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DISORDERS OF GRANULOPOIESIS AND GRANULOCYTE FUNCTIONAL DISORDERS
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INTRODUCTION

The phagocytic cells – neutrophils, monocytes, macrophages, and eosinophils – are one of the major effector mechanisms against invasive microorganisms; this process begins with phagocytosis of opsonized targets and is continued by the release of toxic compounds, such as reactive oxygen metabolites, lysosomal enzymes and bactericidal antibiotic proteins to phagocytic vacuole. To accomplish this function, however, phagocytes and in particular granulocytes need to be produced in enough amounts in the bone marrow to be released to the blood stream and then to migrate to sites of microbial invasion. The production of granulocytes in the bone marrow depends on an appropriate microenvironment and the presence of different cytokines with colony stimulating activity. Once in circulation and under appropriate inflammatory signals, granulocytes interact loosely with the endothelium and roll along the vessel wall. This rolling process allows granulocytes to detect chemotactic signals that in turn induce the firm adhesion to endothelium, diapedesis and migration of these cells to the inflammatory center. Different pairs of adhesion receptors mediate these events and the posterior phagocytosis of opsonized microorganisms. The final step in the process of microbial elimination is the degranulation and activation of respiratory burst of phagocytes, which act in conjunction to destroy the ingested microorganisms.

An alteration in one of the above-mentioned events conduces to a defect in the phagocyte antimicrobial activity that is manifested in most of the times by severe infections produced by bacteria and fungi. For example, the failure of bone marrow precursor cells to generate mature granulocytes produces neutropenia. Alterations of the adhesion molecules impede the appropriate interaction of granulocytes with endothelium and opsonized microbe. Similarly, the oxygen-derived compounds of the respiratory burst have an essential role in the microbicidal capacity of phagocytes, which is demonstrated by the incapacity of phagocytic cells of chronic granulomatous disease (CGD) patients to produce oxygen radicals and destroy microorganisms after an infectious challenge.

Although the abnormalities in granulocyte function are relatively rare, it is important an early recognition of these defects in order to decrease the morbidity and mortality associated with them. The main clinical characteristic of granulocyte defect is the development of recurrent and severe infections, usually starting in infancy. These infections affect mainly skin and mucous membranes and are most characteristically caused by bacteria, especially Staphylococcus aureus and different gram negative microorganisms. Infections produced by fungus, Candida albicans and Aspergillus species are also frequently identified in patients with granulocyte defects.

GRANULOPOIESIS AND CONGENITAL NEUTROPENIA

Granulocytes are produced in the bone marrow by differentiation of self-renewing pluripotential progenitor cells. Granulopoiesis is governed by a number of cytokines that promote the survival, proliferation, and differentiation of hematopoietic stem cells and progenitors (Metcalf 1993). The bone marrow microenvironment provides the chemical signals and support stroma necessary to generate around 100 million neutrophils daily. During severe infections o inflammatory stress, the bone marrow pool neutrophils are released and daily production may increase up to a trillion cells (Athens 1961).

Hematopoietic stem cells develop from primitive mesenchymal cells early in embryogenesis. These cells have an extensive self-renewal ability and differentiation potential along multiple lineages. This differentiation occurs in response to many signals that conduce to a progressive lineage restriction; thus a myeloid precursor cell exists that can give origin to erythrocytes, granulocytes, monocytes, and platelets, but no lymphocytes. However, this differentiation implies a decrease of self-renewal capability. There are many cytokines with colony stimulating factor activity that are essential for the growing and differentiation of bone marrow progenitor cells. These factors include stem cell factor (SCF), erythropoietin, granulocyte-monocyte colony stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), monocyte colony stimulating factor (M-CSF), interleukin 3 (IL-3), IL-4, IL-5, IL-6, IL-11, IL-12, and others (Broudy 1997, Metcalf 1993). From in vitro culture systems it may be concluded that the growth factors act in synergistic way. For example when SCF is included in the cultures a notable increase in the expansion and differentiation of progenitors cells is evidenced (Ikebuchi 1988). This enhancement of proliferation is further augmented by the co-presence of IL-6. Similarly IL-3 acts very early on the differentiation of hematopoietic progenitors (Schrader 1986). GM-CSF has its main effect on cells already committed to the myelomonocyte lineage (Metcalf 1986). G-CSF acts on cells at the myeloblast stage to drive them to the phase of myeloid development (Groopman 1989).

The complex interactions that take place in the bone marrow between hematopoietic stem cells, progenitor cells at various stages of development, and the growth factors present in the marrow space provide the environment for the proliferation of myeloblasts, promyelocytes, and myelocytes, as well as maturation of metamyelocytes and band-form neutrophils. This proliferation and maturation phase of neutrophils requires 6 to 10 days (Dancey 1976). As a neutrophil develops from its precursor cell, it acquires primary and secondary granules, various surface molecules, and a number of enzymatic and functional characteristics (Glaser 1987). Myeloblasts, promyelocytes, and myelocytes replicate in approximately 24 hours and represent the regenerative pool that allows the production daily of millions of neutrophils. Metamyelocytes and band neutrophils do not replicate but represent the main storage reserve of neutrophil precursors. Mature neutrophils remain in the bone marrow for several days before they are released into the circulation. Once released, they have a half-life of 6 to10 hours. In the presence of severe stress the circulating neutrophil may survive less than an hour (Cramer 1992).

Congenital neutropenia

The causes of congenital neutropenia are not well defined. Severe congenital neutropenia (Kostmann syndrome) is a recessive inherited disorder characterized by a maturation arrest in the bone marrow at the stage of promyelocytes or myelocytes, resulting in a profound neutropenia (absolute neutrophil count < 0.2 x 103/mm3). Around of 25% of these patients present a mutation in the gene of G-CSF receptor (G-CSFR), however these mutations are not inherited, they occur spontaneously during the course of life defect and may be transient (Dong 1995, Tidow 1997). Therefore, is probable that the mutations in the G-CSFR are not involved in the pathogenesis of the congenital severe neutropenia; however, it might be one step in the leukemic transformation that these patients might present: an half of patients with congenital neutropenia and mutation in G-CSFR have developed secondary myelodysplastic syndrome and acute myeloid leukemia (Welte 1997).

