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Phagocytes Defects
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4.1	 �Introduction

Our understanding of primary immunodeficiency 
diseases (PID) in general is changing, shifting 
from the simple towards the more complex, often 
including more than exclusively the immune sys-
tem [41]. As with other PIDs, the recent progress 
in molecular biology over the last decade has 
facilitated better understanding of the nature of 

phagocytes defects (Table  4.1). (See Table 1.3 
and Fig. 1.10 for updated classification of phago-
cytes defects)

Fifty years after the description by Kostmann, 
a gene mutation has been identified in patients 
with the syndrome bearing his name [38, 40]. 
Long-term follow-up of relatively large patient 
groups with known gene mutation(s) (thanks to 
international multi-center studies) [162] will give 
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Table 4.1  Characteristics of phagocytes defects [206]

Diseases Genetic defects Inheritance Associated features

Chronic granulomatous 
disease

CYBB XL Infections, McLeod syndrome (in patients with 
deletions extending into the contiguous Kell 
locus); Discoid lupus and oral ulcers (in female 
carriers)

CYBA AR Infections, autoinflammatory phenotype

NCF1 AR Infections, autoinflammatory phenotype

NCF2 AR Infections, autoinflammatory phenotype

NCF4 AR Infections, autoinflammatory phenotype

Leukocyte adhesion 
deficiency

ITGB2 AR Delayed umbilical cord separation, periodontitis, 
omphalitis, skin ulcers, leukocytosis

FUCT1 AR Skin ulcers, periodontitis, mental and growth 
retardation; hh blood group

FERMT3 AR Skin ulcers, periodontitis, bleeding tendency

RAC-2 deficiency RAC2 AD Poor wound healing, leukocytosis

β-Actin deficiency ACTB AD Mental retardation, short stature

Localized juvenile 
periodontitis

FRP1 AR Aggressive periodontitis

Papillon-Lefèvre syndrome CTSC AR Periodontitis, palmoplantar hyperkeratosis

Specific granule deficiency CEBPE AR Bilobed nuclei of the neutrophils

Shwachman-Diamond 
syndrome

SBDS AR Exocrine pancreatic insufficiency; 
chondrodysplasia

Severe congenital 
neutropenias

ELANE AD Susceptibility to myelodysplasia/leukemia

GFI1 AD B/T lymphopenia

HAX1 AR Susceptibility to myelodysplasia/leukemia, 
neurological problems

G6PC3 AR Structural heart defects, urogenital 
abnormalities, deafness, venous angiectasias

VPS45A AR Extrameduallary hematopoiesis, bone marrow 
fibrosis, nephromegaly

WASP XL Monocytopenia, myelodysplasia

LAMTOR2 AR Hypogammaglobulinemia, partial 
oculocutaneous hypopigmentation, growth 
failure

JAGN1 AR Bone phenotype

CSF3R AR Poor response to GCSF

Cyclic neutropenia ELANE AD Oscillations in production of all types of blood 
cells

Glycogen storage disease 
type 1b

G6PT1 AR Fasting hypoglycemia, lactic acidosis, 
hyperlipidemia, hepatomegaly

3-Methylglutaconic 
Aciduria

TAZ XL Cardiomyopathy, growth retardation

CLPB AR Microcephaly, hypoglycemia, cataracts, 
neurological problems, hypotonia

Cohen syndrome COH1 AR Retinopathy, developmental delay, facial 
dysmorphisms

Poikiloderma with 
neutropenia

C16ORF57 AR Poikiloderma, myelodysplasia

Myeloperoxidase deficiency MPO AR Asymptomatic, candidiasis
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us more insight into the natural course of these 
diseases and will influence our treatment 
approaches in the future. The clinical identifica-
tion and careful description of individual patients 
will continue to add to our better understanding 
of these disease processes. The ESID/PAGID 
diagnostic criteria for severe congenital neutro-
penia (SCN) from 2006 are an example: as com-
monly perceived, SCN is an isolated condition 
due to several gene mutations, but it is also part 
of many complex syndromes [75].

Another half-century mark worth mentioning 
is the ‘coming of age’ of hematopoietic stem cell 
transplantation (HSCT) [10], still the main cura-
tive procedure for most immunodeficiencies. The 
future looks even better for these patients as the 
era of gene therapy has arrived, albeit still evolv-
ing, with (un)expected complications keeping it 
from being ‘the perfect treatment’ [207].

4.2	 �Chronic Granulomatous 
Disease

(gp91 phox deficiency, p22 phox deficiency, p47 
phox deficiency, p67 phox deficiency, p40 phox 
deficiency)

4.2.1	 �Definition

Chronic granulomatous disease (CGD) is a 
genetically heterogeneous disease characterized 
by recurrent life-threatening infections with bac-
teria and fungi and dysregulated granuloma for-
mation. CGD is caused by defects in the NADPH 
oxidase, the enzyme complex responsible for the 
phagocyte respiratory burst which leads to the 
generation of superoxide and other reactive oxy-
gen species (ROS). There are five related genetic 
defects mapping to different chromosomes that 
result in this phenotype. The disease was first 
described by Janeway et  al. in 1954 [110], but 
was not well characterized until 1959 by Bridges 
et al. [33]. It was initially termed fatal granulo-
matous disease of childhood, but with early  

diagnosis and better treatment, the prognosis no 
longer warrants this pessimistic name.

4.2.2	 �Etiology

The fully assembled NADPH oxidase is a six-
protein complex. In the basal state, it exists as 
two components: a membrane-bound complex 
embedded in the walls of secondary granules, 
and proteins in the cytosol [236]. The second-
ary granule membrane contains the heme and 
flavin binding cytochrome b558, composed of a 
91-kd glycosylated β chain (gp91phox) and a 
22-kd nonglycosylated α chain (p22phox). The 
cytosolic components are p47phox, p67phox, 
p40phox and RAC2.

After cellular activation, such as that initiated 
by the phagocytosis of microbes, the cytosolic 
components p47phox and p67phox are phosphory-
lated and bind tightly together. In association 
with p40phox and RAC2, these proteins combine 
with the cytochrome complex (gp91phox and 
p22phox) to form the intact NADPH oxidase. 
Following assembly, an electron is taken from 
NADPH and donated to molecular oxygen, lead-
ing to the formation of superoxide (O2

−). In the 
presence of superoxide dismutase, this is con-
verted to hydrogen peroxide (H2O2), which, in 
the presence of myeloperoxidase and chlorine in 
the neutrophil phagosome, is converted to hypo-
halous acid (OHCl), or bleach [3]. The rapid 
consumption of oxygen and production of super-
oxide and its metabolites is referred to as the 
respiratory burst.

Mutations in five members (gp91phox, p47 phox, 
p22 phox, p67 phox, and p40 phox) of the NADPH oxi-
dase complex account for all known cases of 
CGD. The majority of the identified mutations in 
these genes result in complete or nearly complete 
absence of the NADPH oxidase activity [236]. 
The gene for gp91phox, CYBB, (OMIM*300481) 
maps to Xp21.1 and causes X-linked CGD 
(OMIM*306400), accounting for about 65–70 % 
of cases in Western countries or places with 
low  rates of consanguinity. Its partner in the 
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membrane, p22phox, encoded by CYBA, 
(OMIM*608508) maps to chromosome 16q24 
and causes one of the four forms of autosomal 
recessive CGD (OMIM*233690), accounting for 
less than 5 % of cases. The cytosolic factor p47phox 
is encoded by NCF1, located at 7q11.23 
(OMIM*608512), accounting for about 25 % of 
cases. The other cytosolic factor, p67phox, encoded 
by NCF2, is located at chromosome 1q25 
(OMIM*608515), and accounts for less than 5 % 
of cases [12, 209, 220, 221, 283]. The cytosolic 
factor p40phox is encoded by the gene NCF4, 
located at 22a13.1 (OMIM*601488). To date, 
defects in NCF4 have been described in a single 
child suffering from severe inflammatory bowel 
disease with mildly impaired respiratory burst 
activity [166].

The nomenclature for various levels of protein 
expression of gp91phox has been confusing [236]: 
when gp91phox was absent, such as due to a stop 
codon or a deletion, it has been referred to as 
X910; when reduced amounts of a hypofunctional 
protein are present, such as due to a splicing or 
promoter defect, X91−; and when normal amounts 
of a nonfunctional protein are present, such as 
due to a missense mutation, X91+. Similar 
nomenclature has been used for recessive forms 
of CGD [222]. However, more recent work has 
shown that the critical issues surrounding 
NADPH oxidase characterization are not protein 
presence or absence, but function. Specifically, 
mutations in CYBB fall into functional and non-
functional categories regardless of protein 
expression, with important clinical consequences 
[131]. In fact, function can be largely predicted 
from the mutation: stop codons or deletions obvi-
ously are null and have no function and more 
severe clinical presentations with higher mortal-
ity. A bit more surprising is the finding that 
essentially all missense changes beyond amino 
acid 310  in CYBB lead to a complete loss of 
function, while missense changes up to amino 
acid 309 may have residual function with better 
survival than those with absent function. That is, 
those gp91phox -deficient patients with residual 
function have clinical courses similar to those 
with p47phox deficiency. Similarly, those patients 
with recessive disease who have complete loss of 

function have clinical courses similar to gp91phox 
-deficient patients with no residual function. This 
tight genotype-phenotype correlation in CGD 
indicates that very small increments in residual 
superoxide production have major effects on sur-
vival and disease severity. However, surprisingly 
enough, these features have no correlation with 
the frequency or severity of gastrointestinal man-
ifestations in CGD [131].

In general, X-linked CGD tends to have an 
earlier onset and be more severe than p47phox defi-
ciency [283]. A single case of a dominant nega-
tive mutation in RAC2 presented with an impaired 
neutrophil respiratory burst due to rac’s critical 
role in NADPH oxidase function, as well as 
impaired chemotaxis and adhesion, due to RAC’s 
critical role in linking surface adhesion mole-
cules to the cytoskeleton [136]. The frequency of 
CGD in the general population is close to 
1:200,000 live births, and likely higher than that. 
The rates appear about the same across ethnic 
and racial groups, with about one third of the 
X-linked mutations representing de novo muta-
tions [16, 102, 270, 283], but in regions with high 
rates of consanguinity the relative rates of reces-
sive CGD are much higher [285].

The X-linked carrier state for gp91phox is not 
entirely silent. Lyonization of the X chromosome 
leads to two populations of phagocytes in X-CGD 
carriers: one displays normal respiratory burst 
function, whereas the other population, which has 
inactivated the normal X chromosome and left the 
defective one active, has impaired respiratory 
burst activity. Therefore, X-CGD carriers have a 
characteristic mosaic pattern on respiratory burst 
testing of peripheral blood. As few as 10 % of 
cells having normal respiratory burst activity is 
usually sufficient to prevent severe bacterial and 
fungal infections. However, other manifestations 
of heterozygous carriage of X-CGD mutations 
include discoid lupus erythematosus–like lesions, 
aphthous ulcers, and photosensitivity and are not 
clearly related to the degree of skewing of 
X-chromosome inactivation [31, 129]. The ratio 
of neutrophil Lyonization in peripheral blood is 
apparently not fixed and may change over time, 
allowing carrier women and girls to develop a 
CGD infection diathesis over time.

U. Wintergerst et al.
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4.2.3	 �Clinical Manifestations

Infectious manifestations  CGD can present 
any time from infancy to late adulthood, but the 
majority of patients are diagnosed as toddlers 
and children. However, a growing number of 
patients are diagnosed in later childhood or 
adulthood [283].

The frequent sites of infection are lung, skin, 
lymph nodes, and liver. Osteomyelitis, perianal 
abscesses, and gingivitis are also common [236, 
283] (Table 4.2). Pulmonary infection is typically 
pneumonia, but hilar lymphadenopathy, empy-
ema, and lung abscesses also occur (Fig. 4.1). The 
microbiology of infections in CGD is remarkable 

for its relative specificity. The overwhelming 
majority of infections in CGD are due to only a 
limited number of organisms: Staphylococcus 
aureus, Burkholderia (Pseudomonas) cepacia 
complex, Klebsiella pnuemoniae, Salmonella spe-
cies, Serratia marcescens, Nocardia species, and 
Aspergillus species. In the pre-prophylaxis era, 
most lung, skin, and bone infections were staphy-
lococcal. With trimethoprim-sulfamethoxazole 
prophylaxis, the frequency of bacterial infections 
in general has diminished. Staphylococcal infec-
tions in particular are essentially confined to the 
liver and lymph nodes [283]. Whereas the typical 
liver abscess in the immunocompetent patient 
involves enteric organisms, is liquid and easily 
drainable, the liver abscesses encountered in CGD 
are dense, caseous, and staphylococcal and have 
required excisional surgery [147]. More recent 
experience is that the simultaneous use of steroids 
and antibiotics allows cure of these liver abscesses 
[141]. Bacteremia is uncommon, but when it 
occurs, it is usually due to B. cepacia, S. marces-
cens, or Chromobacterium violaceum, one of the 
gram-negative rods that inhabits soil and warm 
brackish water. Bacterial and Nocardia infections 
in CGD tend to be symptomatic and associated 
with elevated C-reactive protein (CRP), erythro-
cyte sedimentation rate (ESR) and fever [67]. In 
contrast, fungal infections are much less symp-
tomatic in terms of leukocytosis or fever, and are 
often detected at asymptomatic stages. Unlike in 
neutropenic patients, fungal pneumonias do not 
generally cavitate in CGD, whereas Nocardia 
infections do.

Fungal infections have been the leading cause 
of mortality in CGD [283]. However, the advent 
of itraconazole prophylaxis and the newer agents 
for treatment of filamentous fungal infections, 
such as voriconazole and posaconazole, have 
markedly reduced the frequency and mortality of 
fungal infections in CGD. Bony involvement by 
fungi typically occurs by direct extension from 
the lung (Fig.  4.2). Aspergillus nidulans is an 
organism virtually exclusive to CGD. It causes a 
much higher rate of osteomyelitis than other 
fungi, and has had a much higher rate of mortal-
ity than Aspergillus fumigatus or other fungi 
[235, 254].

Table 4.2  Percentage prevalence of frequent infections 
by site in CGD patients

Type of Infection

USA 
(n = 368) 
[283]

Japan 
(n = 221) 
[102]

Iran 
(n = 41) 
[177]

Germany 
(n = 39) 
[145]

Pneumonia 79 % 88 % 65 % 67 %

Abscess 68 % 77 % 53 % 41 %

Lymphadenitis 53 % 85 % 75 % 72 %

Osteomyelitis 25 % 22 % 21 % 15 %

Sepsis 18 % 28 % ND 23 %

ND not determind

Fig. 4.1  Pneumonia and localized regional BCGitis in a 
9 year-old X-linked CGD patient. Chest X-ray showing a 
right basal pneumonia and 2 calcified lymph nodes on the 
left axillae sequel to neonatal BCG vaccination
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Besides A. nidulans and C. violaceum, other 
microorganisms should also encourage physi-
cians to suspect CGD. Granulibacter bethesden-
sis is a novel gram-negative rod isolated from 
necrotizing lymph nodes and meninges in CGD 
[94]. Penicillium piceum is a relatively non-
pathogenic fungus that produced lung nodules 
and osteomyelitis in a CGD patient [227].

