to increased apoptosis. The link between mitochondria dysfunction, ER stress, 

and cell death is well known [68].  

Downstream signals secondary to these events include the lack of expression of the 

transcription factor LEF-1 and consequently C/EBP alpha down-regulation, which reduce 

survival and differentiation of granulocyte progenitors and leading to maturation arrest of 

granulopoiesis in bone marrow with decreased blood neutrophils [69]. C/EBP alpha is, 

however, the transcription factor required for steady-state neutrophilic granulopoiesis. 

Therefore the question arises, which transcription factor(s) is or are responsible for the in vivo 

response of CN patients to pharmacological doses of G-CSF? In a recent study, our goup was 

able to document that G-CSF acts through Nampt/PEBF to increase intracellular NAD+, 

which, in combination with SIRT1, binds and activates C/EBP beta leading to so called 

“emergency” neutrophil granulopoiesis [70].  
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3. SUMMARY (ZUSSAMENFASSUNG DER DISSERTATION) 

 

3. A. THESIS, see also Publication:  

 

Neutrophil elastase is severely down-regulated in severe congenital neutropenia 

independent of ELA2 or HAX1 mutations but dependent on LEF1.  Skokowa, J, Fobiwe, 

J.P. et al, Blood 2009, 114:3044-3051 

 

In the enclosed publication, I investigated the expression of the neutrophil elastase (NE) in 

cells from patients suffering from CN and for comparison cells from healthy individuals 

treated with G-CSF. Since the two major subtypes of CN patients are either patients with 

ELA2- or HAX1 mutations, I investigated both. In both groups of CN patients I could 

demonstrate that the NE protein expression is severely downregulated. This data suggest that 

the NE down-regulation is independent of the ELA2 mutation. 

 

Also the bone marrow morphology and response to G-CSF are similar in both CN patient 

subtypes, i.e., those with mutations in the ELA2 gene and HAX-1 genes. These findings 

suggest that similar factors or signalling pathways downstream of ELA2 and HAX-1 mutations 

are involved in the pathologic process causing maturation arrest of myelopoiesis in congenital 

neutropenia.  

 

Recently, Lymphoid Enhancer-Binding Factor 1 (LEF-1) was identified as a decisive 

transcription factor in granulopoiesis controlling the proliferation, proper lineage commitment 

and granulocytic differentiation via C/EBPα [69]. Myeloid progenitors from CN patients 

showed a severe down regulation or even lack of LEF-1 and its target genes, including 

C/EBPα, independent of the inheritance of ELA2 and HAX1 mutations. The absence of LEF-1 

plays a critical role in the defective maturation of myeloid progenitors in CN. Moreover, it 

has been shown that LEF-1 und C/EBPα regulate ELA2 in the bone marrow cells by binding 

to the ELA2 promoter [71-72], however, the specifity of this regulation process for particular 

populations of bone marrow cells, especially for the myeloid progenitors, is not fully 

elaborated. 

 



3. SUMMARY 

   11 

Neutrophil elastase (NE) is a protease stored in the granules of neutrophilic granulocytes that 

are formed during the promyelocytic phase of granulocytic development and differentiation 

[73]. After neutrophil activation, NE is released and can cleave multiple substrates, including 

cytokines and chemokines like G-CSF and SDF1α, [74] [75] and surface proteins including 

G-CSFR, VCAM, c-kit, and CXCR4 [74] [76-80].  

 

Administration of G-CSF induces increased NE levels in bone marrow myeloid cells and the 

subsequent mobilization of bone marrow stem cells to peripheral blood [76, 78]. Neutrophil 

elastase negatively down-regulates SDF-1α/CXCR4 signalling by cleavage of the chemokine 

receptor CXCR4 and its ligand SDF-1α, which plays a role in the retention of haematopoietic 

stem cells within the bone marrow and their mobilization to the peripheral blood [80], [81], 

[82]. The degree of mobilization positively correlates with the down-regulation of the surface 

expression of CXCR4 in mobilized cells. The process of G-CSF dependent stem cell 

mobilization is disturbed in CN patients. 