Cyclic neutropenia is a rare disease manifested by transient severe neutropenia that recurs approximately every 21 days. A wide spectrum of symptom severity, ranging from asymptomatic to life-threatening illness has been observed in patients with cyclic neutropenia. Children displayed typical neutrophil cycles with symptoms of mucosal ulceration, lymphadenopathy, and infections. Adults often had fewer and milder chronic neutropenia without distinct cycles (Dale 1988, Palmer 1996).

One patient with myelokathesis, a rare congenital neutropenia resulting from impaired release of granulocytes from bone marrow has been described to have congenital neutropenia due to accelerated apoptosis and abnormally depressed expression of bcl-x protein in bone-marrow derived granulocyte precursor cells (Liles 1995).

ADHESION AND CHEMOTAXIS OF GRANULOCYTES AND LEUKOCYTE ADHESION DEFICIENCY (LAD)

Under conditions of normal blood flow in the microvasculature, blood cells are confined to the center of the vessel. During acute inflammation, as stasis develops, neutrophils begin to accumulate along the vessel wall where the flow rate is even lower and then adhesive interactions between neutrophils and endothelial cells starts, one the essential steps in the inflammatory response. Localization of granulocytes is a dynamic process that involves multiple steps. In each step a different family of adhesion molecules takes part (Zimmerman 1992). The rolling phase is mediated by the selectin family and their ligands. The next step, the activation and firm adhesion of the neutrophils to the endothelium, is regulated by the integrin family and their ligand, the intercellular adhesion molecules. The final step of transendothelial migration is again mediated by these two families of adhesion molecules. The actual role of these molecules in the inflammatory response was demonstrated in rare disease where one of the adhesion molecule was absent. Two adhesion molecule deficiencies have been described; both characterized by recurrent infections, defect in wound healing, and marked leukocytosis. Leukocyte adhesion deficiency (LAD) I is caused by a defect in the beta subunit of the integrin molecule, whereas in LAD II, the ligand for the selectin, the sialyl Lewis X is markedly decrease (Etzioni 1996).

When an appropriate inflammatory stimulus is present granulocytes and endothelium first express adhesion receptors known as selectins (Lawrence 1991, Bevilacqua 1991). There are three members of this family of adhesion receptors: L-selectin (expressed in leukocytes), P-selectin (expressed in platelets and endothelium), and E-selectin (expressed on cytokine-activated endothelium). Each of the three selectins is an integral membrane protein with a positively charged carbohydrate-binding domain. The ligands for L-selectin are sialylated, fucosylated, sulfated O-linked glycoproteins, which undergo upregulation in response to inflammatory mediators such as IL-1, TNF, INF-, and LPS, thus promoting the accumulation of phagocytes in inflamed areas (Spertini 1991a). Soon after activation, leukocytes shed L-selectin by proteolytic cleavage of the molecule near the transmembrane domain, which appears to be important to convert the neutrophil from a loosely adherent, rolling cell to one that is firmly bound to the endothelium (Spertini 1991b). P-selectin recognizes sialyl-Lewis x (Slex) as well as Lewis X (Lex; CD15) carbohydrate domains present in its counterreceptor on myeloid cells (Zhou 1991). E-selectin is transcriptionally induced in endothelial cells after exposure to IL-1, TNF, IFN-, and LPS (Bevilacqua 1989). E-selectin also binds to a Slex carbohydrate domain (Tyrrell 1991). Neutrophils are rich in glycoproteins and glycolipids containing Slex and are therefore able to bind inflamed endothelium expressing E-selectin. Appears that L-selectin and P-selectin mediate the early adherence of unstimulated granulocytes to endothelial cells, whereas E-selectin participates at a later stage after its upregulation by inflammatory signals (Lawrence 1991, Zimmerman 1992). The interaction of granulocytes with endothelium through selectins allows a slow rolling of the cells on the endothelial surface. Thereby the rolling cells have the chance to interact and be activated with IL-8 and platelet activating factor both present in cell membranes of inflamed endothelium (Smith 1991). The interaction of granulocytes with these chemoattractants begins the next step in granulocyte-endothelium adhesion, which depends on other two families of molecules.

The second class of adhesion receptors that play a essential role in the leukocyte-endothelium interaction are known as leukocyte integrins (Hynes 1992, Arnaout 1990, Ruosahti 1991). Integrins are  heterodimers consisting of an  chain non-covalently linked to a single  subunit. The leukocyte integrins are the 2 subfamily of integrins and consist of three surface membrane glycoproteins with three different  subunits termed L2 (CD11a/CD18; LFA-1), M2 (CD11b/CD18; complement receptor type 3 [CR3]; Mac-1), and X2 (CD11c/CD18; p150,95; CR4). The subunits are synthesized as precursor proteins containing high-mannose N-linked oligosaccharides. The  and  subunits associate in the Golgi apparatus and then the mature heterodimer is then transported to the cell surface or to intracellular granules (Larson 1990). The 2 integrins are expressed only on leukocytes in different amounts on each type of cell type. For example lymphocytes express large amounts of CD11a/CD18, whereas granulocytes, monocytes, and macrophages express all three (Miller BA 1985, Miller LJ 1986). During the interaction with inflamed endothelium the granulocytes undergo an activation process that induces fusion of specific granules with the plasma membrane, which results in transfer of 2 integrins to the cell surface (Miller 1987). Moreover, these 2 integrins present conformational changes to increase their affinity for counterreceptors on the endothelium (Hermanowski 1992). These events are required for the tight adherence of granulocytes to the endothelial surface.

The counterreceptors for leukocyte integrins belong to the immunoglobulin gene superfamily of proteins and constitute the third kind of adhesion receptors important in the inflammatory response (Springer 1990, Larson 1990). These molecules contain from two to six immunoglobulin domains and are present on endothelial cells, T cells, and many other cells. Intercellular adhesion molecule-1 (ICAM-1; CD54) and ICAM-2 are of particular importance in mediating the binding of granulocytes to endothelium. ICAM-2 is constitutively expressed on endothelial cells, whereas ICAM-1 is synthesized in increased amounts in response to IL-1, TNF, INF-, and LPS (De Fougerolles 1991, Pober 1986).