BCG vaccine, given to almost 90 % of new-
borns around the world, is usually the first 
important infectious challenge CGD patients 
will face (typically 3.75 × 104 to 3.2 × 106 live 
organisms/dose). Different BCG strains are used 
around the world, some of them defined as 
“Strong” (e.g., Pasteur 1173, Danish 1221) and 
others as “Weak” (e.g., Glaxo 1077, Tokyo 172) 
based on their immunogenicity potential, degree 
of cutaneous hypersensitivity or granuloma for-
mation, and incidence of side effects [17, 250]. 
BCG complications range from none to self-lim-
ited localized BCGitis to fatal disseminated 
BCGosis (Fig.  4.2). Although all BCG strains 

appear to be equally aggressive in severe com-
bined immunodeficiency (SCID) patients [158], 
the type of BCG vaccine may have a role in 
CGD, where “Strong” strains have a higher and 
more severe complications (SDR, personal 
observation). In some CGD surveys, some pneu-
monias were reported to be mycobacterial, but 
BCG and tuberculosis infections are clearly 
increased [34, 49, 137, 283].

Inflammatory manifestations  Patients with 
CGD are prone to excessive granulation tissue 
and granulomata (Table  4.3). These can affect 
any hollow viscus, but are especially problematic 
in the gastrointestinal (GI) and the genitourinary 
tracts (GU). Marciano et  al. (2004), analyzed 
140 CGD patients and found 43 % of the X-linked 
and 11 % of the AR-CGD patients had symptom-
atic, biopsy proven inflammatory bowel disease. 
Abdominal pain was the most frequent symptom 
[159]. Walther and colleagues found 38 % of 
patients had some kind of urologic event, includ-
ing bladder granulomata, ureteral obstruction, 
and urinary tract infection. All patients with 
granulomata of the bladder or stricture of the 
ureter had defects of the membrane component 
of the NADPH oxidase: 8 had gp91phox defects 
and 1 had a p22phox defect [26]. Steroid therapy is 
quite effective and surprisingly well tolerated for 
resolution of obstructive lesions of both the GI 
and GU tracts. Several reports and many anec-
dotes confirm the benefit of steroids given at 
about 1 mg/kg for a brief initial period and then 
tapered to a low dose on alternate days [45, 181, 
208, 253]. Prolonged low-dose maintenance may 
be necessary and does not appear to be associ-
ated with an increased rate of serious infections. 
There are anecdotal reports of the successful use 
of infliximab in severe cases of inflammatory 

Fig. 4.2  Osteomyelitis in a 7 year-old X-linked CGD 
patient. Total body scintigram showing a posterior arch 
left rib fungal oeteomyelitis in a CGD patient. His only 
manifestation was increased erythrocyte sedimentation 
rate in a routine follow up laboratory control. No fever, 
pain or discomfort was reported at presentation

Table 4.3  Percentage prevalence of frequent granuloma-
tous complications by site in CGD patients

Site of granulomatous 
complication

Percent of affected 
patients (patients in the 
study)

Gastrointestinal tract 32 % (140) [159]

Genitourinary tract 18 % (60) [276]

Choreoretinal lesions 24 % (38) [92]

U. Wintergerst et al.
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bowel disease in CGD patients, but several of 
these have been accompanied by severe infec-
tions and death from typical CGD pathogens 
[267]. Therefore, we advise against their use in 
CGD, but if needed, intensified vigilance and 
prophylaxis for intercurrent infections seem 
prudent.

Chorioretinal lesions could be seen in up to 
one fourth of X-linked CGD patients. They are 
mostly asymptomatic retinal scars associated 
with pigment clumping. Interestingly, these same 
lesions can also be detected in gp91phox female 
carriers [92]. Bacterial DNA has been isolated 
from these lesions, which typically do not prog-
ress even during profound immunosuppression, 
making the role of infection in CGD-associated 
chrorioretinal lesions unclear [278].

Hepatic abnormalities are frequently described 
in CGD patients. Liver enzymes were reported to 
be elevated at least once in 73 % of a CGD cohort 
followed at the NIH (n = 194), 25 % had persis-
tent elevations of alkaline phosphatase and drug-
induced hepatitis was reported in at least 15 % of 
these patients. One-half had splenomegaly that 
was usually associated with portal vein venopa-
thy; in cases with abnormal liver enzymes who 
underwent biopsy liver histology, 75 % had gran-
ulomata and 90 % had lobular hepatitis [108].

Autoimmune disorders are more common in 
CGD.  Both discoid and systemic lupus erythe-
matosus have been described in CGD patients, 
and in X-linked female CGD carriers [36, 156] 
(Fig. 4.3). Idiopathic thrombocytopenic purpura 
(ITP) and juvenile idiopathic arthritis (JIA) are 
also more frequent in CGD than in the general 
population [283].

The gene coding for the Kell blood cell antigen 
system (XK) maps to Xp21, immediately adjacent 
to CYBB, the gene for gp91phox. Patients with dele-
tions in the X-chromosome may delete portions of 
both genes (contiguous gene disorder) and thereby 
present with CGD and McLeod syndrome. 
McLeod syndrome is a form of acanthocytosis 
that may result in anemia, elevated creatine phos-
phokinase, and late-onset peripheral and central 
nervous system manifestations. Special care has 
to be taken when transfusing X-linked CGD 
patients to avoid Kell(+) transfusions into Kell(−) 

patients [84, 165]. All X-linked CGD patients 
should be tested for Kell antigens. Consideration 
should be given to blood storage for CGD patients 
with McLeod syndrome if bone marrow trans-
plantation is even remotely contemplated.

Unlike many of the immunodeficiencies affect-
ing lymphocytes, CGD patients are not more prone 
to develop neoplasia. Sporadic cases of acute lym-
phoblastic leukemia, Hodgkin lymphoma and squa-
mous cell carcinomata due to voriconazole 
photosensitivity have been reported [148, 167, 284].

4.2.4	 �Diagnosis

A history of recurrent and/or unusually severe 
infections, particularly abscesses or those caused 
by the pathogens commonly associated with CGD 
(see above), should prompt testing for this disor-
der. Although CGD has no pathognomonic clinical 
findings, the diagnosis should be particularly  
considered in the patient with a constellation of 

Fig. 4.3  Cutaneous manifestations in a female CGD car-
rier. Photosensitive discoid lupus-like lesions involving 
the cheeks of a 36 years-old X-linked CGD female carrier. 
A scar on the right side of her neck, secondary to lymph-
adenitis drainage, can also be seen
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characteristic pathologies coupled with 
characteristic microbiology. Consistent clinical 
findings include splenomegaly, hepatomegaly, 
growth retardation, diarrhea, and abnormal wound 
healing with dehiscence, but these are neither nec-
essary nor sufficient for the diagnosis. CGD 
patients may have minimal clinical signs and 
symptoms despite significant infectious involve-
ment. Leukocyte counts are not consistently ele-
vated during infection, whereas elevations of the 
erythrocyte sedimentation rate (ESR) or C-reactive 
protein (CRP) are sensitive indicators of infection. 
Similar to other primary immunodeficiencies, 
diagnosis and treatment of infections in CGD must 
be aggressive. Invasive procedures oriented 
towards direct microbiological diagnosis should 
be considered as first-line diagnostic tests and 
should not be left until after the failure of empirical 
therapy. The reduction in mortality and morbidity 
in recent years is largely attributable to prophy-
laxis and aggressive recognition and treatment of 
infections in these patients [1, 85, 161, 246].

Diagnostic tests for CGD rely on various mea-
sures of superoxide production. These include 
direct measurement of superoxide production, 
ferricytochrome c reduction, chemiluminescence, 
nitroblue tetrazolium (NBT) reduction, and dihy-
drorhodamine 123 (DHR) oxidation. Currently, 
we prefer the flow cytometry-based DHR oxida-
tion assay because of its objectivity, its relative 
ease of use, its ability to distinguish between 
X-linked and autosomal forms of CGD, and the 
ability to detect gp91phox carriers [274, 275]. 
However, myeloperoxidase deficiency gives an 
abnormal DHR, even when not completely defi-
cient, but can be distinguished by a normal NBT 
test or other measures of superoxide production 
directly. It can also be confirmed by myeloperoxi-
dase staining of neutrophils.

The other mentioned techniques are highly 
effective and provide reliable diagnoses of CGD, 
but suffer either from an inability to distinguish 
individual populations or the need for significant 
operator experience and interpretation.

Several other conditions may affect the neutro-
phil respiratory burst. Glucose 6-phosphate dehy-
drogenase (G6PD) deficiency and glutathione 
synthetase (GS) deficiency may mimic certain 

aspects of neutrophil dysfunction of CGD, such 
as the decreased respiratory burst and increased 
susceptibility to bacterial infections [218, 223, 
281]. However, G6PD deficiency is most often 
associated with some degree of nonsferocytic 
hemolytic anemia, whereas CGD is not; on the 
other hand, severe GS deficiency is associated 
with 5-oxoprolinuria, acidosis and mental retarda-
tion, in addition to hemolytic anemia. Diverse 
pathogens, including Legionella pneumophila, 
Toxoplasma gondii, Chlamydia, Entamoeba his-
tolytica, and Ehrlichia risticii, have been shown 
to inhibit the respiratory burst in vitro. Human 
granulocytic ehrlichiosis infection depresses the 
respiratory burst by downregulating gp91phox [14].

Techniques such as immunoblotting can be 
used to confirm the diagnosis of CGD. Failure to 
detect p47phox or p67 phox proteins indicates auto-
somal recessive mutations in the corresponding 
genes. A limitation of immunoblotting is that it 
cannot distinguish between the X-linked gp91phox 
defect and the p22 phox autosomal recessive defect, 
since expression of these two proteins is mutually 
co-dependent. That is, if there is a deficiency of 
either one of them, the other is also absent in the 
membrane [236]. Sequencing of the CGD genes 
to determine the exact molecular defect is recom-
mended but not necessary. Genetic testing is 
available through specialized commercial labora-
tories and selected tertiary referral centers.

Genetic testing may help with risk profiling of 
X-linked CGD.  X-CGD mutations are usually 
either missense or nonsense. Nonsense mutations 
generally lead to more severe CGD with dimin-
ished survival. Missense mutations that affect 
amino acids 1–309 are associated with slight 
DHR positivity, residual superoxide formation 
and better survival. In contrast, any mutations 
affecting amino acids 310 and beyond usually 
alter critical protein functional domains leading to 
complete loss of DHR activity, more severe CGD, 
and diminished survival [131].

4.2.5	 �Management

The cornerstones of CGD management are: (a) 
Early diagnosis, (b) Antimicrobial prophylaxis with 
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trimethoprim-sulfamethoxazole (TMP-SMX), 
itraconazole, and interferon-γ (IFNγ), and (c) 
Aggressive management of infectious complica-
tions, which usually include invasive diagnostic 
procedures and parenteral/prolonged anti-infec-
tious medication. In this section, curative options 
for CGD are also discussed.

Antimicrobial prophylaxis  CGD is the only 
primary immunodeficiency in which prospective, 
randomized, placebo-controlled studies of pro-
phylaxis of infection have been performed [1, 85, 
161] Antimicrobial prophylaxis in CGD relies on 
a triad of antibacterial (TMP-SMX or cotrimoxa-
zole), antifungal (itraconazole) and immunomod-
ulator therapies (IFNγ). Altogether this scheme 
dramatically reduces the morbidity rates for 
severe infections from 1 per patient-year to 
almost 1 every 10 patient-years [1, 85, 160, 161].

The first prophylactic agents shown to be 
effective in CGD patients were nafcillin and 
TMP-SMX [124, 204]. With time, TMP-SMX 
became the standard of care for CGD patients. In 
a retrospective study, TMP-SMX (5 mg/kg/day) 
lowered the incidence of bacterial infections 
from 15.8/100 patient-months to 6.9/100 patient-
months in X-linked patients; and from 7.1 to 
2.4/100 patient-months in autosomal recessive 
CGD [161]. No increase in fungal infections has 
been noted due to the use of TMP-SMX 
prophylaxis.

Prophylactic TMP-SMX is usually prescribed 
at 5  mg/kg/day divided twice daily, although 
several centers use single-day doses to enhance 
treatment adherence. For patients allergic to sul-
fonamide drugs, alternatives include trime-
thoprim as a single agent, oral beta-lactamase 
stable penicillins such as dicloxacillin, and 
fluoroquinolones.

Itraconazole is highly effective antifungal pro-
phylaxis in CGD [35, 85, 176, 203]. In the only 
prospective, randomized, double-blind placebo-
controlled antifungal trial in CGD, Gallin and co-
workers reported 7 serious fungal infections in 
patients receiving placebo, compared to only 1 
serious fungal infection in those receiving itra-
conazole (100  mg/day in patients aged 5–12 
years; 200  mg/day in patients ≥ 13  years 

or ≥ 50  kg). The 39 patients in this study were 
randomized to receive placebo or itraconazole for 
a year and were then crossed-over to the other 
arm of the protocol; all patients were on antibac-
terial prophylaxis and most were receiving pro-
phylactic IFNγ [85]. Itraconazole-resistant fungal 
infections do occur, but most have been respon-
sive to voriconazole or posaconazole [6, 234]. 
The advent of the azole antifungal drugs has dra-
matically altered the clinical consequences of 
fungal infections in CGD. Azole serum levels are 
strongly influenced by individual metabolic rates 
and other medications; therefore, azole blood 
level monitoring is critical when evaluating fun-
gal treatment response [105]. It is also important 
to be aware of steroid-azole interaction leading to 
impaired steroid metabolism in some patients, as 
this can cause iatrogenic hypercortisolism during 
therapy and iatrogenic adrenal insufficiency on 
steroid withdrawal.

Immunomodulatory therapy  An international, 
multi-center, randomized, double-blind, placebo-
controlled trial, showed that IFNγ (50 mcg/m2 
subcutaneously three times weekly) reduced the 
number and severity of infections in CGD 
patients, regardless of their age, CGD genotype, 
or concomitant use of other prophylactic agents 
[1]. This study included 128 CGD patients (4–24 
years-old) from 13 centers (10 US, 3 European) 
and found that IFNγ was well tolerated. Marciano 
et  al. confirmed the tolerability and long-term 
efficacy of IFNγ in a study of 76 CGD patients 
followed for up to 9 years [160]. Based on 328 
patient-years of observation, the incidence of 
serious infections was 0.30/ patient-year, and the 
mortality rate was 1.5 %/patient-year.

For patients over 0.5  m2, IFNγ 50 mcg/m2 
three times weekly is recommended, while in 
children less than 0.5 m2, 1.5 mcg/kg subcutane-
ously three times weekly is the suggested dose. 
Fever and myalgias are the most common IFNγ 
adverse events, but can be minimized by admin-
istration before bedtime and concomitant use of 
acetaminophen.

The need for administration by injection, cost, 
continuing improvement in prognosis based on 
better antifungals, and lack of general familiarity 
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with cytokine therapies have contributed to the 
less than universal use of IFNγ in CGD patients 
around the world [35, 145, 176]. Despite the 
strong evidence for IFNγ’s prophylactic benefit 
in CGD, it has not been shown to help in the 
treatment of acute infections.

Acute infection management  Life-threatening 
infections may occur at any time in patients with 
CGD, even in those who have been free of infec-
tions for months or years. Serious infections, 
particularly those caused by fungi, may be 
asymptomatic or minimally symptomatic at pre-
sentation. Significant increases in ESR or CRP 
should prompt a search for occult infection. 
Imaging with plain radiographs, ultrasound, CT, 
or MR are extremely important for the detection 
of and determination of extent of infections. 
Because the differential diagnosis for any spe-
cific infection includes bacteria, Nocardia, 
mycobacteria, and fungi, a definitive microbio-
logic diagnosis is essential for directing therapy. 
Biopsies to obtain microbiological specimens 
should be insisted upon before the initiation of 
therapy and not after empirical therapy has failed 
(Fig. 4.4).