 

In the present study, we compared the expression levels of ELA2 and NE in myeloid cells and 

plasma of CN patients carrying either ELA2 or HAX1 mutations. We also investigated the 

LEF-1-dependent regulation of ELA2 and neutrophil elastase in myeloid cell populations from 

both congenital neutropenia patients and the myeloid cell line U937. Our studies revealed that 

down-regulation of ELA2/NE caused elevated surface expression of CXCR4 on bone marrow 

cells from CN patients as seen in Figure 2 below. 

 

 

Figure 2: Down-regulation of ELA2 in CN patients inversely correlates with increase expression of CXCR4 

expression on CD34+ cells. 
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3. B. DISCUSSION AND CONCLUSIONS 

In the present study we found diminished expression of ELA2 mRNA and NE protein in 

myeloid cells and plasma from CN patients. Previous studies have reported reduced 

expression of ELA2 mRNA in the bone marrow of CN patients [41, 67, 69]. However, in 

these earlier studies, the expression and activity status of ELA2 in the myeloid subpopulations 

of bone marrow cells and the mechanisms underlying this reduced expression of ELA2 in CN 

patients was not clear. Moreover, whether ELA2 mutations influence the expression of ELA2 

mRNA and/or the neutrophil elastase protein directly, or whether the reduced expression of 

ELA2 in CN patients was a result of abnormal ELA2 gene regulation processes by other 

factors was not defined. Autosomal dominant mutations in the ELA2 gene encoding for the 

protein NE have been described as early as 1999 [41]. Today more than twenty different 

mutations have been identified in the ELA2 gene [59]. In some cases, the identical ELA2 

mutations have been observed in the two different syndromes; congenital neutropenia and 

cyclic neutropenia (CyN). Congenital neutropenia presents persistent life-threatening 

symptoms of neutropenia in some patients, while CyN is characterized by mild, cyclic non-

persistent symptoms in other patients [41, 59]. The fact that ELA2 levels in CyN patients, in 

which ELA2 is mutated in most patients, are comparable to the ELA2 levels in healthy 

individuals, suggests that other factors in addition to ELA2 mutations are responsible for the 

down-regulation of ELA2 transcription and NE expression in CN. This notion is supported by 

our data showing that ELA2 expression in patients harbouring HAX1 mutations is similarly 

abrogated. Furthermore, there are several additional disputed observations that support our 

hypothesis that down-stream effects of ELA2 mutations are not the only cause of CN. Firstly, 

there is no clear genotype-phenotype correlation and more than 20 different ELA2 mutations 

confer widely disparate effects on NE enzymatic activity. Secondly, analysis of mutated 

recombinant NE proteins reveals no evident changes in protein stability or substrate 

specificity and no consistent effects on glycosylation and proteolytic activity as compared to 

the wild-type protein. Thirdly, gene targeting of ELA2 failed to reproduce a neutropenic 

phenotype in mice. Nevertheless, some studies have proposed that mutant ELA2 triggers 

accelerated apoptosis of granulocyte precursors [64]. It was shown that ELA2 mutations lead 

to cytoplasmatic accumulation of the altered protein, disturbance of intracellular trafficking, 

activation of the unfolded protein response (UPR) and induction of apoptosis [64]. 
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Previously, our group found that the transcription factor LEF-1 plays a decisive role in 

granulopoiesis by direct activation of the granulocyte-specific transcription factor C/EBPα 

[69]. Like ELA2 mRNA expression, LEF-1 is expressed at the highest levels in the bone 

marrow promyelocytes. Both LEF-1 and C/EBPα activate the ELA2 gene via direct binding to 

the ELA2 promoter [83], [84].  Furthermore, myeloid progenitor cells from CN patients 

showed a severe down-regulation or even a lack of LEF-1, C/EBPα and ELA2/NE expression 

in both groups of CN patients, carrying either ELA2 or HAX1 mutations. It has been shown 

that C/EBPα and G-CSFR signal cooperate synergistically to induce ELA2 expression [85]. 