LFA-1 binds both ICAM-1 and ICAM-2 and serves as co-receptors during interaction between T cells and antigen presenting cells. Mac-1 is more restricted and recognizes ICAM-1 on endothelial cells. This interaction is of particular importance in the acute inflammatory response, since it is in large responsible for the firm anchoring of rolling granulocytes to the walls of venules near sites of inflammation. Since both Mac-1 and ICAM-1 are upregulated by inflammatory signals, granulocytes are trapped only in those areas of the microvasculature where they are needed (Etzioni 1996). Therefore appears to be that the interaction of Mac-1 with ICAM-1 is the responsible for the establishment of tight binding of granulocytes to the endothelium, the final step of granulocyte adhesion to the endothelium before the transendothelial migration.

Once firmly adherent, leukocytes move slightly along the vessel wall and insert large pseudopods in the widened junctions between endothelial cells. The 2 integrins and ICAM-1 are essential for this process of diapedesis (Harlan 1985, Arfers 1987).

The migration of granulocytes from endothelium into tissues is an active process. These cells respond to a complex set of chemotactic signals generated at the inflammatory focus and propel themselves in that direction. The orientation of chemotactic gradient is sensed by a series of chemotactic receptors that interact with potent chemical agents to induce modifications of the contractile apparatus within cell. These chemotactic agents are diverse and include cytokines as IL-8 and other  intercrine subfamily of chemokines, lipids as platelet activating factor and leukotriene B4, fragments of complement activation as C5a, and bacterial products as N-formyl peptides (Snyder 1989, Lewis 1990, Dohlman 1991, Bagglioni 1992, Gerard 1991). These agents are generated by a wide variety of sources under the influence of inflammatory mediators as IL-1, TNF, and LPS. Many of these chemotactic factors serve not only as chemoattractants but also as activators of phagocytes. Thereby these agents may induce fusion of specific granules with the plasma membrane and a rapid, brief activation of the respiratory burst in phagocytes. This results in the transfer to the cell surface of CR1 and 2 integrins and the release of different proteolytic agents capable of degrading collagen that are used by the phagocyte to penetrate the endothelial basement membrane and extravascular connective tissue (Weiss 1989). The conjunction of these events allows the rapid and directed migration of granulocytes to sites of tissue injury or infection.

Specific recognition of microorganisms and other particle by phagocytes a sites of inflammation is a crucial event in the acute inflammatory response. This specificity is achieved through a series of phagocyte receptors and humoral opsonins. Target particles are opsonized by the deposition of IgG-1 or IgG-3 onto the surfaces via the Fab portion of the antibody or by the accumulation of C3b and C3bi on their surfaces. The opsonins are recognized by specific receptors on the membranes of phagocytes. IgG molecules are bound by three distinct classes of Fc receptors (FcR): FcRI (CD64), FcRII (CD32), and FcRIII (CD16) (Ravetech 1991). These receptors are members of the immunoglobulin gene superfamily. They differ in their molecular structure, their expression on different cell types, and their binding affinity for IgG; however, exhibit substantially similar function. The redundancy in function of these receptors is demonstrated by the fact that patients that lack FcRI on their monocytes did not present increased susceptibility to infections (Ceuppens 1988). Two complement receptors have an important role in the phagocytic process. CR1 (CD35) is responsible for the binding of C3b-opsonized particles and for initiating their ingestion (Klickstein 1987). In addition to its role in the firm adhesion to inflamed endothelium and chemotaxis of granulocytes, Mac-1 (CR3) serves as the major receptor for C3bi. Binding of C3bi-opsonized particles to CR3 triggers both phagocytosis and the respiratory burst. Apparently complement receptors play the primary role in attachment to the cell surface, while Fc receptors may be primarily responsible for internalization of the microorganisms (Mantovani 1975).

Finally, after attachment of particle to cell membrane via Fc and complement receptors, the phagocyte surrounds it forming a phagosome. Now in this particular microenvironment, the microbes become very susceptible to the highly concentrated nonoxidative and oxidative products that phagocyte releases into the phagosome to form a phagolysosome.

Leukocyte adhesion deficiency (LAD)-I

Leukocyte adhesion deficiency-I is an uncommon autosomal recessive disorder in which phagocyte adhesion to endothelium, chemotaxis, and ingestion of C3bi-opsonized microorganisms are severely impaired (Arnaout 1990, Etzioni 1996, Wright 1995). The main clinical characteristic of LAD-I is the occurrence of recurrent bacterial and fungal infections without the production of pus despite a persistent granulocytosis. The disease usually manifests shortly after birth with omphalitis and delayed separation of the umbilical cord. Cutaneous and perirectal infections are common and tend to form abscesses devoid of pus. These lesions heal poorly and sometimes evolve into chronic ulcerative lesions that can spread to deeper tissues and became complicated with septicemia. Ulcerative lesions of the tongue and pharynx are common, as is an aggressive form of gingivitis and periodontitis. Laryngotracheitis, bronchitis, sinusitis, pneumonia, and otitis media are also encountered. The majority of infections are caused by Staphylococcus aureus and a host of gram-negative bacteria, including Escherichia coli, Pseudomonas species, and Proteus species. Fungal pathogens are also found, particularly Candida albicans and Aspergillus species.

LAD-I is caused by mutations in the gene encoding the common 2 subunit of the leukocyte integrins (Kishimoto 1987, Curnutte 1993, Back 1993, Lopez-Rodriguez 1993, Ohashi 1993). Depending on the nature of the mutations, leukocytes express between 0 and 20 per cent of the normal levels of each of the three 2 integrins. The mutations described until now include splice defects by modification of a consensus splice site, nucleotide substitutions within coding sequence that predict nonsense and missense mutations, deletion of one or several nucleotides and alteration in glycosylation of mature 2 subunit. These mutations produce variable effect in the expression and function of leukocyte integrins and this is related to the clinical severity of LAD-I–those patients with expression of less than 2 per cent of normal protein are most severely affected (Curnutte 1993). Recently, a patient with clinical features of a mild LAD-I disorder and expression of normal levels of CD11/CD18 proteins was described, however leukocyte activation did not result in increasing of CD11/CD18 expression and high-avidity ligand-binding. In vitro chemotaxis and endothelial transmigration of the neutrophils as well as leukocyte aggregation responses were almost absent. This may be considered as a case of variant LAD-I that results from nonfunctional CD11/CD18 molecule (Kuijpers 1997).