While definitive management of infections 
depends on their etiology, initial empiric thera-
pies are necessary and some general approaches 
can be outlined. For pneumonias, after diagnostic 
specimens have been obtained, empirical initia-
tion of TMP-SMX, and/or a carbapenem, and/or 
fluoroquinolone, along with voriconazole is 

appropriate. Most Burkholderia, Serratia and 
Nocardia infections are sensitive to TMP-
SMX. The use of TMP-SMX as therapy for infec-
tions that have occurred on prophylaxis remains 
highly effective, and may reflect either the effect 
of high dose exposure, a failure of patients to 
actually take their prophylaxis, or both.

Staphylococcal pneumonias are extremely 
rare after the initiation of prophylaxis, although 
they may still cause lymph node or liver infec-
tions. Lymphadenitis is usually staphylococcal 
and often necrotic. These infections respond 
faster to excision along with antimicrobials. 
Chromobacterium violaceum, a Gram-negative 
rod that lives in warm brackish water and 
produces a deep purple pigment, can cause bacte-
remia and sepsis in CGD.  It typically responds 
to TMP-SMX, quinolones or carbapenems. 
Granulibacter bethesdensis is a newly identified 
Gram-negative rod that causes necrotizing 
lymphadenitis and meningitis in CGD. It grows 
slowly on Legionella or tuberculosis media and 
responds best to ceftriaxone [94].

Staphylococcal liver abscess in CGD is a spe-
cial case, as it responds best to a combined ther-
apy with intravenous antibiotics and steroids 
(1 mg/kg/d for about 2 weeks followed by slow 
taper) and allows for avoidance of drainage or 
liver surgery [141]. Further, liver surgery appears 
to be associated with more long-term morbidity 
than steroid treatment of liver abscesses.

In general, fungal infections in CGD are more 
indolent while bacterial infections are more acute 

a b c

Fig. 4.4  Pre, intra and post CT scan-guided FNA in a 7 
year-old X-linked CGD patient. (a) A thorax CT scan 
showing a pleural-based nodular lesion in the basal por-
tion of the left lung (white arrowhead; the patient was 
placed on prone position for the procedure). (b) Pulmonary 

fine needle aspiration biopsy performed with a 21G nee-
dle (white arrowhead). (c) Post- biopsy control CT scan 
where no complications are detected (e.g., bleeding, pneu-
mothorax) and a small intralesional scar can be seen 
(white arrowhead)
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in clinical presentation. However, Siddiqui et al. 
have described an acute fulminant pneumonitis 
with hypoxia due to inhalation of mulch or com-
post [245]. This presentation appears pathogno-
monic to CGD and requires urgent institution of 
antifungals and steroids to control the severe pul-
monary inflammation.

Granulocyte transfusions have been used in 
CGD, especially in the setting of refractory fun-
gal infections [109, 194, 273, 288]. However, 
with the remarkable improvement in antifungals 
over the last few years, the clinical reasons to use 
them are very few. Further, granulocyte transfu-
sions often lead to alloimmunization, which may 
significantly impair the likelihood of successful 
bone marrow transplantation. Therefore, we view 
granulocyte transfusions as a useful last resort.

Although bone marrow transplantation is usu-
ally contraindicated in the setting of active infec-
tion, it has been used repeatedly and successfully 
for refractory chronic infections in CGD. Ozsahin 
et  al. controlled infections and achieved full 
immune reconstitution in an 8-year-old boy with 
Aspergillus nidulans infection [194]. Bielorai 
et  al. reported a similar case [21]. The recent 
series or Gungor et  al. showed rates of success 
>90 % in CGD patients with active inflammatory 
or infectious complications [97].

Curative treatments  Successful hematopoietic 
stem cell transplantation (HSCT) is a definitive 
cure for CGD [115, 237]. While outcomes may 
be better in younger patients with less CGD 
sequelae, HSCT is also useful and successful in 
patients with recurrent serious infections despite 
prophylaxis and/or severe, difficult to treat, 
inflammatory disease [97]. In their European 
series of 56 patients (mean age 12.7 years, range 
0–40), Gungor et al. gave reduced intensity con-
ditioning (high dose fludarabine, low dose or 
targeted busulfan, and serotherapy with antithy-
mocyte globulin, thymoglobulin, or alemtu-
zumab) prior to HSCT with unmanipulated bone 
marrow or peripheral blood stem cells from 
HLA-matched related donors or HLA-matched 
unrelated donors [97]. Forty-two patients had 
intractable infections and/or active inflammation. 
Overall survival was 93 % at a median follow up 

of 21 months and the 2-year probability of sur-
vival was 96 %, including those patients trans-
planted in the setting of ongoing infection and/or 
inflammation. All surviving patients had stable 
myeloid donor chimerism of at least 90 % and 
had resolution of all infectious and inflammation. 
All six cases of acute graft versus host disease 
(GVHD) ≥ grade II and all four cases of chronic 
GVHD occurred in patients with HLA-matched 
unrelated donors. Three patients died from 
GVHD-related complications. One additional 
patient, who had an HLA-matched related donor, 
had secondary graft failure at 9 months and died 
from hemorrhagic shock 10 days after the second 
HSCT.  Two of the surviving patients have 
fathered children. These data are very encourag-
ing for the value and safety of HSCT for CGD, 
even in the setting of active disease.

CGD appears well suited for gene therapy 
since it results from single-gene defects that 
almost exclusively affect the hematopoietic sys-
tem. Retroviral and lentiviral vectors that pro-
vide normal gp91phox, p47 phox, or p67 phox genes 
can reconstitute NADPH oxidase activity in 
deficient cells, establishing the proof-of-princi-
ple for gene therapy in CGD [63, 153, 279]. 
Peripheral blood stem cells from five adult 
patients with p47phox deficient CGD were trans-
duced ex  vivo with a recombinant retrovirus 
containing a normal p47phox gene and then rein-
fused without myeloablative conditioning [153]. 
Functionally corrected granulocytes were 
detectable in peripheral blood following this 
procedure at a peak frequency of 0.004–0.05 % 
of granulocytes, a level well below that needed 
for protection.

Subsequently, two adults with X-linked 
CGD were treated with retrovirus-based gene 
therapy and non-myeloablative bone marrow 
conditioning [192]. Clinical response was 
observed after gene transfer, but both patients 
had insertional activation of ecotropic viral 
integration site 1 (EVI1) and developed mono-
somy 7 [193]. One patient died of infection 27 
months after gene therapy. In another study, 
three adults with X-linked CGD underwent 
gene therapy and achieved early marking (26 %, 
5 %, and 4 %, respectively) [114]. However, 
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over time all had marked diminution or loss of 
their corrected cells. The long-term risks and 
effectiveness of gene therapy remain to be 
determined [114, 193, 252]. New gene therapy 
trials are underway using lentiviral vectors to 
reduce the risks of insertional myelodysplasia 
and more aggressive bone marrow preparative 
regimens to make room for corrected cells [58, 
138, 247].

Prognosis.  When the first 92 patients with “fatal 
granulomatosis of childhood” were reported, 45 
had already died, 34 of them before the age of 7 
years. Today, survival is dramatically improved 
[270]. In the United States CGD registry in 2000, 
more than 25 % of all living CGD patients (and 
42 % of those with autosomal recessive CGD) 
were 20 years or older [283]. In a German cohort 
of 39 patients observed over a 22-year period, the 
survival rate was 50 % through the fourth decade 
of life [145]. In a British cohort, aggressive anti-
bacterial and antifungal prophylaxis greatly 
diminished the risk of serious infections com-
pared to historic controls [35].

The quantity and quality of the lives of CGD 
patients have improved dramatically since its 
initial description. Life-threatening infections 
continue to occur, but diagnostic and treatment 
opportunities have improved as well, making 
CGD a disease that is eminently survivable. 
Efforts to focus on the other significant compli-
cations of CGD, such as inflammatory bowel 
disease, are sorely needed. Hematopoietic stem 
cell transplantation offers definitive correction, 
and gene therapy should eventually improve and 
become a therapeutic option. In the interim, anti-
microbial prophylaxis with TMP-SMX, itracon-
azole and IFNγ; early diagnosis of infections and 
aggressive treatment of them; and aggressive 
management of CGD-associated colitis will 
keep patients well.

4.3	 �Leukocyte Adhesion 
Deficiency

(ITGB2 or CD18 deficiency, SCL35C1 or CDG-
IIc deficiency, FERMT3 or Kindlin3 deficiency)

4.3.1	 �Definition

During inflammation, white blood cells or leuko-
cytes play a key role in maintaining tissue homeo-
stasis by elimination of pathogens and removal of 
damaged tissue. Leukocytes migrate to the site of 
inflammation following a gradient of chemo-
kines, which originates from the source of infec-
tion. Upon recruitment to a local vessel, the cells 
slow down due to transient interactions between 
selectins and their ligands, which are upregulated 
on leukocytes and endothelial cells during inflam-
mation. Subsequently, stable adhesion by leuko-
cytic integrins to ligands on the endothelium 
results in leukocyte arrest, after which the cells 
extravasate and migrate into the affected tissue.

Leukocyte adhesion deficiencies [i.e., LAD-I 
(OMIM*116920), -II (OMIM*266265) and -III 
(OMIM*612840, the latter is also known as 
LAD-1/v) are caused by defects in the adhesion 
of leukocytes to the blood vessel wall, resulting 
in severe immunodeficiency [144]. Patients suf-
fer from recurrent bacterial infections and neu-
trophilia, but fail to make pus; those with severe 
disease have delayed separation of the umbilical 
cord. In LAD-I, mutations are found in ITGB2 
(OMIM*600065), the gene that encodes the β 
subunit of the β2 integrins. In the rare LAD-II dis-
ease, the fucosylation of selectin ligands is  
disturbed, caused by mutations in SLC35C1 
(OMIM*605881), the gene that encodes a  
GDP-fucose transporter of the Golgi system. 
Fucosylation is important in several cell types, 
demonstrated by mental retardation and short 
stature of LAD-II patients. LAD-III is character-
ized by an additional Glanzmann-like bleeding 
tendency due to a well-characterized platelet dys-
function. The mutations in LAD-III are found in 
FERMT3 (OMIM*607901), encoding kindlin-3, 
a protein involved in the regulation of β integrin 
conformation in blood cells [269].

LAD-I is an autosomal recessive disorder 
caused by decreased expression or functioning of 
CD18, the β subunit of the leukocyte β2 integrins. 
LAD-I was first described in 1980 and since then 
several hundred patients have been reported. 
Mutations are found in ITGB2 (integrin β2, 
CD18), located at 21q22.3, encoding the β2 
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integrin. So far, more than 80 different mutations 
have been reported [269]. Usually, this leads to 
the absence or decreased expression of the β2 
integrins on the leukocyte surface, but sometimes 
a normal expression of nonfunctional β2 integrins 
is found. Decreased expression of the common β2 
subunit leads to a similar decrease in the expres-
sion of all four α subunits on the leukocyte sur-
face (CD11a/CD18 or LFA-1; CD11b/CD18, 
CR3 or Mac-1; CD11c/CD18 or gp150,95; and 
CD11d/CD18).

LAD-II was first reported in 1992 in two unre-
lated boys. So far, fewer than 10 patients have 
been reported, most of them from the Middle East 
[79, 269]. Patients with LAD-II have a defect in 
the fucosylation of various cell surface glycopro-
teins, some of which function as selectin ligands, 
such as sialyl Lewis X carbohydrate groups (sLeX, 
CD15a). As a result, the initial “rolling” of leuko-
cytes over the endothelial vessel wall in areas of 
inflammation, which is mediated by reversible 
contact between L-selectins on the leukocytes and 
E- or P-selectins on the endothelial cells with their 
respective sialated fucosyl ligands on the opposite 
cells, is disturbed [205]. Without rolling, the leu-
kocytes cannot slow down and stably adhere, and 
in this way LAD-II leads to decreased leukocyte 
extravasation and recruitment at the site of infec-
tion. Fucosylation is important as well for several 
unrelated functions, and LAD-II patients present 
as a result with additional symptoms, including 
mental and growth retardation and the Bombay 
(Hh) blood type [79, 163].

The molecular defect in LAD-II has been 
identified as a deficiency in a Golgi GDP-fucose 
transport protein (GFTP) [146, 150]. This protein 
is encoded by SLC35C1 (Solute carrier family 35 
member C1), or FUCT1 (GDP-fucose transporter 
1) at 11p11.2. Only seven different mutations 
have been reported so far [269]. Since the genetic 
cause reveals that the defect involves glycosyl-
ation, LAD-II has now been categorized as one of 
the group of the congenital disorders of glycosyl-
ation (CDG), being reclassified as CDG-IIc [146, 
150].

In 1997, for the first time a syndrome affecting a 
5-years old boy was reported who was hospitalized 
with a history of nonpussing inflammatory lesions, 

leukocytosis and an overt bleeding tendency [135]. 
Apart from the platelet aggregation defect, similar 
leukocyte defects are seen in the classical LAD-I 
syndrome, hence designated the novel combination 
of leukocyte and platelet defects Leukocyte 
Adhesion Deficiency type-1/variant (LAD-1/v), 
which was later termed LAD-III.  In LAD-III, all 
integrins are normally present but fail to be acti-
vated during leukocyte or platelet activation [135].

LAD-III has now been identified in more than 
25 families worldwide. In addition to recurrent 
non-purulent infections, LAD-III patients exhibit 
a severe Glanzmann Thrombasthenia-like bleed-
ing disorder. Families have often lost newborns 
within weeks after birth, demonstrating the high 
mortality rate of LAD-III patients [133]. The 
bleeding disorder originates from a platelet 
defect, indicating that the signaling defect also 
affects the β3 integrin fibrinogen receptor αIIbβ3 
on blood platelets [135, 268].

The molecular defect in LAD-III is in 
FERMT3 (fermitin family homolog 3) at 11q13.1 
[134, 155, 258], encoding kindlin-3, a protein 
involved in inside-out signaling to all blood cell-
expressed β integrins (β1, β2 and β3). So far, 9 
different mutations in FERMT3 have been 
reported [269].

The kindlin family consists of fibroblast-
specific kindlin-1, ubiquitously expressed kind-
lin-2 and hematopoietic kindlin-3, with high 
homology between them [154]. Loss of kindlin-1 
leads to the Kindler syndrome, a hereditary geno-
dermatosis characterized by skin blistering and 
cutaneous atrophy. Absence of kindlin-2 is 
embryonically lethal in mice, corresponding to 
its ubiquitous expression. Kindlin-3−/− mice were 
first described in 2008 [175] and characterized by 
a severe bleeding tendency, anemia and defective 
leukocyte function. The phenocopy of some of 
the major LAD-III symptoms in the kindlin-3−/− 
mice contributed to the discovery of kindlin-3-
deficiency as the cause of LAD-III.

A discussion has taken place in the literature 
about the importance of a genetic variation in the 
gene encoding CalDAG-GEF1 (a guanine nucle-
otide exchange factor for Rap1, involved in 
integrin activation) in some patients with LAD-
III [199]. Since the functional defect in such 
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patients can only be corrected by reconstitution 
with kindlin-3 and not by reconstitution with 
CalDAG-GEF1, this variation in CalDAG-GEF1 
is of no importance for the functional defect in 
LAD-III patients [258]. Recently, a pedigree was 
identified with homozygous mutations in the 
RASGRP2 gene encoding an inactive CalDAG-
GEF1. The defect resulted in a moderate platelet 
defect in aggregation and spreading but no leuko-
cyte defect [37].

The small guanosine triphosphatases (GTPases) 
Rho proteins are members of the Ras-like super-
family. Similar to Ras, most Rho GTPases cycle 
between active GTP-bound, and inactive GDP-
bound conformations and act as molecular 
switches that control multiple cellular functions.