There is also clear evidence that G-CSF-dependent granulocyte differentiation is severely 

affected in CN patients: 1) serum of these patients contain normal or increased levels of 

biologically active G-CSF and G-CSF receptors (G-CSFR) are expressed by CN patients at 

normal levels [86], [66]; and 2) CN patients responded only to the regular administration of 

daily pharmacological doses of rhG-CSF: 100-1000 times greater than physiological levels 

[38]; and 3) in vitro growth of granulocyte colonies in colony forming units(CFU)-assays is 

defective with only a few neutrophil colonies formed, despite maximal stimulation with rhG-

CSF [87], [88] [89]. In U-937 cells, we demonstrated that ELA2 expression and NE secretion 

are directly dependent on the intracellular levels of LEF-1. Inhibition of LEF-1 led to reduced 

ELA2/NE production and LEF-1 over-expression markedly enhanced the ELA2/NE levels. In 

haematopoietic progenitor cells from CN patients, the in vitro reconstitution of LEF-1 

expression corrected the defective ELA2/NE levels and resulted in the differentiation of these 

progenitor cells into mature granulocytes. These results suggest that low ELA2/NE levels are 

involved in the complex multistep pathological processes that ultimately lead to the 

maturation arrest of myeloid progenitors from patients with CN down-stream of defective 

LEF-1. The importance of LEF-1 in the regulation of ELA2 is supported by the fact that the 

levels of ELA2 and NE are unaffected in CyN patients, in whom the LEF-1 level is 

comparable to healthy individuals [69]. 

 

The ELA2-gene is specifically transcribed in the promyelocytes in the bone marrow, but the 

neutrophil elastase (NE) protein persists in the cells through terminal differentiation into 

neutrophil granulocytes. NE is released after neutrophil activation and cleaves multiple 

substrates including cytokines and chemokines like G-CSF and SDF1α [74] as well as cell 

surface proteins like G-CSFR, vascular cell adhesion molecule 1(VCAM) and C-Kit [74, 80]. 

Levesque JP reported that NE cleaves CXCR4 expressed on the surface of CD34+ cells [76]. 

In this study, it was demonstrated that the administration of G-CSF leads to inactivation of the 
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SDF1α/CXCR4 chemotactic pathway due to proteolytic cleavage by NE, thereby facilitating 

the egress of CD34+ cells from bone marrow into the blood. It is important to note that the 

proteolytic cleavage of either SDF1α or CXCR4 by NE leads to complete inactivation of the 

SDF-1/CXCR4 pathway [90], [76, 81].  

 

We therefore investigated whether expression of CXCR4 in CN is normal or even elevated as 

a functional consequence of the missing neutrophil elastase activity in CN. Indeed, we 

demonstrated that abolished synthesis of NE protein in CN was associated with abnormally 

high expression of CXCR4 by CD34+ cells. Intriguingly, our attempts to mobilize CD34+ 

cells in a CN patient (as a backup treatment prior to allogeneic bone marrow transplantation) 

were unsuccessful, despite a temporal 10-fold increase in the daily administered rhG-CSF 

dose (unpublished data). The unsuccessful mobilization of CD34+ cells in the CN patient may 

be due to the elevated expression of CXCR4 that results from the lack of NE production. The 

potential compensation of defective NE expression and missing protein function by other 

neutrophil proteases, such as Proteinase 3, Cathepsin G, or matrix metalloproteinase 9 

(MMP9) is not likely since, in CN patients, these proteases are down-regulated to the same 

degree as NE. 

 

In summary, we have demonstrated that the expression of ELA2 mRNA and the production of 

functional NE protein were markedly down-regulated in all patients with congenital 

neutropenia, independent of the inheritance of ELA2 or HAX1 mutations. We confirmed that 

the down-regulation of ELA2 mRNA expression and functional neutrophil elastase protein 

production was due to the absence of expression of the transcription factor LEF-1, which 

directly activates the ELA2 gene expression. Down-regulation of ELA2 and its cytoplasmic 

coding protein neutrophil elastase were associated with elevated levels of CXCR4 expression, 

and hence the consequent unsuccessful mobilization of CD34+ cells in patients suffering from 

congenital neutropenia. Recently the food and drug organization (FDA) approved a new 

“fresh from the pipeline” drug - an antagonist of the CXCR4 chemokine receptor - for use in 

combination with granulocyte colony-stimulating factor to mobilize haematopoietic stem cells 

to the peripheral blood for collection and subsequent autologous transplantation in patients 

with haematopoietic malignancies like non-Hodgkin’s lymphoma and multiple myeloma [91-

92]. 
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