Phagocytes from patients with LAD synthesize a normal  subunit precursor. In the absence of a normal  subunit precursor, the  chains do not associate into normal  complexes and are not expressed on the cell surface. In some patients, the integrin expression on leukocytes is undetectable, and the clinical symptoms are severe. In other cases, the  precursor protein is synthesized either in low levels or in a mutant form that can still undergo some association with the three  subunit precursors, which may allow the patients to exhibit a more moderate clinical picture (Curnutte 1993).

The diminished or absent expression of all three  integrins in LAD-I leukocytes results in a series of severe abnormalities in adhesion-dependent functions in vivo and in vitro. One of the most critical abnormalities in LAD-I is the failure of granulocytes to emigrate from blood to sites of inflammation. The early stages of phagocyte binding to the endothelium, process mediated by selectins and their counterreceptors occur normally in LAD-I. It is the firm adherence of granulocytes to inflammation-activated endothelium that is severely defective in LAD-I (Harlan 1993, Etzioni 1996). Transendothelial migration is also impaired in these patients, since it, too, depends on normal 2 integrin expression. The other major functional defect in LAD-I is the failure of phagocytes to interact normally with C3bi-opsonized particles (Arnaout 1990b). Mac-1 and gp150,95 are the main receptors for C3bi. Those microorganisms that are primarily opsonized with C3bi bind poorly to LAD-I phagocytes, are not ingested, and fail to trigger degranulation and respiratory burst. LAD-I phagocytes, however, do not have an intrinsic defect in either of these cellular functions. Moreover, LAD-I phagocytes can interact and ingest particles opsonized with IgG and C3b, since the receptors for these opsonins are expressed normally. Neutrophil-mediated antibody-dependent cellular cytotoxicity (ADCC) is also abnormal in LAD-I. This defect in ADCC appears to be related to defective neutrophil-target cell binding that is normally mediated by the three  integrins (Anderson 1985).

Leukocyte adhesion deficiency due to a deficiency in sialyl-lewis x (LADII)

The LADII is a clinical syndrome closely related to LAD-I but caused by a defect in selectin-mediated adhesion events. This disorder was described in two unrelated boys born of consanguineous matings (Etzioni 1992). As in LAD, the two children suffered from recurrent episodes of bacterial infections, periodontitis, otitis media, and cellulitis without infiltration of neutrophils despite blood granulocyte counts greater than 60,000/mm3; furthermore, they presented unique clinical characteristics as short stature, mental retardation, and the Bombay blood group phenotype. Neutrophils from the patients exhibited markedly reduced chemotaxis in vitro; however, they had normal levels of leukocyte integrins and were able to phagocytize serum-opsonized particles. The adhesion defect in these cells was found to be due to the absence of the sialyl-Lewis X ligand of E-selectin and P-selectin. The finding that the erythrocytes of the two patients exhibited the rare Bombay phenotype and were negative for Lewis antigen suggested that the synthesis of carbohydrate structures containing fucose was defective. Using intravital microscopy it has been demonstrated that the basic defect in LADII is in the "rolling" phase, while in classical LAD-I, firm adhesion and transmigration are defective (Etzioni 1994). This observation confirms the different role played by these two types of adhesion molecules.

THE RESPIRATORY BURST OF PHAGOCYTES AND CHRONIC GRANULOMATOUS DISEASE

When phagocytes are activated by a variety of stimuli, either particulated (opsonized microorganisms) or soluble (chemotactic factors, phorbol esters), they increase their oxygen consumption by 4- to 100-fold and start the reduction of this oxygen to superoxide, a phenomenon that is catalyzed by a special multisubunit enzymatic complex referred to as the respiratory burst oxidase (Cross 1991, Chanock 1994, DeLeo 1996). Because the NADPH is the electron donor used to reduce the molecular oxygen to superoxide, this electron transport chain is commonly called the NADPH oxidase (Shatwell 1996). The NADPH utilized as substrate by this enzymatic system is generated from glucose, via the hexose monophosphate shunt which also increases substantially its activity when the phagocytic cells are activated (Figure 1).
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Figure 1. Respiratory burst of phagocytes. Upon activation phagocytes increase the production of NADPH and oxygen comsuption. The phagocyte oxidase located in the membrane of phagolysosome then transfers the electrons from NADPH to oxygen to produce superoxide. In subsequent biochemical steps different oxygen radicals and other oxygen-derived metabolites are generated. These molecules act in conjunction with enzymes and other proteins released to phagolysosome to kill the ingested microorganisms.

The advancement of the knowledge concerning the antimicrobial capacity of phagocytic cells, especially through oxidative respiratory metabolism, has been closely related with the history of CGD (Quie 1993). In 1954, Janeway et al. described several children with recurrent, severe, life-threatening infections with hypergammaglobulinemia (Janeway 1954). In 1959, Bridges et al. performed a detailed analysis of patients with these clinical characteristics and concluded that antibodies were normal in quality, and therefore, suspected an abnormality of polymorphonuclear leukocyte (Bridges 1959). They coined the name "fatal granulomatous disease of childhood" for this syndrome. In 1967, Johnston and McMurry, after an exhaustive review of previously reported patients with similar clinical characteristics to Bridges’ patients, suggested X-linked transmission of the syndrome (Johnston 1967). In the same year Salvaraj and Sbarra demonstrated that oxygen was essential to achieve an appropriate intracellular microbicidal process in phagocytic cells (18), which was soon supported by the discoveries of Holmes et al. and Quie who gave evidence of a defective intracellular killing in neutrophils from patients with a syndrome that they called “chronic granulomatous disease” (Holmes 1966, Quie 1967). Later, Holmes et al. demonstrated that neutrophils from CGD patients did not respond to phagocytosis with the expected respiratory burst (Holmes 1967). A year later, Baehner and Nathan showed that phagocytes of CGD patients did not reduce the nitroblue tetrazolium as normal cells do (Bahener 1968). In that moment the relationship between the respiratory burst, the radical oxygen production, and the microbicidal capacity of phagocytic cells was clearly established. In 1973, Babior et al. demonstrated that before the production of hydrogen peroxide during the respiratory burst another oxygen metabolite is generated, the superoxide anion free radical (O2-) (Babior 1973), which undergoes a dismutation to hydrogen peroxide. This radical could not be produced by neutrophils of CGD patients (Curnutte 1974). However, despite a decade of many intents to discover the enzymatic system responsible for this oxygen reduction, not until 1978, Segal et al. discovered in the membranes of human neutrophils a special cytochrome b, with a very low mid-point potential (Em7.0: -245 mV), which was absent in patients with X-linked CGD, and therefore, it was the ideal candidate to explain the oxygen reduction (Segal 1978a, Segal 1978b). The cytochrome b-245 also was named cytochrome b558 due its absorption spectrum. The restoration of the NADPH oxidase activity in cell fusion experiments between monocytes missing cytochrome b558 with CGD monocytes containing this cytochrome b, conclusively demonstrated the occurrence of different patterns of inheritance of CGD (Weening 1985, Hamers 1984). These findings suggested that the cytochrome b was not the unique molecule involved in oxygen radical generation during the respiratory burst; in this activation other factors should participate. This question was resolved through a technique for activating the oxidase of phagocytes in a cell-free system. In this manner, it was possible to demonstrate the existence of several cytosolic factors involved in the generation of oxygen radicals (Bromberg 1984, Curnutte 1985).