4.3.2	 �Etiology

Circulating leukocytes normally migrate to the 
site of infection following a gradient of chemoat-
tractants in a process called chemotaxis. These 
chemotactic factors or chemoattractants may be 
derived either from the infected tissue or local 
complement activation, or directly from the 
pathogens themselves, and diffuse within the tis-
sue into the local vasculature. These gradients of 
chemoattractants recruit the leukocytes in inter-
play with factors expressed locally on the luminal 
side of blood vessel endothelial cells. Neutrophils 
are short-living leukocytes that are recruited 
early in the inflammatory response (Fig. 4.5).

Leukocytes following the chemotactic gradi-
ent towards the site of infection have to leave the 
blood stream, in a process called extravasation. 
Extravasation is a multi-step process involving 
adhesion molecules, in which chemoattractants 
function as activating agents or (pro-) inflamma-
tory mediators. The first step of extravasation 
consists of initial contact between endothelial 
cells and leukocytes marginated by the fluid flow 
of the blood. L-selectin (CD62L) on leukocytes 
plays a role herein, contacting several cell adhe-
sion molecules on endothelial cells. Within the 
local environment of an inflammatory tissue 
reaction, the endothelium begins to express the 
adhesion molecules P-selectin (CD62P) and later 
on E-selectin (CD62E). The low-avidity interac-

tion of these selectins with their fucosylated 
ligands on the opposite cells forces the leuko-
cytes to slow down and start a rolling movement 
along the vessel wall [290].

In contrast to the low-avidity binding of leu-
kocytes to selectins, the final step of firm adhe-
sion and subsequent migration depends on stable 
interaction between integrins on the leukocytes 
and their ligands on the endothelial cells upon 
leukocyte activation by endothelial factors [132, 
242, 255].

Integrins are ubiquitously expressed trans-
membrane receptors consisting of an α and a β 
chain. They represent the major class of adhesion 
receptors on hematopoietic cells. In mammals, 
18 α and 8 β subunits form 24 known combina-
tions, each of which can bind to a specific reper-
toire of cell-surface, extracellular matrix, or 
soluble ligands. Different hematopoietic cell 
types and tissues express different integrins. On 
leukocytes, α4β1 (VLA-4), α5β1 (VLA-5), αLβ2 
(LFA-1; CD11a/CD18), αMβ2 (CR3; CD11b/
CD18), αXβ2 (gp150,95; CD11c/CD18) and αDβ2 
(CD11d/CD18), the latter only being expressed 
on macrophages, are the most prominent family 
members, whereas αIIbβ3 and α2β1 are the predom-
inant integrins expressed on platelets [2, 151].

Integrins are type I transmembrane glycopro-
teins that form heterodimers via non-covalent 
association of their α and β subunits, with sizes of 
120–170  kDa and 90–130  kDa, respectively 
[151]. The β2 integrin receptor subfamily is selec-
tively expressed on leukocytes and bind to adhe-
sion molecules on endothelial cells (intercellular 
adhesion molecule [ICAM]-1 and ICAM-2) and 
tissue cells (ICAM-1), as well as to several extra-
cellular proteins and plasma opsonins, such as 
complement factors. The main β2 integrin on neu-
trophils is CR3.

Once leukocytes are slowly rolling along the 
endothelial cells, these leukocytes are able to rec-
ognize concentration differences in a gradient of 
chemoattractants and to direct their movement 
towards the source of these agents. Although  
the details of this process remain unknown, the 
gradient most likely causes a difference in the 
number of ligand-bound chemoattractant recep-
tors on either side of the cell, thereby inducing 
the cytoskeletal rearrangements needed for 
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movement [242]. Since adhesion molecules such 
as the β2 integrins are essential for the connec-
tions with the tissue cells or with the extracellular 
matrix proteins, these connections must be 
formed at the front of the moving leukocytes and 
broken at the rear end [83]. For continued sensing 
of the chemoattractant gradient, the chemoattrac-
tants must dissociate from their respective recep-
tors for repeated usage. This occurs through 
internalization of the ligand-receptor complex, 
intracellular disruption of the connection, and 
transport of the free receptor to the front of the 
cell, followed by reappearance of the free recep-
tor on the leukocyte surface. Within the infected 
tissue, the chemoattractant gradient persists and 
leukocyte migration is maintained.

The ligand specificity of integrins is deter-
mined by their large extracellular ligand-binding 

head domain, which is composed of several 
domains of both the α and β subunit. The head 
domain is attached to the membrane via two 
flexible legs (one from each subunit), which ter-
minate intracellularly as short cytoplasmic tails. 
This domain architecture of integrins underlies 
their ability to transduce bidirectional signals 
across the plasma membrane: “inside-out” and 
“outside-in” [242]. Leukocyte activation, e.g. as 
a result of chemokine binding to chemokine 
receptors, ligand binding to selectins, or antigen 
binding to the T-cell receptor, and subsequent 
intracellular signaling induces conformational 
changes in the extracellular regions of the β2 
integrins, leading to an enhanced affinity for 
their ligands (“inside-out” signaling). In addi-
tion, integrins cluster in larger complexes, which 
increases their ligand avidity. Binding to extra-

Inflammation resolves
and neutrophil
undergoes apotosis

Phagocytosis,
degranulation and
oxidant production

Migration to site
of infection

Neutrophils mature
in the bone marrow
and are released
into the circulation

Selection mediated
        rolling

Integrin mediated
strong adhesion Diapedesis

Fig. 4.5  The life cycle of the neutrophil is shown, includ-
ing the phases of migration of neutrophils to sites of infec-
tion or inflamed tissues. Neutrophils develop in the bone 
marrow (upper left) and are released into the circulation. 
Neutrophils sense infection or inflammation in the post 
capillary venule (bottom of figure) where bacterial factors 
and inflammatory chemoattractants and chemokines act 
on both the neutrophils and endothelial cells to increase 
adhesion. The initial phase of increased adhesion engages 
selectins which mediate short-lived weak binding encoun-
ters between neutrophils and endothelium (rolling). This 
is followed by activation of integrins, triggering strong 
adhesive forces that mediate spreading of neutrophils onto 

the endothelium. This is followed by additional conforma-
tional changes that weaken integin adhesion, allowing 
chemotactic migration of the neutrophil between endothe-
lial cells (lower right), though the basement membrane, 
and into the tissues to the site of infection. At the site of 
infection neutrophils phagocytose bacteria (upper right) 
or other pathogens, triggering the process of degranula-
tion, production of reactive oxygen species, and activation 
of proteases. Over hours to days, neutrophils proceed into 
an apoptotic phase (upper middle), triggering engulfment 
by macrophages in a process that minimizes tissue dam-
age and leads to resolution of inflammation
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cellular ligands leads to further conformational 
changes of the β2 integrins, resulting in high 
ligand affinity and subsequent recruitment of 
cytosolic proteins and the initiation of down-
stream signaling cascades that regulate cell 
spreading and alter gene expression, cell prolif-
eration, differentiation and apoptosis (“outside-
in” signaling) [104, 242].

The common activator of most, if not all, inte-
grins is talin, a large cytoskeletal protein that acts 
as an allosteric activator of integrins by inducing 
their ligand-binding affinity [242]. The head 
domain of talin contains a so-called FERM (4.1 
protein, ezrin, radixin, moesin) domain, consist-
ing of three subdomains, F1, F2 and F3. The latter, 
the F3 subdomain, contains a phosphotyrosine-
binding (PTB)-like domain that binds to the 
NPxY/F motif found in the membrane-proximal 
cytoplasmic region of several β integrins. The 
head domain is connected to a long cytoplasmic 
rod which can interact with the cytoskeleton.

The kindlin proteins have been identified as 
additional relevant players in the activation of 

integrins on blood cells. Kindlins comprise a 
family of integrin-binding proteins [154]. In 
man, the family consists of three members  – 
kindlin-1, 2 and 3 – that share a high degree of 
homology. Kindlin-3 is only expressed in hema-
topoietic cell types, where it plays an important 
role in a variety of functions depending on integ-
rin-mediated adhesion, such as platelet clot for-
mation and leukocyte extravasation. Biochemical 
studies have confirmed that all kindlins directly 
bind synthetically generated cytoplasmic tails of 
β1, β2 and β3 integrins [100]. Although kindlins 
possess a FERM domain that is homologous to 
that of talin, recent studies have demonstrated 
that the kindlin-binding site of β integrins is dis-
tinct from the talin-binding site, i.e. at a mem-
brane-distal NxxY/F motif in the cytoplasmic 
integrin tail. Biochemical studies with mutants 
of kindlin-2 have shown that the PTB domain in 
F3 is, in analogy to talin, essential for integrin 
binding, in addition to a requirement of the 
N-terminus of the protein for interaction with β3 
[78, 87, 100] (Fig. 4.6).

Fig. 4.6  Leukocyte integrin activation. Upon cell stimu-
lation via e.g. G-protein-coupled receptors (GPCR) for 
chemoattactants, inside-out signaling results in recruit-
ment of talin-1 and kindlin-3, which act in concert to 
induce conformational changes in integrins from a low 

ligand-binding affinity towards an intermediate and sub-
sequent high-affinity state. Talin-1 binds to a membrane-
proximal NPxY/F motif whereas kindlin-3 binds to a 
membrane-distal NxxY/F motif of the β integrin cytoplas-
mic tails
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In sum, leukocyte adhesion deficiencies 
(i.e., LAD-I, −II and -III, the latter also known 
as LAD-1/variant) are immunodeficiencies 
caused by defects in the adhesion of leukocytes 
(especially neutrophils) to the blood vessel 
wall. As a result, patients with any LAD sub-
type suffer from severe bacterial infections and 
neutrophilia, often preceded by delayed sepa-
ration of the umbilical cord. LAD-II is charac-
terized by additional developmental problems, 
whereas in LAD-III, the immune defects are 
supplemented with a Glanzmann-like bleeding 
tendency.

The talin and kindlin-3 mediated outside-in 
affinity regulation of the integrins is essential for 
the leukocyte and platelet adhesion to their 
respective substrates. Whereas kindlin-3 defects 
have been demonstrated to cause LAD-III (or 
LAD-1variant), any inherited defect in talin-1 
has not yet been reported – if compatible with life 
at all. The regulation of adhesion depends on a 
signaling cascade that may result in similar adhe-
sion defects.

4.3.3	 �Clinical Manifestations

LAD-I manifests as recurrent, life-threatening 
bacterial infections, primarily localized to skin 
and mucosal surfaces. Infections are usually 
apparent from birth onward, together with severe 
septicemia in some patients, and a common pre-
senting feature is omphalitis with delayed separa-
tion of the umbilical cord in severe cases 
(Fig. 4.7). Later on patients develop non-purulent, 
necrotizing infections of the skin and mucus 
membranes, resulting in a high mortality rate at 
early age. Absence of pus formation at the sites 
of infection is a hallmark and the infections have 
a high tendency for recurrence; secondary bacte-
remias may also occur. Among patients who sur-
vive infancy, severe gingivitis and chronic 
peridontitis are major features. Fungal infections 
may present in individual cases [83].

The clinical course of LAD-II with respect to 
infectious complications is milder than LAD-I, 
and correlates with lower leukocyte counts. 
While rolling is defective in LAD-II patients, the 

adhesion and transmigration via β2 integrin is 
intact, thereby apparently permitting some neu-
trophil mobilization to sites of inflammation, and 
allowing some level of neutrophil defense in tis-
sues. In addition, the mechanisms of β2-integrin 
activation are still intact [205]. Although recur-
rent bacterial infections occur in almost all 
patients, they often are not very severe and do not 
result in overt wound healing defects or necrotic 
lesions as in LAD-I. Most infections occur in the 
first years of life, although periodontitis has been 
reported at later ages [79, 163].

However, LAD-II patients present with other 
abnormal features, such as short stature, mental retar-
dation and facial dysmorphisms. Patients are born at 
term, with no apparent dysmorphism, but severely 
impaired postnatal weight gain and microcephaly 
were reported in most patients. In  some families 
intrauterine growth retardation was sufficient to 

Fig. 4.7  Severe omphalitis in a child with LAD-1
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screen for LAD-II prenatally. In addition, convul-
sions, cerebral atrophy and autistic features were 
reported for more than half of the patients [89].

It should be mentioned that the early and late 
features of LAD-II, namely, moderate immuno-
deficiency accompanied by neutrophilia in the 
first few years of life and severe mental retarda-
tion and short stature in childhood, are also 
prominent features of other congenital disorders 
of glycosylation (CDGs).

LAD-III patients suffer from severe recurrent 
non-purulent infections [135]. In addition, LAD-
III patients are affected by a bleeding tendency, 
similar or more severe than exhibited by 
Glanzmann thrombasthenia patients [133, 135].

Some patients suffering from LAD-III may 
also present with an osteopetrosis-like bone defect 
in addition to the increased bleeding tendency and 
recurrent infections. A prominent osteopetrosis 
phenotype was also observed in the kindlin-3 
knockout mice. The cause of this osteopetrosis 
might lie within the osteoclasts, which represent 
macrophage-like hematopoietic cells critical for 
bone resorption. Bone resorption requires the for-
mation of a so called ‘sealing zone’ that depends 
on αvβ3 integrin-mediated adhesion to the bone, 
thereby explaining the skeletal defect [175, 233]. 
However, the prevalence and manifestations of 
osteopetrosis in the patients differ, as unaffected 
bone formation is also found in LAD-III. The rea-
son for this heterogeneity remains unclear.

4.3.4	 �Diagnosis

LAD-I patients exhibit mild to moderate leuko-
cytosis, especially granulocytosis, with neutro-
phil counts reaching levels above 100,000/μL 
during acute infection [83]. Due to the lack of 
adhesive capacity only few, if any, leukocytes are 
present at the sites of infection, which are most 
often caused by Staphylococcus aureus, strepto-
cocci or Gram-negative enteric organisms.

Definitive diagnosis of LAD-I is based on 
genetic analysis, revealing mutations in ITGB2. 
Flow cytometry with antibodies to detect CD18 
allows discrimination of two forms of LAD-I, 
i.e. a severe form with less than 2 % CD18 
expression and a moderate form with 2–30 %. 

However, using CD18 alone for diagnosis is 
problematic: protein positive mutations that are 
hypofunctional can be misleading. Therefore, 
assessment of both CD18 and CD11a is sug-
gested, which increases sensitivity of diagnosis 
of LAD-I [143]. The severity of clinical presen-
tation and complications in LAD-I correlates 
with the percentage of leukocytes demonstrating 
normal CR3 cell surface expression and/or the 
degree of CD18 molecule deficiency. Patients 
with severe LAD-I exhibit earlier, more frequent, 
and more serious episodes of infection, often 
leading to death in infancy, whereas patients 
with a moderate to mild phenotype manifest 
with fewer serious infectious episodes and sur-
vive into adulthood.

Extensive in vitro studies on neutrophil functions 
have demonstrated a marked defect in random 
migration as well as chemotaxis to various chemoat-
tractants. Adhesion to and transmigration across 
endothelial cell layers were found to be severely 
impaired. Neutrophils fail to mobilize to skin sites in 
the in vivo Rebuck skin-window test [83].

The biochemical hallmark of LAD-II is a lack 
of expression of fucosylated glycoconjugates, 
such as the Lewis antigens Lewis X (LeX) and 
sialyl Lewis X (sLeX) on leukocyte proteins, 
α1,6-core fucosylated N-glycans on fibroblast 
proteins and blood group antigen H on erythro-
cytes, the latter known as the rare Bombay blood 
group phenotype. Expression of L-selectin 
(CD62L) and CR3 (CD11b/CD18) on LAD-II 
neutrophils is normal [79, 163].