In 1986 the gene altered in patients with X-linked CGD was cloned (Royer-Pokor 1986), and soon demonstrated that this gene encoded the cytochrome b558 previously discovered by Segal (Teahan 1987, Dinauer 1987). Later, it was found that the cytochrome b558 was conformed by two chains; the X-CGD gene codified a glycoprotein of 91 kDa called the ß-chain (Parkos 1987, Segal 1987). Since then, there has been a lot of relevant development to the biochemical and molecular basis of the activation of the respiratory burst in phagocytes and the function of NADPH oxidase. The gene that codifies the ( subunit  (protein of 22 kDa) of cytochrome b558 was also characterized (Parkos 1988, Dinauer 1990). Later, the genes for the two cytosolic factors previously identified by the superoxide cell-free complementation assay were isolated and characterized as encoding two proteins of 47 kDa and 67 kDa (Volpp 1989, Leto 1990). Recently, a protein of 40 kDa has become to be the newest characterized member of NADPH oxidase system (Wientjes 1993). At the present time, five components of NADPH oxidase have been unequivocally identified, sequenced, cloned, and characterized. Each of these oxidase components has the designation "phox," which indicates that the protein is part of the phagocyte oxidase. Thus, gp91-phox is the 91-kDa glycoprotein subunit of the cytochrome b558 and p22-phox is the 22-kDa component, while the cytosolic factors are p47-phox, p67-phox and p40-phox.

The gene loci for all five components have been identified, and the genomic structures have been determined. The gene of the gp91-phox protein was located in locus Xp21.1; this gene spans about 30 kb and contains 13 exons. The 4.27-kb coding region translates to 571 amino acids, which predicts a 65-kDa protein with five potential N-linked glycosylation consensus sites (Dinauer 1988); recently, however, just three of these N-glycosylation sites have been confirmed using site-directed mutagenesis (Wallach 1996). The expression of the cytochrome b558 is largely confined to myeloid cells although a few other tissues have been found to express it at low level (Royer-Pokora). The p22-phox gene is 8.5 kb in length, contains six exons, and is located on chromosome 16q24; this gene codifies a protein of 195 amino acids with a molecular weight of 20.9 kDa (Parkos 1988, Dinauer 1990). A constitutive expression of p22-phox mRNA has been detected in a wide variety of tissues, but the protein is seen only in those phagocytic cells that also express gp91-phox gene product (Parkos 1988). The gene of p47-phox is located on chromosome 7q11.23, spans 18 kb, and contains 11 exons; its 1.4 kb mRNA codifies a protein of 390 amino acids and 44.6 kDa, with 6-9 potential serine phosphorylation sites, and it is expressed only in myeloid cells (Volpp 1989, Chanock 1991). The p67-phox is located on chromosome 1q25 and is constituted by 16 exons on a 40 kb gene; it generates a 2.4 kb mRNA that translates to 526 amino acids that predicts a 60.9 kDa protein (Leto 1990, Kenney 1993). The p40-phox genomic structure has been recently described: the p40-phox gene is located in chromosome 22q13.1, spans approximately 18 kb and contains 10 exons; it generates a 1.2 kb mRNA that encodes for a protein of 339 amino acids and its message expression is restricted to hematopoietic cells (Wientjes 1993, Zhan 1996).

Biochemical basis of respiratory burst

Before stimulation, the oxidase is dormant because its components are separated in different subcellular compartments. The cytochrome b558 is located in the plasma membrane; and in unstimulated neutrophils, 80% of cytochrome b558 is distributed in the membrane of specific granules, which fuses with the plasma membrane on stimulation and allows cytochrome b558 to become in contact with cytosolic components (Segal 1993). In the cytosol of the resting phagocytes reside the other well characterized components of the oxidase--the p67-, p47-, and p40-phox. The five components are present in neutrophils in approximate molar equivalence; this is consistent with the view that the activation of oxidase involves the assembly of each of these molecules into a macromolecular enzyme complex (Curnutte 1993, Clark 1990, Wallach 1996).

The generation of reactive oxygen metabolites is a product of the transference of electrons to oxygen in univalent steps to generate superoxide anion free radical according to the following reaction (Babior 1973):



NADPH  +  2O2   (    NADP+  +  2O2-  +   H+
The superoxide generated undergoes a spontaneous dismutation or a dismutation catalyzed by superoxide dismutase to hydrogen peroxide:



O2-  +  O2-  +  2H+    (   H2O2  +  O2
These biochemical reactions yield antimicrobial agents by the partial reduction of the oxygen. However, superoxide and hydrogen peroxide, can not be considered as direct microbicidal agents, because superoxide is considered an innocuous compound, and the majority of microorganisms have protective mechanisms against hydrogen peroxide. Instead, the true microbicidal oxidants could be products of further reactions involving superoxide and hydrogen peroxide (Lehrer 1988, Thomas 1988, Cohen 1988). In a reaction catalyzed by peroxidase, the hydrogen peroxide is used to oxidize halogens to the corresponding hypohalous acids, which are potent antimicrobial agents. In neutrophils and monocytes, Cl- is the physiologic substrate, and the reaction is catalyzed by myeloperoxidase generating hypochlorous acid. In eosinophils the substrate is Br- and the product is hypobromous acid:


 H2O2  +  Cl     (    OCl-  +  H+
or
 H2O2  +  Br     (    OBr-  +  H+
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Moreover, during the course of the respiratory burst, several oxidizing radicals are produced by the phagocytes, which can be used by these cells to kill microorganisms. One of these radicals is hydroxyl radical ((OH), a powerful oxidant that is thought to be responsible for most of the damage that occurs on biologic systems during the majority of the situations associated to oxidative stress. This species seems to be produced by the metal-catalyzed Haber-Weiss reaction, in which Fe3+ is reduced to Fe2+ by superoxide, then reoxidized to Fe3+ by hydrogen peroxide (Lehrer 1988, Thomas 1988, Cohen 1988). Although it is quite probable that the different products of oxygen reduction have a direct microbicidal effect, it is also possible that the respiratory burst facilitates microorganism destruction by optimizing conditions within phagocytic vacuole for the lethal effect of other killing systems (Segal 1989).

The electron transport mechanism of the phagocyte oxidase is very unusual. The low midpoint potential of the cytochrome b558 permits a direct reduction of molecular oxygen to superoxide anion by this heme-protein (Curnutte 1993, Cross 1991). Several limited regions homologous to ferrodoxin-NADP+ reductase, that include both the FAD- and NADPH-binding domains, have been found in the ß-subunit of the cytochrome b558 (Rotrosen 1992). This homology suggests that gp91-phox contains the FAD redox center (flavoprotein dehydrogenase) of NADPH oxidase as well as the NADPH-binding site. These evidences confirm the unusual characteristics of this NADPH oxidase, so the electron transport system is entirely contained within a membrane-bound flavocytochrome, one of the few of those molecules described to date in higher eukaryotic cells. It is postulated that the flavocytochrome b558 suffers a conformational change to allow NADPH binding and/or facilitate electron transfer between NADPH and FAD (Segal 1993, Taylor 1993).

The localization of heme-binding domains within cytochrome b558 has been very difficult to establish, since they are displaced when the two subunits are separated. In both gp91-phox and in p22-phox, there are regions of limited sequence similarity with the heme-binding domains of the other cytochromes. However, there are some evidences that suggest that the heme-binding sites could be located in each cytochrome b558 heterodimer (Hurst 1991, Quinn 1992). For example, the use of succinyl acetone, an inhibitor of heme synthesis, in myeloid cells undergoing granulocytic differentiation produces a marked reduction of expression of p22-phox and the mature 91-kDa form of gp91-phox in association with a profound reduction in NADPH oxidase activity (Yu 1997).

Although not much information exists about the role of the cytosolic factors, p47-phox, p67-phox and p40-phox, in the function of NADPH oxidase, these proteins share a substantial structural feature, Src homology (SH3) domains of nonreceptor tyrosine kinases (Leto 1991). They mediate protein-protein interactions via binding to proline-rich sequences in target proteins. p47-phox has two SH3 domains and three putative proline SH3 binding site, whereas p67-phox has two SH3 domains and one proline-rich sequence (McPhail 1994). Several reports show these SH3 domains of both p67-phox with p47-phox are necessary for NADPH oxidase activation (Sumimoto 1994, Finan 1994, Leto 1994, De Mendez 1994). It is possible that these domains allow the interaction of the p47-phox and p67-phox with the membrane-bound cytochrome b558, with p40-phox, and also with small G proteins directly or indirectly through the submembranous cytoskeleton (Curnutte 1993). The SH3 domains of p47-phox bind to a cytoplasmic region of p22-phox containing three Pro-rich sequences (Dinauer 1991, Sumimoto 1996). On the other hand, the second SH3 domain of p67-phox binds to p47-phox through the interaction of the COOH-terminal Pro-rich sequence. Furthermore, it has been shown that the SH3 domains of p47-phox bind to Pro-rich sequences within the same molecule. It is possible that such intramolecular interaction folds p47-phox in an resting state and the interaction is disrupted by the signals coming to activate NADPH oxidase (Sumimoto 1994, Finan 1994, Leto 1994).

Recent data show that p67-phox appears to have some role in regulating the activation of electron flow from NADPH to FAD redox center of cytochrome b558, whereas p47-phox binding to cytochrome b558 is necessary for electron flow from FAD via the heme groups to oxygen (Cross 1995). In addition, p67-phox interacts with Rac through the NH2-terminal region and this interaction could trigger the activation of NADPH oxidase (Diekmann 1994). p40-phox has homology in the N-terminus to p47-phox and one SH3 domain resembling that of p67-phox and appears to be physically associated with p67-phox. Its function is not well understood: in a cell-free superoxide system reconstituted with recombinant proteins p40-phox is not absolutely required (Abo 1982) and recent data suggests that t his protein may have some inhibitory role in NADPH oxidase activity (Sathyamoorthy 1997). Moreover, CGD patients with mutation in p40-phox are not known. The p40-phox picture is even more complicated with the recent finding of Fuchs et al who demonstrated that p40-phox is in a basal phosphorylated state in resting cells and undergoes further phosphorylation upon stimulation of the NADPH oxidase by either phorbol myristate acetate or by formyl peptide (Fuchs 1997). The extent of this phosphorylation was strongly correlated with the level of superoxide production.

In the unstimulated state, the cytosol components of NADPH oxidase are forming a cytosolic complex with a molecular weight of 260 kDa that contains one p47-phox component, two p67-phox subunits, one p40-phox molecule and possibly other uncharacterized proteins (Heyworth 1990). 