Neutrophil values range from 5000 to >50,000/
μL in absence of infection up to 150,000/μL during 
infectious episodes. With intravital microscopy, it 
was observed that LAD-II neutrophils roll poorly, 
i.e. 15 % of the rolling fraction of control and 
LAD-I neutrophils [205]. The neutrophil counts 
remain high during childhood and then drop at 
adolescence; this finding might be explained by an 
improvement in adaptive immunity with age, pro-
viding better defense against infections and reduc-
ing the stimuli for neutrophilia.

Final proof of LAD-II arises from genetic 
analysis of the SLC35C1 gene. The mutation 
seems to determine the severity of LAD-II: 
whereas GFTP is improperly located in the ER in 
some patients, it is directed to the Golgi but still 
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dysfunctional in others, the latter correlated with 
a milder immunological phenotype.

LAD-III should also be confirmed by genetic 
analysis, which should identify mutations in 
FERMT3. Expression of integrins on neutro-
phils and platelets (i.e. αIIbβ3, α2β1) is normal or 
slightly increased, and integrin activation can be 
induced by artificial stimulation with mAbs or 
cations. Based on the persistent leukocytosis, 
many of the patients were suspected to suffer 
from juvenile myelomonocytic leukemia 
(JMML) [133]. However, the increased sensitiv-
ity of bone marrow (BM) or blood cells to 
GM-CSF as the hallmark for JMML, is negative 
in LAD-III.

Many tests have been performed on LAD-III 
neutrophils. One example of an assay to dis-
criminate between LAD-I and LAD-III neutro-
phils is the NADPH oxidase screening test with 
unopsonized zymosan [133]. Zymosan is used 
to induce uptake and NADPH oxidase activity in 
purified neutrophils based on the requirement 
for kindlin-3-dependent CR3 activation before 
uptake of the zymosan. The response is absent in 
both types of LAD, but activation and subse-
quent zymosan uptake can be induced by high 
Mg2+ concentrations only in case of LAD-
III.  Similarly, neutrophil adhesion to CR3 
ligands is absent in response to several chemoat-
tractants, but can be induced with Mn2+ upon 
artificial integrin activation.

In addition to the recurrent infections, LAD-III 
patients suffer from a bleeding tendency. Platelets 
from Glanzmann patients are still capable of 
forming small aggregates upon collagen stimula-
tion, whereas platelets from LAD-III patients are 
not [268]. These aggregates require functional 
GPIa/IIa (integrin α2β1), thus explaining the clini-
cally more severe bleeding manifestations in 
LAD-III patients, in which all platelet integrins 
are functionally defective.

Rac2−/− mice have a phenotype similar to the 
human diseases of LAD and chronic granuloma-
tous disease (CGD), including increased suscep-
tibility to Aspergillus infection [219]. The mice 
show a prominent leukocytosis likely due to 
reduced shear-dependent endothelial capture via 
L-selectin (CD62L) and defective neutrophil 
chemotaxis in response to multiple agonists.

Neutrophils have reduced F-actin assembly, 
reduced phagocytosis and reduced superoxide 
production by the NADPH oxidase complex in 
response to the chemoattractant fMLP.

4.3.5	 �Management

The only curative treatment for LAD-I and LAD-
III is HSCT. In case of LAD-II, oral fucose sup-
plementation may moderate the immune defect, 
but the mental condition is hardly if at all 
improved by this treatment.

Antibiotics are commonly used to prevent and 
treat acute or recurrent infections, and patients 
affected with the moderate form may survive to 
adulthood with antibiotics only. As a curative 
treatment, HSCT is the only approach, and is 
most often the treatment of choice for patients 
suffering from the severe form of LAD-I.

Both reduced-intensity and myeloablative 
conditioning regimens are currently being used 
in HSCT of LAD-I patients. With myeloablative 
conditioning, more complete depletion of host 
marrow can be achieved, thereby decreasing the 
possibility of mixed chimerism and the risk of 
rejection. However, pre-transplant infections in 
immunodeficient patients lead to a high rise in 
mortality rate with this regimen, especially in 
patients suffering from co-morbid complica-
tions. According to studies by the group of 
Hamidieh et  al., use of the less toxic reduced-
intensity conditioning (RIC) regimen is found to 
be a more safe and feasible therapeutic approach 
in the treatment of LAD-I patients [99]. 
Recipients of RIC transplant, those with either 
full or mixed chimerism, had a long-term sur-
vival rate with no manifestation of LAD-I 
symptoms.

Further, granulocyte transfusions have been 
reported as a successful supplementation to 
LAD-I treatment. A patient who was suffering 
for more than a year from an ecthyma gangreno-
sum lesion, despite treatment with targeted anti-
biotics and anti-fungal therapy, has been cured by 
massive granulocyte transfusions [170]. Overall, 
the role of granulocyte transfusion in acute infec-
tious episodes is debatable owing to its side 
effects.
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In contrast to the severe form of LAD-I, the 
moderate form of LAD-I can often be controlled 
with prompt use of antibiotics during acute infec-
tious episodes and, sometimes, prophylactic anti-
biotics, but frequent use of antibiotics may result 
in resistance of the bacteria. HSCT on the other 
hand can be unsuccessful especially in case of an 
incompletely matched donor. Survival of HSCT 
treatment is lower than average for immunocom-
promised patients, presumably owing to the risk 
of pre-transplant infections.

Infections are commonly treated with antibi-
otics. In addition, high-dose oral supplementa-
tion of fucose had strong beneficial effects in 
some, but not all patients [103, 149, 164]. During 
9 months of treatment with fucose of the first 
patients, infections and fever disappeared, ele-
vated neutrophil counts returned to normal, and 
in one of the patients even psychomotor capabili-
ties improved. However, treatment of the original 
two Israeli Arab patients did not exhibit a similar 
beneficial response. In one of the patients treat-
ment led to an autoimmune neutropenia upon 
refucosylation of the surface antigens [103]. 
Upon discontinuation of the therapy, selectin 
ligands were lost and neutrophil counts increased 
again within a week [149].

The metabolic pathways causing the severe 
psychomotor and growth retardation are still 
unclear. Oral fucose supplementation may cure 
immunological symptoms in some cases, but 
developmental delay hardly improves.

Patients with LAD-III need prophylactic anti-
biotics as well as repeated blood transfusions, but 
the only curative therapy is HSCT. While untrans-
planted, the need for transfusion differs per 
patient and can rise to more than 20 and 50 trans-
fusions per year for erythrocytes and platelets, 
respectively [133]. In addition, granulocyte trans-
fusions have been used and are believed to have 
improved pathogen clearance.

The survival of untransplanted LAD-III 
patients is low, and the high mortality is further 
demonstrated by the incidence of deceased sib-
lings who were not diagnosed but suffered from 
similar symptoms. Less than four patients have so 
far survived childhood without HSCT, and the 
oldest reported patient is a young adult now, 

though the need for platelet transfusions has 
increased to 1–2 transfusions per week (unpub-
lished data). Upon successful HSCT, patients may 
continue to live without further symptoms [73].

Whereas the success rate of HSCT has 
improved over the last years, pre-transplant infec-
tions and the bleeding disorder pose major com-
plications in the treatment of LAD-III patients.

4.4	 �RAC-2 Deficiency

4.4.1	 �Definition

RAC-2 deficiency or neutrophil immunodefi-
ciency syndrome (OMIM*608203) is also a leu-
kocyte migration disease. As in patients with 
LADs (Sect. 4.3) and β-actin deficiency (Sect. 4.5), 
there is lack of pus formation at the site of infec-
tion [7]. Ambruso et  al. reported an infant with 
recurrent infections and poor wound healing, sug-
gesting a neutrophil defect, in whom they found a 
missense mutation in the RAC2 gene [7].

While most Rho GTPases are expressed 
widely, the expression of Rac2 is restricted to 
hematopoietic cells. Of the various Rac isoforms, 
Rac2 predominates in the human neutrophil. 
Studies using mutant mice have identified several 
Rac2 GEFs, including DOCK2, GIT2, and 
P-Rex1, required for neutrophil function. Whereas 
DOCK2 and GIT2 regulate both Rac1 and Rac2 
activities, genetic data suggest that P-Rex1 func-
tions as a predominant Rac2 GEF in mouse  
neutrophils [66]. P-Rex1-deficient neutrophils 
demonstrate a selective defect in Rac2 activation 
following fMLP stimulation, and P-Rex1−/− neu-
trophils phenocopy many of the functional defects 
observed in Rac2−/− cells [66, 219].

Interestingly, the phenotype was predicted by 
a mouse knock-out of Rac2 and resembles leu-
kocyte adhesion deficiency (LAD) in many 
aspects [195].

4.4.2	 �Etiology

Ras-related C3 botulinum toxin substrate 2 or 
RAC2 (OMIM*602049) is a Rho-GTPase 
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important for the expression of L-selectin, 
F-actin assembly, chemotaxis and superoxide 
generation and regulation of actin polymerisa-
tion. In activated neutrophils the cytosolic RAC2 
comigrates with p67phox (RAC-1  in macro-
phages) to attach to p47 phox to form the NADPH 
oxidase complex (Fig. 4.8) [13]. Besides p47 phox 
inducible Nitric oxid (iNos) has been suggested 
to play a role in neutrophils of iNOS-knockout 
mice [113]. The mutant RAC2 does not bind to 
its physiological ligand GTP, thus activation of 
superoxide production via phagocyte oxidase is 
inhibited [188]. Neutrophils from mice deficient 
in RAC-2 have defects in rolling on endothe-
lium, chemotaxis and phagocytosis [219]. In 
humans neutrophils show also defects in chemo-
taxis, decreased release of enzymes of azuro-
philic granules after activation with fMLP or 
PMA and a deficient polarization and actin poly-
merisation in response to fMLP as well as a defi-
cient production of reactive oxygen radicals 
(ROS) to fMLP.  Interestingly, the syndrome 
combines feature seen in LAD, chronic granulo-
matous disease (CGD), specific granule defi-
ciency (SGD) and β-actin deficiency. The RAC2 
gene is located on chromosome 22q13 and has a 
size of 18 kb. In a zebra fish model Rac2 signal-
ing is necessary for both neutrophil 3D motility 
and CXCR4-mediated neutrophil retention in 
hematopoietic tissue [59]. In a recent study in 
Rac2−/− mice an impaired response to Citrobacter 
rhodentium infection with clinical signs of 
severe colitis suggests that impaired Rac2 func-
tion may promote the development of inflamma-
tory bowel disease [81], which may be linked in 
humans to rare p67 phox variants with a reduced 
binding to RAC2 [178].

The G-protein-coupled receptors (GPCR) for 
chemoattractants that allow increases in integrin 
avidity and actin-polymerization are disturbed 
upon cellular activation in the setting of RAC2 
deficiency [7].

4.4.3	 �Clinical Manifestations

Mutations in the hematopoietic-specific GTPase, 
RAC2, have been found to cause a severe phago-

cytic immunodeficiency in humans, character-
ized by life-threatening infections and poor 
wound healing starting at infancy [7, 195].

Patients with RAC2 deficiency suffer from 
delayed separation of the umbilical cord, poor 
pus formation, non-healing perirectal/periumbili-
cal abscesses, and peripheral blood leukocytosis 
similar to LAD-1. Reduced binding of RAC2 to a 
genetic variant of p67 phox may be associated with 
inflammatory bowel disease.

Both children were found to have a heterozy-
gous dominant negative c.169G > A, p.Asp57Asn 
(D57N) mutation. This mutation corresponds to 
mutations in the GTP binding pocket of other Rho 
GTPases and Ras superfamily members, such as 
p21Ras D57A, that result in dominant negative 
activity. The second case was identified by newborn 
screening for SCID by current TREC analysis.

Why the TRECs are disproportionately low in 
this case of a relatively mild lymphopenia 
remains unclear. Overall the lymphocyte pheno-
type of the human mutation is less severe than 
that seen in the Rac2-deficient mouse, which may 
reflect the differences between a murine null and 
the dominant-negative human mutants.

There is also a recent interesting report of 
common variable immunodeficiency in two sib-
lings with homozygous complete RAC2 defi-
ciency in consanguineous Iranian siblings [5].

4.4.4	 �Diagnosis

Many tests have been performed on RAC2-
deficient neutrophils. One example of an assay to 
discriminate between LAD-I, LAD-III and 
RAC2-deficient neutrophils is the NADPH oxi-
dase screening test with zymosan and the F-actin 
polymerization test [7, 135]. Adhesion may be 
affected to a certain degree, but spreading and 
chemotaxis are defective in RAC2-deficiency.

Wound biopsies show appropriate number of 
neutrophils and normal CD18 expression, differ-
entiating this disease from LAD-1. Chemotaxis 
toward C5a, fMLP, and IL-8 is impaired. Moreover, 
neutrophil polarization in response to fMLP is also 
deficient. NADPH oxidase activity is normal after 
PMA, but decreased after fMLP stimulation [190], 
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Fig. 4.8  Molecular features of activation mediated assem-
bly of the phagocyte NADPH oxidase from subunit compo-
nents are shown. The cartoon images of the subunits are 
highly schematized and not drawn to scale in order to 
emphasize some of the known structural features each sub-
unit and some of the intra- and intermolecular binding 
affinities in the resting state (left side of figure) and upon 
assembly of the fully activated oxidase (right side of fig-
ure). Some known or suspected binding interactions 
between specific domain motifs are indicated by dotted 
lines. In the resting neutrophil the cytochrome b558 heterodi-
mers consisting of gp91phox and p22phox are predominantly 
present in small vesicles and specific granules (upper left). 
“N”, “F”, and “H” labels on the gp91phox subunit indicate, 
respectively, the NADPH binding pocket and the Flavin 
binding site in the cytoplasmic C-terminal region, plus the 
two Heme moieties within the transmembrane region. 
Three n-glycosylation sites on two of the intravesicular 
(topologically extracellular) domains of gp91phox are indi-
cated by the small tree-like stick figures. Indicated in the 
C-terminal tail of the p22phox subunit is a basic proline-argi-
nine rich region (PR motif) capable of binding with a SH3 
domain. In the resting neutrophil the p47phox, p67phox and 
p40phox subunits exist in the cytoplasm predominantly as a 
heterotrimer, and the rac2 (rac1 in monocytes) exists sepa-
rately in its unactivated inhibited GDP charged state bound 
to Rho-Guanine Nucleotide Dissociation Inhibitor (Rho-
GDI). Both p47phox and p40phox have PX domains at the 
N-terminal portion of the molecule that are protected by 
intramolecular interactions in the resting state, but which 
engage specific species of membrane lipid inositides in the 
activated cell. Of importance in the resting state is that a 

very basic autoinhibitory region (AIR) of p47phox interacts 
with one of its own SH3 regions while a PR motif in a 
nearby domain binds to the C-terminal SH3 domain of 
p67phox. Both p67phox and p40phox contain PB1 motifs that 
mediate binding between these two subunits, an interaction 
that also appears to stabilize and protect p67phox from prote-
olysis. There is also some evidence to suggest that in the 
resting state, there is an additional intramolecular interac-
tion between the PX domain and PB1 domain of p40phox 
that inhibits and protects that PX group. Upon activation of 
the neutrophil, vesicles and specific granules containing 
membrane cytochrome b558 fuse with the forming phago-
some (upper right), with early endosomes and/or at the 
plasma membrane. Phosphorylation of the AIR region of 
p47phox disengages and unfolds it from the SH3 domain, 
leaving that SH3 domain free to interact with the PR motif 
of p22phox. Other phosphorylation events induce additional 
conformational changes in p47phox and p40phox that enhance 
binding of PX domains to newly generated forms of mem-
brane inositides. There is some evidence to suggest a dis-
tinct binding predilection of p47phox or p40phox PX domains, 
for the types of inositides appearing on activation in phago-
some membranes and early endosome membranes, respec-
tively (indicated schematically). Neutrophil activation also 
triggers disengagement of rac2 from the Rho-GDI with 
exchange of GDP for GTP allowing binding of rac2 to the 
TPR region of p67phox and interaction of the rac2 myris-
toylated C-terminus with the membrane. The fully assem-
bled oxidase shown schematically on the right side of the 
figure allows electrons to flow from NADPH through the 
flavin and heme moities to molecular oxygen to form super-
oxide in the phagosome
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which in itself already demonstrates the unique-
ness of RAC2-deficient neutrophil reactivity.