On the other hand, the requirement of trace amounts of cytosol in the presence of p47-phox and p67-phox for NADPH oxidase activation was the clue that allowed the demonstration of the role of molecules different from those previously mentioned in the respiratory burst of the phagocytes. These factors have been identified as low-molecular-mass GTP-binding proteins (Abo 1991a). Moreover, GTP is absolutely required for oxidase activation in the cell-free system (Peveri 1992). Three members of the ras superfamily have been implicated: rap 1A, rac 1 and rac 2 (Quinn 1989, Abo 1991b, Knaus 1991). A fourth protein also ras-related small G-protein, rho-GDP (GDP-dissociation inhibition factor) was found to copurify with the rac 1 (Abo 1991b). Rac 1 was identified in guinea pig peritoneal macrophages while rac 2 was isolated from human neutrophils. These two GTP-binding proteins share 92% amino acid homology and may be utilized in a species-specific manner for a similar purpose. Although there is evidence that shows that rac 2 association with plasma membrane can occur independently of the cytosolic components (Heyworth 1994), recent data revealed that rac 1 translocation during respiratory burst depends on the presence of p67-phox (Dusi 1995), whereas rac 2 translocation takes place in the presence of p47-phox (El Benna 1994). The rap 1A protein has been found intimately associated with cytochrome b558 in human neutrophils; however, its role in the function of the oxidase remains to be established.

The current data has allowed the proposal of a model of NADPH oxidase activation in phagocytes undergoing  a  stimulus  (Figure 2).  The complex formed by the rac protein and rho- GDI is dissociated; subsequently, the GDP is released from rac and exchanged by GTP. This exchange of nucleotides is enhanced by another factor known as GDP-dissociation stimulator (GDS). The rac-GTP form remains active until GTP is hydrolyzed by the intrinsic GTPase activity of the rac protein; this can be one mechanism for regulating the duration of activation of the NADPH oxidase. The stimulus-induced dissociation of rac and GDI, possibly by the phosphorylation of components or the separation by free lipids, and later binding of GTP, leads to a conformational change in the rac protein that renders it active and thus able to participate in the activation of NADPH oxidase. It has been suggested that the formation of an activation complex among rac, p47-phox, p67-phox, and now p40-phox, which joins to the cytochrome b558, induces a conformational change that permits the binding of NADPH and the transport of electrons (Curnutte 1993).
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Figure 2. Model for NADPH activation. In its dormant state, it is composed of both membrane-bound and cytosolic components. Upon stimulation, the cytosolic complex translocates to the membrane. This process may be under the control of activating form of rac-2 and further regulation by p47-phox. In its activate state, the FAD redox center accepts electrons from NADPH and passes them on to molecular oxygen via the heme groups in cytochrome b558.

This suggests a model of oxidase activation in which a series of p47-phox phosphorylation events in the cytosol precede, and may be required for its interaction with the membrane components (Rotrosen 1990). p47-phox, but not p67-phox, binds to gp91-phox early in activation; in the absence of p67-phox, a metastable activation intermediate is formed, that after addition of p67-phox and trace amounts of cytosol, results in an active NADPH oxidase (Curnutte 1993, Heyworth 1991, Kleinberg 1990).

The molecular genetics of CGD

The CGD syndrome is a conglomerate of genetic disorders, which as a phenotypic manifestation presents a failure in the activation of the respiratory burst of the phagocytic cells, and consequently, an incompetence to destroy many microorganisms. CGD affects 1 in 500,000 to 1,000,000 individuals (Hayakawa 1989, Curnutte 1993, Dinauer 1993, Roos 1996, Segal 1996) and is manifested by recurrent infections that principally compromise those organs that are in contact with the outside world (such as the lungs, the gastrointestinal tract, the skin, etc.) as well as the lymph nodes that drain these structures. Other organs that can be frequently affected due to contiguous and hematogenous dissemination of infection are liver, bones, and kidneys. The first symptoms of CGD appear during the first year of life in approximately 65% of patients (Mouy 1984). The microorganisms most commonly isolated from CGD patients include bacteria, particularly Staphylococcus aureus and gram-negative bacilli, Nocardia species, and fungi such as Aspergillus fumigatus, Candida albicans, and Torulopsis glabrata. The persistence of the invasive microorganisms within the phagolysosomes of neutrophils and macrophages is a stimulus that generates the chronic inflammatory state and the granulomatous characteristic of this disease. However, there are many bacteria that are efficiently killed by neutrophils of CGD patients, such as species of streptococci. One reason for this finding is that, in contrast to staphylococci and most enteric bacteria and fungi, susceptible bacteria are catalase-negative, and bacteria-derived hydrogen peroxide within phagocytic vacuoles contributes to microbial death (Mandel 1969). The other factor is that the most virulent microbes appear to be highly resistant to the nonoxidative killing mechanisms in the phagocytes (Odell 1991). Moreover, the complex genetic origin of CGD and the existence of different antimicrobial mechanisms that in part compensate for the defect in the oxygen-depend antimicrobial systems the CGD a very complex syndrome.

All cases of CGD reported up to this time are due to a molecular defect in one of the four components of NADPH oxidase. The most common form of CGD is X-linked, and encompasses 60% to 65% of cases (Hayakawa 1989, Casimir 1992, Curnutte 1993, Dinauer 1993, Roos 1996, Segal 1996); this is the most severe type of CGD in which there is a defect in the gene that codifies the gp91-phox. In the majority of these patients, the neutrophils have undetectable levels of superoxide production and cytochrome b558 in granulocyte membranes, and negative nitroblue tetrazolium (NBT) reduction, therefore they have been named X91º. One variant of X-linked CGD is the X91- subtype that is characterized by a uniform population of neutrophils that exhibit a low level of oxidase activity proportional to the level of cytochrome b558 expressed or functional (Casimir 1992, Roos 1992, Curnutte 1993). There is another uncommon variant of X-linked CGD in which 5-10% of the neutrophils are strongly positive on the NBT test while the remaining cells are negative; this has been denominated X91+ (Curnutte 1993, Roos 1996). These variant forms of X-linked CGD show a milder clinic course. In the autosomal recessive form of CGD, the incidence is similar between both sexes, and frequently the evolution of the disease is more moderate. The absence of p47-phox (A47º) is the second most common form of CGD and is seen in approximately 30% of all patients (Curnutte 1993, Dinauer 1993, Roos 1996, Segal 1996). Mutations in the gene for p67-phox (A67º) explain 5% of de CGD cases (Curnutte 1993, Dinauer 1993, Roos 1996, Segal 1996). Finally, defects in the gene for p22-phox have been identified in 5% of CGD patients; the majority fails to express cytochrome b558 (A22º), however, in rare cases, cytochrome b558 (A22+) has been detected (Curnutte 1993, Dinauer 1993, Roos 1996, Segal 1996).

Several types of mutations that are responsible for X91 and A22 forms of CGD have been identified (Royer-Pokora 1986, Frey 1988, Curnutte 1993, Dinauer 1993, Roos 1996):

(a)
Deletions and insertions. Deletions spanning all or part of the gp91-phox and p22-phox have been described. There are patients with very large deletions of Xp21.1 that affects the genes for Duchene muscular dystrophy, X-linked retinitis pigmentosa, and McLeod hemolytic anemia. Smaller deletions of the gp91-phox gene have also been described; for instance, one patient with a 1-kb deletion that affects exon 13 and another with an in-frame triplet deletion in exon 9, that results in loss of a single amino acid with decreased expression of cytochrome b558 protein and mild CGD. The p22-phox gene can also be affected by large deletions, as has been demonstrated in a female with autosomal recessive CGD with a 10-kb deletion that involves the major portion of this gene. Nucleotide insertions that lead to frameshifts and eventually to premature stop codons are frequently found in CGD patients. This type of mutation has been associated with a lack of cytochrome b558 in neutrophils and severe clinical phenotype.

(b)
Missense mutations that predict nonconservative substitution of one amino acid. Missense mutations of gp91-phox and p22-phox have been associated with a variety of biochemical phenotypes. In some patients the nonconservative substitutions of amino acids are in critical locations that result in complete absence of cytochrome b558, and therefore in severe CGD. In other cases the missense mutation permits that low but detectable amounts of cytochrome b558 can be expressed, possibly due to a functional, but unstable protein in cytoplasmic membrane, which is associated with moderately severe symptoms. Another substitution can produce a nonfunctional cytochrome b558 with a normal expression both of mRNA as the protein in neutrophils. It has been demonstrated in a female patient with a variant of the X-linked CGD, a nonconservative substitution (His101 ( Arg) in one X chromosome and selective inactivation of her nonmutated, which produces a mild form of CGD (Bolscher 1991). The missense mutations have also been identified in p22-phox gene; these homozygous patients can present either moderate or severe phenotype of CGD.

(c)
Nonsense mutations in which an inappropriate stop codon is created. The cases described with this type of mutation are all associated with a severe clinical phenotype (X91º). The presence of a premature stop codon, not only is associated with complete absence of the protein, also produce a dramatic reduction of the mRNA levels of the affected protein, however there is not a clear correlation with the site of the mutation within mRNA.

(d)
Splice mutations that cause the deletion of part or all of an exon. The splice mutations are generally associated with a severe clinical phenotype of CGD. In the majority of the cases, point mutations in the consensus donor or acceptor splice sequences of introns have been identified, which make that a entire exon or part of the exon is removed from the mRNA. Splicing out part of the mRNA causes a frameshift and premature stop codon during protein translation or can lead to an in-frame deletion and therefore to a shortened polypeptide. In rare opportunities, a point mutation can be produced within coding region of an exon, which generates cryptic splice sites that are preferred over the original, and finally resulting in partial deletion of exons (Schapiro 1991). In the p22-phox it has also been encountered a defect in the splicing, due to a single base substitution in the intron 4 consensus donor splice site, resulting in skipping of exon 4 and consequently its absence in the p22-phox mRNA.

In contrast to the diversity of mutations seen in patients with cytochrome b558 deficiency, there is a relatively limited number of mutations identified thus far in patients with A47 CGD (Curnutte 1993, Dinauer 1993, Roos 1996, Casimir 1991). It is remarkable that, in spite of the fact that in patients with this type of CGD there are not detectable levels of p47-phox, the clinical manifestations are mild (Clark 1989), which might be related with the possible regulatory function of p47-phox in the electron flow from cytochrome b558 to oxygen (Cross 1994, Cross 1995). All patients reported show at least one mutant allele with a GT deletion ((GT) at the beginning of exon 2 that predicts a premature stop codon following amino acid residue 50. The majority of the reported p47-deficient patients are homozygous for this mutation and heterozygous patients are carrying one allele with the GT dinucleotide deletion. Recently, it has demonstrated the existence of highly homologous pseudogene for p47-phox that has the (GT mutation in exon 2 (Gorlach 1997). This finding has complicated the molecular characterization of p47-deficient heterozygous patients, but on the other hand allows a reasonable explanation for the high frequency of the same homozygous mutation in not consanguineous patients. Recombination events between wild type p47-phox gene and its pseudogene are the most plausible explanation for these findings (Roesler 1995).

Although only few p67-phox deficiency patients have been characterized at the molecular level, like seen in X91 and A22 CGD, these patients show a high heterogeneity of molecular defects. The patient studied by de Boer et al. showed a missense homozygous mutation Gly78 ( Glu (DeBoer 1994). A second patient had a T ( C transition in the conservative 5’ splice site +2 of the intron 3 (Tanugi-Colley 1995) that causes the deletion of exon 3 from her mRNA. The third patient reported had a homozygous insertion of AG at position 399 in exon 5 which introduced a frame shift predicting a premature stop codon at the nucleotide 433 (Nunoi 1995). The fourth case of p67-phox deficiency was heterozygous for a deletion of codon GAA in exon 3, predicting a deletion of Lys58; whereas an 11- to 13-kb deletion was found in the other allele (Roos 1996). The fifth case showed a homozygous G to A substitution at position +1 of intron 9 that produced the skipping of exons 8 and 9 from his mRNA (Aoshima 1996). Recently, in six unrelated families with p67-phox deficiency we found at least four new mutant alleles (Patino PJ et al, submitted). One was a nonsense mutation in exon 4 that predicts the conversion of Arg102 to a premature stop codon. The second was a 5-nucleotide deletion in exon 13 that modified the open reading frame predicting a premature stop codon. The third was a point substitution in the first nucleotide in the consensus donor splice site of intron 4. This resulted in an aberrant splicing that produced three different mRNA species. The fourth was a 9-nucleotide in-frame deletion in exon 2 predicting a p67-phox lacking three amino acid residues. A fifth possible mutant allele identified had 3 nucleotide substitutions in the 5’ region of the gene.
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