4.4.5	 �Management

Patients with mutations in RAC2 need prophylac-
tic antibiotics as well as repeated blood transfu-
sions, followed by the only curative therapy of 
HSCT. Survival of untransplanted RAC2 deficient 
patients is unknown. Only 2 patients with domi-
nant negative RAC2 mutations have so far sur-
vived childhood with HSCT (the oldest reported 
patient has become a teenager, unpublished data). 
Of the 2 patients with complete deficiency of the 
protein due to autosomal recessive defects in 
RAC2, one died at 21 after a renal transplant rejec-
tion, while the other was alive at 28 years of age 
without HSCT [5]. No neutrophil defect was 
observed in the complete RAC2 deficiency, in 
contrast to the two de novo autosomal dominant-
negative D57N mutated cases reported to date. 
Upon successful HSCT, dominant-negative 
RAC2-defective patients may continue to live 
without further symptoms. It remains to be seen 
whether the CVID-like complete RAC2-deeficient 
individuals have a similar life-threatening risk to 
the more severely affected patients with a hetero-
zygous de-novo dominant-negative mutation.

4.5	 �β-Actin Deficiency

4.5.1	 �Definition

β-actin deficiency (OMIM*243310) is a leuko-
cyte migration disease. As in patients with LAD 
syndromes, there is no pus formation at the site of 
infection.

4.5.2	 �Etiology

β-actin deficiency is an autosomal dominant defi-
ciency of the actin polymerisation of neutrophils. 
A heterozygous negative dominant mutation of 
non-muscle β-actin (ACTB) (OMIM*102630) 
impairs the binding of profilin, which is an actin 
regulatory protein [189].

4.5.3	 �Clinical Manifestations

The patients suffer from recurrent bacterial and 
fungal infections without pus formation, mental 
retardation and photosensitivity. One patient 
developed recurrent stomatitis, cardiomegaly, 
hepatomegaly and hypothyroidism [188].

4.5.4	 �Diagnosis

Wound biopsies show reduced numbers of neu-
trophils. Chemotaxis and phagocytosis is mark-
edly impaired as well as polymerisation of actin 
monomeres after activation. LAD-1 (CD18) and 
LAD-2 (CD15s) should be excluded. Definitive 
diagnosis can be achieved by mutational analysis 
of the ACTB (cytoplasmic actin) gene.

4.5.5	 �Management

HSCT is the therapy of choice to correct the 
immunodeficiency, but likely would not correct 
the associated non-hematologic/immune abnor-
malities. Until transplant or if transplant is not 
possible then management with long-term pro-
phylactic antibiotics should be instituted.

4.6	 �Localized Juvenile 
Periodontitis

4.6.1	 �Definition

Localised juvenile (prepubertal) periodontitis 
(LJP) (OMIM*170650) is a form of aggressive 
periodontitis that occurs in the primary dentition 
of children. In the absence of systemic disease it 
is thought to be a special form of the more fre-
quently occurring localised aggressive periodon-
titis in adolescences and adults. Neutrophils show 
impaired chemotaxis.

4.6.2	 �Etiology

The disease is thought to be caused by reduced 
chemotaxis by the challenge with fMLP due to a 
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reduction of high affinity formylpeptide recep-
tors [98, 201]. Whereas specific single nucleotide 
polymorphisms (SNPs) were found in patients 
with chronic periodontitis no such differences 
were observed in patients with aggressive peri-
odontitis. It is therefore unlikely, that these SNPs 
occur in LJP [111]. Gundannavar et al. described 
two females with amelogenesis and localised 
aggressive periodontitis. There may be some 
overlap between these entities [96].

4.6.3	 �Clinical Manifestations

The disease is characterized by symmetric local-
ized loss of attachment of primary teeth (Fig. 4.9), 
gingival inflammation, extensive plaque deposits 
and calculus. It may progress to localized aggres-
sive periodontitis in the permanent dentition. 
Actinobacillus actinomycetemcomitans species 
are frequently isolated from gingival swabs.

4.6.4	 �Diagnosis

Inspection of the oral cavity with typical clinical 
signs, impaired chemotaxis to fMLP [238] and 
lack of systemic disease. Definitive diagnosis can 
be achieved by mutational analysis of the chemo-
kine receptor FPR1 (OMIM*136537).

4.6.5	 �Management

Therapy includes regular dental cleaning and 
antibiotic therapy to reduce plaque formation and 

extraction of affected teeth. Combination therapy 
with amoxicillin and metronidazole seems to be 
particularly effective [231, 240]. Nevertheless, 
periodontal surgery is often necessary. In a 
double-blind trial Palmer et al. found that tetracy-
clines significantly reduced the necessity of sur-
gery in LJP [196].

Additional therapy with tetracyclines (in 
combination with normally recommended anti-
biotics) may further prevent infective endocardi-
tis in LJP patients requiring surgery for other 
reasons [289].

4.7	 �Papillon-Lefèvre Syndrome

4.7.1	 �Definition

Papillon-Lefèvre syndrome (PLS; OMIM*245000) 
is characterized by premature loss of the primary 
and permanent teeth, hyperkeratosis of the palms, 
soles and less frequently knees and elbows [56].

4.7.2	 �Etiology

The gene responsible for this disease is the 
cathepsin C gene (CTSC) (OMIM*602365), 
located on chromosome 11q14 [191]. 
Mutations lead to defective function of the 
neutrophils [80], leading to gingival infection. 
Interestingly, reduced activity of the enzyme 
due to polymorphisms results in generalized 
aggressive periodontitis [186]. Actinobacillus 
actinomycetemcomitans species, Fusobacterium 
nucleatum, Eikenella corrodens are typical 
bacteria cultured from the gingival sulci [282]. 
On average 40–80 species were detected in PLS 
patients [4]. The loss of the teeth is a consequence 
of the gingival inflammation.

4.7.3	 �Clinical Manifestations

Typical symptoms are periodontal inflamma-
tion soon after eruption of the primary teeth 
with rapid and severe bone loss; in general pri-
mary teeth are lost by 5 years and permanent 

Fig. 4.9  Horizontal resorption of alveolar bone in a 
patient with localized juvenile periodontitis [Courtesy of 
B.H. Belohradsky; Munich, Germany]
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teeth a few years after eruption [126]. In addi-
tion, brain abscesses, liver or renal abscesses 
may occur, as described in case reports [62, 
117, 174].

4.7.4	 �Diagnosis

Inspection of the oral cavity with typical clinical 
signs, and hyperkeratosis of the palms, soles, 
knees, and elbows associated with impaired che-
motaxis. Definitive diagnosis can be achieved by 
mutational analysis of the CTSC gene.

4.7.5	 �Management

Early antibiotic therapy specific for the above-
mentioned pathogens normally slow the develop-
ment of the disease. If antibiotics fail, extraction 
of all erupted teeth should be performed to pre-
serve the non-erupted permanent teeth. Treatment 
with retinoids has been reported with variable 
success [130, 261].

A recent survey by Nickles et  al. reported 
the outcome of eight patients with PLS [185]. 
In six patients, all teeth were extracted, almost 
entirely due to periodontal reasons. In four 
patients, teeth could be prosthodontically 
restored with implants. Currently, three patients 
already show peri-implantitis. Following oral 
hygiene instructions and aggressive treatment 
of the gingivitis may preserve normal implants 
[263]. Etöz et  al. reported the implantation of 
so called “short implants” in a 34-year-old 
patient with already atrophic mandibles which 
may be a new treatment option in patients with 
reduced bone mass [76].

4.8	 �Specific Granule Deficiency

4.8.1	 �Definition

Specific granule deficiency (SGD) (OMIM*245480) 
is a very rare deficiency of neutrophil granules 
which leads to disturbed chemotaxis and receptor 

upregulation and increased susceptibility to bac-
terial infections (Fig. 4.10).

4.8.2	 �Etiology

The granulocytes lack expression of at least one  
primary granule component and all secondary and 
tertiary granule proteins. The failure of granule con-
stituents to diffuse into the cytoplasm results in a 
decrease of oxygen independent bactericidal activ-
ity and a decrease in expression of adhesion mole-
cules and chemotactic receptors on the cell surface.

The defect is caused by a mutation in a myelo-
poesis specific transcription factor (C/EBPE) or 
CCAAT/enhancer-binding protein, epsilon 
(OMIM*600749) [142], which regulates the syn-
thesis of proteins in the specific granules. The 
specific granules contain 4 major proteins, 
namely, transcobalamin 1 (TC1), lactoferrin 
(LF), human neutrophil collagenase (HNC), and 
human neutrophil gelatinase (HNG), and their 
acquisition provides a unique marker of commit-
ment to terminal neutrophil differentiation [18].

Khanna-Gupta et  al. described a case with a 
heterozygous C/EBPE gene mutation with 
increased levels of CEBPε, but markedly reduced 
levels of the transcription factor GFI-1. As bone 
marrow cells from Gfi-1 +/− mice are associated 
with reduced levels of secondary granule protein 
(SGP) gene expression the authors speculated 
that the patient’s reduced expression of GFI-1 
together with the mutant C/EBPE might have 
contributed to the lack of specific neutrophil 
granula [122].

Furthermore, the granules contain receptors 
for chemotactic factors like fLMF or adhesion 
proteins. Specific granule deficiency is an oxygen 
independent microbicidal defect. Targeted disrup-
tion of the gene in mice resulted in a phenotype 
very similar to that in humans. This includes 
bilobed nuclei, abnormal respiratory burst activ-
ity, and impaired chemotaxis and bactericidal 
activity [168]. The CEBPε-deficient mice are sus-
ceptible to gram negative bacterial sepsis, particu-
larly with Pseudomonas aeruginosa, and succumb 
to systemic infection at 3–5 months of age [93].
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4.8.3	 �Clinical Manifestations

The patients suffer from ulcerative and necrotic 
lesions of the skin and mucus membranes as well 
as recurrent pneumonias frequently due to 
Staphylococcus aureus and/or Pseudomonas 
aeruginosa. Like in LAD, there is no pus 
formation.

4.8.4	 �Diagnosis

In the blood smear, abnormal segmentations of 
the granulocytes (bilobed nuclei) are common. 
Chemotaxis is significantly reduced as well as 
the number of specific granules in electromicros-
copy of granulocytes. As SGD individuals 
express normal levels of lactoferrin and transco-

Common myeloid
progenitor

Normal neutrophil
Promyelocytic

granulocyte precursor
Specific granule
deficient neutrophil

C/EBPα

C/EBPε C/EBPε

C/E
BPα

(C
/E

BPδ)

C/EBPα + AP-1

Granulocyte-monocyte
progenitor

PU.1

PU.1

C/EBPα
PU.1

Monocyte progenitor

Granulocyte progenitor

Fig. 4.10  Some of the members of the CCAAT/enhancer 
binding protein (C/EBP) family of DNA regulatory mole-
cules play key roles in the development and differentiation 
of myeloid cells. This figure indicates the particularly 
essential role of C/EBPα and C/EBPε in granulopoiesis 
with emphasis on where in differentiation of neutrophils 
loss of function mutations of C/EBPε leads to specific gran-
ule deficiency phenotype. Growth factors and differentia-
tion signals impinging on the common myeloid progenitor 
that enhance the production of C/EBPα lead to modest pro-
duction of PU.1, another DNA regulatory factor that drives 
differentiation toward the granulocyte-monocyte progeni-
tor. Growth signals conducive to monocyte differentiation 
mediate their effect by inducing production of AP-1 and 
other regulatory molecules which result in high levels of 
PU.1 that drive differentiation toward monocytogenesis. 
Interestingly, loss of C/EBPα blocks production of neutro-
phils and eosinophils, but does not fully block monocyte 

production. Growth signals conducive to granulocyte dif-
ferentiation mediate their effect by maintaining C/EBPα, 
but with a low level of PU.1, driving differentiation toward 
the promyelocytic stage of differentiation. There is some 
evidence that C/EBPδ may play an important permissive 
role at this stage of granulopoiesis. At the late stage promy-
elocyte in the last phase of production of azurophil granules 
C/EBPε is absolutely required for activation and transcrip-
tion of genes encoding some proteins that are packaged in 
the last group of azurophil granules, for all the proteins 
packaged in specific granules, for proteins needed to con-
struct the actual specific granule structures, and for proteins 
required for producing the characteristic nuclear segmenta-
tion of mature neutrophils. Thus, in the absence of func-
tional C/EBPε neutrophils are produced but lack some 
azurophil granule proteins, lack all specific granule pro-
teins, and have incomplete neutrophil nuclear segmentation 
(lower right side of figure).
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balamin I in their saliva but not in their plasma or 
neutrophils, determination of these two mole-
cules in the two compartments may give a hint 
for the diagnosis. Definitive diagnosis is made by 
mutational analysis of the CEBPE gene.

4.8.5	 �Management

Long-term antibiotic prophylaxis is usually nec-
essary. Antibiotics in acute infections should 
cover Staphyloccus aureus, Pseudomonas aeru-
ginosa and Klebsiella spp. Wynn et al. described 
a case treated successfully with HSCT [287]. The 
patient had the typical histological, biochemical 
and eletronmicroscopic features of SGD, but no 
mutation in the C/EBPE was detected.

4.9	 �Shwachman-Diamond 
Syndrome

4.9.1	 �Definition

Shwachman-Diamond Syndrome (SDS) 
(OMIM*260400) is a syndrome comprising 
exocrine pancreatic insufficiency, bone marrow 
failure and metaphyseal chondrodysplasia. It 
was first described by Bodian et  al. in 1964 
[22] and subsequently by Shwachman, 
Diamond et al. in the same year [244]. It affects 
approximately 1 in 50,000 live births. In Italy, 
an incidence of 1:168,000 was observed [172]. 
Mutations in the SBDS gene (Shwachman-
Bodian-Diamond syndrome) are found in appr. 
90 % of patients with suggestive clinical dis-
ease [26, 179].

4.9.2	 �Etiology

SDS is a disease caused by mutations in a gene 
called Shwachman-Bodian-Diamond-Syndrome 
gene (SBDS) (OMIM*607444). Most SBDS 
mutations appear to arise from a gene conversion 
event between the SBDS gene and its adjacent 
pseudogene [26]. SBDS co-precipitates with mol-
ecules like 28S rRNA and nucleofosmin. The lat-

ter protein is implicated in the regulation of 
ribosome biogenesis [95], modulation of apopto-
sis [197] and chromatin transcription [259]. 
Homozygous expression of SBDS gene muta-
tions leads to early fetal death, suggesting that 
the SBDS gene is essential for early mammalian 
development [295]. There is experimental sup-
port that SDS belongs to bone marrow failure 
syndromes affecting the ribosome [86] like dys-
keratosis congenita [173] or Blackfan-Diamond 
anemia [46, 265]. Current studies indicate that 
SBDS functions in 60S large ribosomal subunit 
maturation and in mitotic spindle stabilization 
and it may also affect actin polymerization, vacu-
olar pH regulation, DNA metabolism and organ-
isation of the stromal environment [107, 179].

Neutrophils show defective chemotaxis [3]. 
The amount of CD34 cells is reduced and the 
CD34 cells have a reduced capacity to form 
colonies. Apoptosis of CD34 cells is increased 
[68–71], which may partly explain the 
pancytopenia.

4.9.3	 �Clinical Manifestations

Patients with SDS suffer as infants initially from 
failure to thrive with foul smelling stools due to 
pancreatic insufficiency and persistent or inter-
mittent neutropenia with recurrent infections 
like recurrent otitis media, sepsis, pneumonia 
etc. [91]. Later on pancreatic insufficiency 
improves significantly in more than 50 % of 
the  patients older than 4 years, but anemia as 
well as thrombocytopenia develops in a high 
proportion of patients (up to 40 %). Neutropenia 
is intermittent in about two third and constant in 
the remaining third [57, 91]. Approximately 
10 % of patients progress to myelodysplastic 
syndrome and acute myelogenous leukemia 
[179, 251]. Young age at first symptoms is asso-
ciated with severe anemia/thrombocytopenia 
Hb <7.0  g/dL, platelets <20,000/μL), which 
occur at about 25 % of SBDS patients after 20 
years. Severe cytopenia may, however, be tran-
sient [64]. Furthermore, patients suffer from 
skeletal abnormalities (irregularity of metaphy-
ses, osteopenia, short stature) [152], neurode-
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velopmental delay [119], dental caries [3], 
hepatic dysfunction [91] and cognitive and 
behavioural problems [27, 120].

4.9.4	 �Diagnosis

A presumptive diagnosis requires the demonstra-
tion of exocrine pancreatic insufficiency 
(increased fat in stool sample) and bone marrow 
failure, i.e. mainly neutropenia (<1500/μL, 3 
times over 3 months), thrombocytopenia 
(<150,000/μL), or/and anemia (Table 4.4). There 
is some overlap with other bone marrow failure 
syndromes and common variable immunodefi-
ciency, which should be considered in the differ-
ential diagnosis [101, 121, 265]. Abdominal 
ultrasound typically shows an echo-intense pan-
creas (Fig. 4.11) due to replacement of acini with 
adipose tissue which is also seen on magnetic 
resonance imaging (MRI) (Fig.  4.12) [262]. 
Chemotaxis of neutrophils is reduced and some 
patients show a metaphyseal dysplasia on long 
bone radiology. The diagnosis should be con-
firmed by mutational analysis of the SBDS gene, 
but a negative test does not exclude the diagnosis, 
as about 10 % of patients with a clinical diagnosis 
of SDS lack SBDS mutations. It seems, however, 
that patients with SBDS mutations have a more 
severe growth retardation than patients with a 
clinical diagnosis of SBDS without a mutation in 
the SBDS gene [180]. In patients younger than 3 
years, serum trypsinogen is pathologically low.

Laboratory tests should include a complete 
blood and differential count, 72-h fecal fat 
collection, serum trypsinogen if available, bone 
marrow aspiration with cytogenetic studies par-
ticularly to look for MDS and cytogenetic 
changes such i7q, 20q(del) or monosomy 7. Tests 
could include imaging of the pancreas and long 
bone radiology. Cystic fibrosis should be 
excluded.

4.9.5	 �Management

First line therapy is directed to ameliorate the 
direct consequences of the disease. Exocrine 

pancreatic failure is treated with substitution of 
pancreatic enzymes similar to cystic fibrosis and 
fat soluble vitamins if needed. It has been sug-
gested that CBC should be checked at least 
every 3–6 months, while bone marrow aspira-
tion/biopsy should be done at diagnosis and at 
least every 1–3 years [179]. Gastroenterologic 
evaluation includes Fecal elastase, 72  h fat 
excretion, pancreatic isoamylase, trypsinogen at 
diagnosis and in the first years to detect amelio-
ration of pancreatic function in young children. 
Fat soluble vitamins (A,D,E) and prothrombine 
time at diagnosis, 1 month after start of enzyme 
replacement therapy and then every 6–12 

Table 4.4  Clinical and laboratory signs for the diagnosis 
of Shwachman-Diamond syndrome

1. Homozygous or compound heterozygous mutations 
in the SBDS gene or

2. Indications for pancreatic insufficiencya (<4 years 
old and exclusion of cystic fibrosis) and signs of bone 
marrow failureb

Supporting features: first or second degree relative with 
SDS, congentital, skeletal abnormailties like chondrodys-
plasia or congenital thoracic dystrophy, unclear dwarfism, 
deficiency in 2 or more fat soluble vitamins
aFecal elastase < 100-(200) μg/g stool, elevated 72 h fecal 
fat excretion, pancreatic lipomatosis detected with ultra-
sound or magnetic resonsance imaging, low levels of 
trysinogen (age < 3 years)
bHyporeductive cytopenias like neutropenia (<1500/μL), 
anemia (low reticulocytes, macrocytosis), thrombocyto-
penia (<150,000/μL), Myelodysplasia, hypocellularity, 
Leukemia, cytogenetic abnormalities (mainly chromo-
some 7 and 20; del(20)(q11), [i(7)(q10)], [add(7)(p?)], 
[del(7)(q22q23)]

Fig. 4.11  Abdominal sonography of a 2 year old boy 
with SDS and typical “white” pancreas (arrows) due to 
lipomatosis [Courtesy of K. Schneider; Munich, Germany]
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months should be checked. Liver function 
parameters (ALT, AST, etc.) could also be 
checked at diagnosis and when clinically indi-
cated [179]. Neutropenia with recurrent bacte-
rial infections or with a high risk of severe 
infections (e.g., ANC <500/μL) can be treated 
with granulocyte colony-stimulating factor 

(G-CSF). There is, however, a risk of stimula-
tion of malignant pre-leukemic clones and 
therefore the risks and benefits should be con-
sidered. In the “Severe Chronic Neutropenia 
International Registry”, the risk of acquiring 
AML was about 8 % over 10 years [52]. 
Leukocyte-depleted and irradiated erythrocyte 

a

b

Fig. 4.12  Typical histology of the pancreas of a patient 
with SDS. Note the extensive replacement of the exocrine 
pancreas by adipose tissue surrounding acini (large 

arrows) with remaining small islands of parenchyma 
(small arrows). (a and b different magnifications)
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transfusions are recommended in patients with 
symptomatic anemia. In case of thrombocytope-
nia and bleeding platelet transfusions are indi-
cated. HSCT should be offered to patients with 
pancytopenia, MDS or overt leukemia in remis-
sion [43, 241, 243]. HSCT may be complicated 
by the stromal defect and should be performed 
in centers with experience with this disease. 
Survival is only about 60–70 %. Today, reduced-
intensity-conditioning protocols should be used 
[20, 229]. Finally, for bone and dental abnor-
malities anticipatory management is indicated.

4.10	 �Severe Congenital 
Neutropenias

(ELANE deficiency, GFI1 deficiency, HAX1 
deficiency, G6PC3 deficiency, VPS45 deficiency, 
X-linked neutropenia, p14 deficiency, JAGN1 
deficiency, G-CSF receptor deficiency)

4.10.1	 �Definition

Severe Congenital Neutropenia (SCN, 
OMIM*202700) is a rare primary immunodefi-
ciency disease with an estimated frequency of 1–2 
cases per 106 population [216, 249, 280]. SCN is 
characterized by early onset severe bacterial 
infections and persistent severe neutropenia [215, 
216, 280, 292, 293]. Rolf Kostmann described 
this disorder for the first time in 1956, in a Swedish 
family with severe bacterial infections and severe 
neutropenia, which was characterized by a matu-
ration arrest of myeloid differentiation at the pro-
myelocyte-myelocyte stage [127, 128].

4.10.2	 �Etiology

Current knowledge indicates a multigene disor-
der with a common hematological and clinical 
phenotype [249]. Congenital neutropenia is 
genetically heterogeneous with different modes 
of inheritance, including autosomal recessive, 
autosomal dominant, X-linked and sporadic 
forms reported [9, 19, 24, 90, 187, 216, 280]. 

Considering the genetic heterogeneity of SCN, it 
seems that several pathologic mechanisms may 
lead to the same phenotype due to down-
regulation of common myeloid transcription fac-
tors [249]. Absence of lymphoid enhancer-binding 
factor 1 (LEF1) could be an important patho-
logic mechanism, irrespective of mutation status 
[248, 249].

Heterozygous mutations in the gene encoding 
neutrophil elastase (ELANE, OMIM*130130) are 
the underlying genetic defect in more than half of 
the autosomal dominant and sporadic forms of 
SCN [55, 225, 280]. Biallelic mutations in the gene 
encoding HCLS1-associated protein X1 (HAX1, 
OMIM*605998) cause autosomal recessive SCN 
[123, 216], also known as Kostmann syndrome 
(OMIM*610738). Heterozygous mutations in the 
protooncogene growth factor-independent 1 
(GFI1) gene (OMIM*600871), which targets 
ELANE, also cause an autosomal dominant form of 
SCN [202]. G6PC3 deficiency (OMIM*612541) is 
a syndromic neutropenia due to homozygous muta-
tion in G6PC3 (OMIM*611045) [28]. VPS45 defi-
ciency (OMIM #615285) is another autosomal 
recessive neutropenia, characterized primarily by 
neutropenia and neutrophil dysfunction and lack 
of response to G-CSF, caused by mutation in 
VPS45 (OMIM*610035) [256, 271]. X-linked 
congenital neutropenia (OMIM*300299) can be 
caused by a constitutively activating mutation in 
the WASP gene (OMIM*300392), which is also 
mutated in the Wiskott-Aldrich syndrome [61]. 
(See Sect. 9.16 for more details) p14 deficiency 
(OMIM*610798) is an autosomal recessive dis-
ease due to mutations in P14 (OMIM*610389), an 
adapter molecule (LAMTOR2) [23]. (See Sect. 5.7 
for more details)

JAGN1 deficiency (OMIM*616022) is another 
autosomal recessive neutropenia, which has been 
recently been described. It is caused by homozy-
gous mutation in the JAGN1 gene 
(OMIM*616012). An interesting finding in 
patients with JAGN1 mutation is an abnormal 
and enlarged endoplasmic reticulum with almost 
complete absence of granules in neutrophils [29].

Inherited loss-of-function mutations in the 
CSF3R gene (OMIM*148971) encoding the 
granulocyte colony-stimulating factor (G-CSF) 
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receptor should also be considered as a neutrope-
nia disorder [264].

Neutrophil elastase protein has a role in syn-
thesizing the promyelocytes [11] and HAX1 has 
a role in controlling apoptosis [47]. Mutant 
HAX1 and also ELANE could accelerate apopto-
sis in myeloid progenitor cells of the patients 
[11, 39, 54].

Despite discovering the mutations mentioned 
above in SCN, there are still SCN patients with-
out defined mutations [24, 232]. Future genetic 
studies should be performed to discover other 
responsible genes in controlling the survival of 
neutrophils in these patients.

4.10.3	 �Clinical Manifestations

Early onset recurrent bacterial infections are the 
hallmark of SCN.  The patients usually experi-
ence such infections by the age of 1 year. The 
most common presenting features are superficial 
abscesses, oral ulcers, cutaneous infections, 
omphalitis, pneumonia, and otitis media [215, 
216, 280]. During the course of disease, the 
patients usually develop abscesses in different 
sites, mucocutaneous manifestations, respiratory 
infections, and diarrhea [213, 215, 216]. 
Frequent aphthous stomatitis and gingival hyper-
plasia lead to loss of permanent teeth in child-
hood [280]. Recently, neurological disorders, 
including developmental delay and epilepsy, are 
reported in some SCN patients with HAX1 muta-
tions [39, 212].

Increased serum immunoglobulins are a com-
mon finding in SCN patients, which may be sec-
ondary to recurrent infections or due to a possible 
effect of the gene defect in both myelopoiesis and 
lymphopoiesis [216, 280].

It is estimated that splenomegaly can be 
detected in one-fifth of SCN patients before treat-
ment with granulocyte colony-stimulating factor 
(G-CSF) and up to half of them through 10 years 
of treatment [280].

G6PC3 deficiency is a syndromic neutropenia, 
characterized by cardiac abnormalities, including 
atrial septal defect, cor triatriatum, mitral insuf-
ficiency, as well as a prominent superficial venous 

pattern in addition to neutropenia and increased 
susceptibility to bacterial infections [28, 30, 60].

VPS45 deficiency is characterized by bone 
marrow fibrosis, nephromegaly, prominent trun-
cal venous pattern, renal extramedullary hemato-
poiesis, and neurological problems in addition to 
neutropenia and infections [169, 256, 271].

Patients with p14 deficiency exhibit beside 
oculocutaneous hypopigmentation and short stat-
ure in addition to neutropenia [23]. (See Sect. 5.7 
for more details)

Similar to the phenotypes seen in neutropenia, 
patients with JAGN1 deficiency suffered from 
recurrent bacterial infections, especially in respi-
ratory system and skin [29].

SCN is also considered as a preleukemic syn-
drome. While the course of a number of SCN 
patients is complicated by myelodysplastic syn-
drome and acute myeloid leukemia [224, 249, 
280], the presence of these complications has a 
high correlation with occurrence of acquired 
mutation in the gene encoding the granulocyte 
colony-stimulating factor receptor (CSF3R) 
(OMIM*138971). Such mutations were detected 
in approximately 80 % of the SCN patients who 
developed acute myeloid leukemia [65, 249].

4.10.4	 �Diagnosis

Timely referral to a hematologist and/or clinical 
immunologist remains key to the successful diag-
nosis and management of patients with SCN, as 
delay in both reaching the diagnosis and starting 
the appropriate treatment increases the mortality 
in childhood [211, 216]. Presence of severe neu-
tropenia in association with early onset severe 
and recurrent infections should raise suspicion of 
SCN, especially in those with superficial 
abscesses and oral ulcers. In fact, the presence of 
abscesses, ulcers and gingivitis implies clinically 
significant neutropenia [215].

SCN patients typically have persistent severe 
neutropenia with absolute neutrophil count of less 
than 500/mm3, and increased susceptibility to 
recurrent severe bacterial infections from early 
infancy. In addition to performing serial complete 
blood cell count (CBC) in order to determine the 
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chronicity and severity, other causes of secondary 
neutropenia should be excluded. Review of the 
clinical history is important to rule out drug expo-
sure and underlying illness such as autoimmune 
diseases [215]. CBC often indicates an increased 
number of platelets, monocytes, and eosinophils, 
while mild anemia is usually seen [249].

Immune neutropenia of infancy should be 
excluded by testing for the presence of anti-
neutrophil antibodies [280]. When anti-neutrophil 
antibody mediated neutropenia is present in the 
newborn period, the antibodies generally are not 
a result of autoimmunity as it is in older children 
and adults, but are usually of maternal origin, 
arising from maternal-fetal incompatibility at 
neutrophil specific antigen loci. Many of these 
neutrophil specific antigens are expressed on the 
antibody Fc receptors of neutrophils. Maternal 
mediated immune neutropenia is a self-limited 
process that will improve over several months as 
maternal antibodies are cleared, and should be 
managed conservatively.

Indeed there are several primary immunodefi-
ciency diseases, which could be associated with 
neutropenia; therefore an algorithmic approach is 
needed to make diagnosis (Fig. 4.13).

Bone marrow examinations of the patients with 
SCN usually show a maturation arrest of neutro-
phil precursors at an early stage (promyelocyte-
myelocyte) [9, 215, 216, 280, 292, 293] (Fig. 4.14). 
Cellularity is usually normal or a little decreased, 
while increased number of eosinophils and mono-
cytes is often detected in the bone marrow [280].

Molecular studies help confirm a definitive 
diagnosis in SCN patients and also help predict 
response to treatment and outcome; however the 
diagnosis of SCN rests primarily on the clinical 
features of the disease and peripheral blood 
studies [215].

4.10.5	 �Management

In the absence of appropriate treatment, affected 
children suffer from life-threatening infections 
[39, 215, 249, 280, 291]. Since GCSF therapy 
became available as a treatment option for 
SCN, it has become possible to manage patients 

even without a requirement for HSCT.  GCSF 
therapy has made considerable impact towards 
prognosis and quality of life of these patients 
[25, 39, 216, 280, 291, 293]. Recombinant 
GCSF is the first choice of treatment for the 
SCN patients and more than 90 % of the patients 
respond to GCSF administration, which 
increase the number of neutrophils and conse-
quently reduce the number of infections and 
days of hospitalization [249, 280]. However, in 
the patients with congenital mutations in 
CSFR3 gene who do not respond to G-CSF 
treatment, HSCT is the only curative treatment 
option for SCN.  In those patients with SCN 
which have acquired deletions in the cytoplas-
mic tail of the G-CSF receptor, the increased 
risk of AML/MDS should also undergo (pre-
emptive) HSCT. Hence, both in those with con-
tinuing severe bacterial infections or 
complicated by myelodysplasia, HSCT is the 
recommended treatment [294]. The results of 
allogeneic HSCT on 136 patients during a 
22-year period in European and Middle East 
centers show that the 3-year overall survival is 
about 82 % [82].

It is recommended that all SCN patients 
should be followed-up at least twice per year and 
complete blood cell counts should be performed 
at least every 3 months [280].

4.11	 �Cyclic Neutropenia

4.11.1	 �Definition

Cyclic Neutropenia (OMIM*162800) is a rare 
primary immunodeficiency disease with an esti-
mated frequency of 1 case per 106 population, 
characterized by neutropenia occurring every 3 
weeks and lasting for 3–6 days [50, 53, 77, 214, 
215, 217]. Dr. Leale described this disorder for 
the first time in 1910, in an infant with recurrent 
episodes of fever, skin infections, stomatitis, and 
neutropenia [139]. Patients with cyclic neutrope-
nia are usually asymptomatic; however, they can 
suffer from severe bacterial infections, oral 
lesions and cutaneous manifestations during the 
episodes of neutropenia [77, 214, 215, 217].
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4.11.2	 �Etiology

Cyclic neutropenia is an autosomal dominant or 
sporadic disease, due to the periodic failure in 
production of granulocytes, presumably at the 
stem cell level [214]. The pathophysiology and 
the affected function in this disease has not been 
fully understood, but it seems that cyclic neutro-

penia is due to an abnormality in the regulation of 
early hematopoietic precursor cells [214, 215]. It 
could lead to oscillations in production of all 
types of blood cells. Neutropenia and leukopenia 
occur together in most situations, and cyclic (and 
for some non-neutrophil lineages counter-cyclic) 
fluctuations of monocytes, eosinophils, lympho-
cytes, platelets, and reticulocytes are also 
reported [50, 53, 214, 215, 217]. Mutations in the 
ELANE gene (OMIM*130130) are reported as 
the underlying genetic defect in several patients 
with cyclic neutropenia [11, 54, 55, 90, 187, 
225]. It is also important to distinguish the con-
genital autosomal dominant form of cyclic neu-
tropenia from acquired cyclic neutropenia that 
may complicate the clinical manifestations of 
benign and leukemic expansions of large granu-
lar lymphocytes [19]. Generally, congenital 
cyclic neutropenia is characterized by extremely 
regular cycles of almost exactly 21 days duration, 
while acquired cyclic neutropenias may have 
irregular cycles and/or cycles significantly differ-
ent from 21 days duration. It is important to note, 
however, that administration of GCSF to patients 
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with congenital cyclic neutropenia may signifi-
cantly alter the cycle duration in some patients.

4.11.3	 �Clinical Manifestations

Patients with congenital cyclic neutropenia are 
generally healthy between neutropenic periods, 
but during the episode of neutropenia that suffer 
aphthous stomatitis, oral ulcers, gingivitis, 
abscesses and occasionally overwhelming bacte-
rial infections [54, 77, 214, 215, 217]. The symp-
tomatic episodes of fever and infections usually 
recur approximately every 3–4 weeks. The neutro-
penic periods are associated with infections espe-
cially in oral cavity and mucous membranes, 
where oral ulcers and periodontitis are common. 
Cutaneous infections, upper respiratory infections 
and skin abscesses are also common. Perirectal 
and genital areas are susceptible to recurrent infec-
tions and abscesses [50, 53, 214, 215, 217]. 
Because many patients with congenital cyclic neu-
tropenia tend to be clinically well between nadirs, 
it is easy to miss the early signs of the particularly 
life-threatening danger to these patients of the 
development of necrotizing enterocolitis (typhli-
tis), which may rapidly progress to acute perfora-
tion of the bowel with bacteremia and septic shock.

4.11.4	 �Diagnosis

Congenital cyclic neutropenia is diagnosed by 
documenting the very regular periodic oscilla-
tions in the circulating neutrophil count from nor-
mal to neutropenic levels through at least a 3 
weeks period, lasting for 3–6 days [50, 53, 77, 
214, 215, 217]. In the patients with neutropenia, 
the clinical history and examination of the periph-
eral blood smear the most important aspects of 
the diagnostic evaluation. Examination of the oral 
cavity, perianal region, and skin is necessary in 
order to assess the clinical impact of neutropenia 
[214, 215]. As previously noted, in patients not 
being treated with G-CSF, the period of cycling is 
generally very regular and most often is close to 3 
weeks duration. However, the cycling periodicity 
can vary somewhat from one patient to another 
patient and can be altered by administration of 
G-CSF.  It is recommended that for diagnosis a 

complete blood count with assessment of differ-
ential lineages be performed at least twice or even 
three times weekly over 6–9 weeks to document 
the typical cyclic pattern of neutropenia [214]. In 
sporadic cases where a family history is absent, 
evidence for cycling from early childhood is 
absent, and/or the cycling is erratic or very differ-
ent from 21 days, acquired cyclic neutropenia 
must be considered in the differential diagnosis.

Bone marrow examination during neutropenic 
periods shows maturation arrest of neutrophil 
precursors at an early stage, but is not a necessary 
investigation in every patient [77, 214, 217].

4.11.5	 �Management

The quality of life and life expectancy of the 
patients with congenital cyclic neutropenia are 
good, if patients are diagnosed and followed reg-
ularly by attentive physicians and dentists [214, 
215, 217]. Although the prognosis is good with a 
benign course, approximately 10 % of patients 
may experience life-threatening infections. 
Besides prophylactic antibiotics, in some patients 
treatment with recombinant human GCSF in 
anticipation of and into the time of ‘cycling 
nadir’ may be all that is needed over a period of 
several days to increase blood neutrophil counts 
sufficiently to achieve reduction in infection rate, 
and improvement in survival and quality of life 
[50, 51].

4.12	 �Glycogen Storage Disease 
Type 1b

4.12.1	 �Definition

Glycogen storage disease type 1B (GSD1B; 
OMIM*232220) is a metabolic disease, which was 
first described by Senior and Loridan in 1968, as 
functional deficiency of glucose-6-phosphate [239].

4.12.2	 �Etiology

GSD1B is caused by either homozygous or com-
pound heterozygous mutations in the G6PT1 gene, 
also named as SLC37A4 (OMIM*602671), which 
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encodes glucose-6-phosphate translocase. Motility 
and respiratory burst of neutrophils are defective.

4.12.3	 �Clinical Manifestations

In addition to severe hypoglycemia, neutropenia 
leading to recurrent infections is one of the main 
features of GSD1B. Similar to other types of neu-
tropenia, oral lesions and perianal abscesses can 
be seen in the patients with GSD1B [8]. The 
patients usually have a doll-like face, while they 
also have hepatomegaly and obesity.

4.12.4	 �Diagnosis

The diagnosis should be suspected based on the 
clinical phenotype of severe hypoglycemia and 
hepatomegaly in addition to neutropenia, while 
the definite diagnosis should be confirmed by 
liver biopsy with electron microscopy and assay 
of G6P activity in the tissue confirmed by genetic 
testing.

4.12.5	 �Management

GCSF therapy can increase the number of circu-
lating neutrophils in the GSD1B. Dietary advice 
to minimize intake of carbohydrates can also be 
applied [272]. Liver transplantation may be nec-
essary in some cases, in order to manage the gly-
cemic condition [118].

4.13	 �3-Methylglutaconic Aciduria

(Type II, Type VII)

4.13.1	 �Definition

3-methylglutaconic aciduria type II (MGCA2), 
also known as Barth syndrome (OMIM*302060), 
is an X-linked disease, first described by Barth 
et  al. in a large Dutch family. The syndrome is 
characterized by dilated cardiomyopathy, skele-
tal myopathy and abnormal mitochondria in 
addition to neutropenia [15].

3-methylglutaconic aciduria type VII 
(MGCA7), also known as 3-methylglutaconic 
aciduria with cataracts, neurologic involvement, 
and neutropenia (MEGCANN) (OMIM*616271), 
is an autosomal recessive inborn error of metabo-
lism [230, 286].

4.13.2	 �Etiology

Barth syndrome is caused by mutation in tafazzin 
(TAZ) (OMIM*300394). Tafazzin has an impor-
tant role in remodeling of cardiolipin, which is 
necessary to maintain mitochondrial structure 
[112, 228].

3-methylglutaconic aciduria type VII is caused 
by homozygous or compound heterozygous muta-
tion in the CLPB gene (OMIM*616254) [230, 286].

4.13.3	 �Clinical Manifestations

Barth syndrome is characterized by dilated car-
diomyopathy, proximal skeletal myopathy, 
growth retardation, while neutropenia and 
organic aciduria are also characteristic features of 
the syndrome [116, 257].

Patients with 3-methylglutaconic aciduria type 
VII usually have early onset progressive encepha-
lopathy. Delayed psychomotor development and 
variable intellectual disability, neutropenia, micro-
cephaly, movement disorder, and cataracts are other 
common features of disease [230, 286].

4.13.4	 �Diagnosis

Increase in organic acid excretion in addition to 
neutropenia, when associated with dilated car-
diomyopathy should help in suspecting Barth 
syndrome [257]. Increase in 3-methylglutaconic 
acid in addition to neutropenia, associated with 
neurologic deterioration should suggest 
3-methylglutaconic aciduria type VII.

4.13.5	 �Management

A flexible and multidisciplinary approach is 
needed in the management of Barth syndrome.
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Cardiac medications to improve symptoms of 
heart failure may be recommended. GCSF ther-
apy can increase absolute neutrophil counts, 
which may be combined with prophylactic anti-
biotics. Dietary interventions should also be rec-
ommended [210, 260].

4.14	 �Cohen Syndrome

4.14.1	 �Definition

Cohen syndrome (OMIM*216550) is an auto-
somal recessive disease, which was first 
described by Cohen et al. in a few patients with 
hypotonia, obesity, and some other features like 
characteristic facial dysmorphism, and mental 
retardation [48].

4.14.2	 �Etiology

Cohen syndrome is caused by homozygous or 
compound heterozygous mutations in COH1 
(VPS13B; OMIM*607817). Patients suffer 
from defective glycosylation, which is shown 
by accumulation of agalactosylated fucosylated 
structures and asialylated fucosylated struc-
tures [72].

4.14.3	 �Clinical Manifestations

Cohen syndrome is a multisystem disorder, 
characterized by facial dysmorphism, micro-
cephaly, psychomotor retardation, truncal 
obesity, progressive retinopathy, associated 
with neutropenia [72]. Facial dysmorphism of 
patients includes a short philtrum, high nasal 
bridge, high-arched or wave-shaped eyelids, 
and thick hair.

4.14.4	 �Diagnosis

The diagnosis can be suspected based on clini-
cal phenotype. Chandler et  al. proposed the 
following criteria for diagnosis of Cohern  

syndrome: “presence of at least two of the fol-
lowing major criteria in a child with significant 
learning difficulties: (1) facial gestalt, charac-
terised by thick hair, eyebrows and eyelashes, 
wave shaped, downward slanting palpebral  
fissures, prominent, beaked shaped nose, short, 
upturned philtrum with grimacing expression 
on smiling; (2) pigmentary retinopathy; (3) 
neutropenia” [44]. However, as is true for all 
inborn errors, genetic diagnosis is necessary 
for certainty.

4.14.5	 �Management

Treatment of patients with Cohen syndrome is 
limited to symptomatic and supportive therapy. 
Some surgical procedures could be recommended 
to correct facial dysmorphism, etc. GCSF therapy 
is also recommended in treatment of neutropenia. 
Psychological support and growth hormone ther-
apy may also be needed.

4.15	 �Poikiloderma 
with Neutropenia

4.15.1	 �Definition

Poikiloderma with neutropenia (OMIM*604173), 
also named as Clericuzio syndrome, is an unique 
autosomal recessive genodermatosis.

4.15.2	 �Etiology

Poikiloderma with neutropenia, also named as 
Clericuzio syndrome, is caused by mutation in 
C16ORF57 (OMIM*613276)

4.15.3	 �Clinical Manifestations

Patients with poikiloderma and neutropenia expe-
rience an early onset papular erythematous rash on 
the limbs, which gradually spreads centripetally. 
Skin hyper- or hypo-pigmentation as well as telan-
giectases and pachyonychia may also be seen.
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Patients also suffer from persistent or cyclic 
neutropenia, leading to recurrent respiratory tract 
infections [74, 125].

4.15.4	 �Diagnosis

Genodermatosis in association with neutropenia 
should lead to suspicion of poikiloderma with 
neutropenia. Clericuzio syndrome has some sim-
ilarities with Rothmund-Thomson syndrome 
(OMIM*268400); however, patients with 
Rothmund-Thomson syndrome usually have alo-
pecia of the head and eyebrows, while their skin 
lesions are usually seen in sun-exposed areas. 
Skeletal manifestations, cataracts, and predispo-
sition to malignancy in Rothmund-Thomson syn-
drome also distinguish it from poikiloderma with 
neutropenia [277]. (See Sect. 9.9 for more details)

4.15.5	 �Management

Treatment of patients with poikiloderma and neu-
tropenia is limited to symptomatic and supportive 
therapy. GCSF therapy may be recommended in 
treatment of neutropenia.

4.16	 �Myeloperoxidase Deficiency

4.16.1	 �Definition

Myeloperoxidase (MPO) deficiency 
(OMIM*254600) is the most common phagocyte 
disorder (approximately 1  in 4000 population) 
and leads to a defective production of hypochlo-
ric acid in these cells [182, 198]. It was first 
described by Lehrer and Cline [140], who found 
no detectable activity of the lysosomal enzyme in 
neutrophils and monocytes from a patient with 
disseminated candidiasis. Other granule-
associated enzymes were normal. Leukocytes 
from one of the proband’s sisters also showed no 
MPO activity. Leukocytes from the proband’s 4 
sons showed about one-third normal levels. 
Salmon et  al. [226] demonstrated immunologi-
cally the absence of MPO protein, or at least the 
absence of cross-reacting material in homozy-

gotes. Eosinophil peroxidase, which is chemi-
cally distinct from MPO, was normal.

4.16.2	 �Etiology

Myeloperoxidase is abundant in azurophilic 
granules and catalyses the conversion of H2O2 
into hypochlorous acid [183]. This molecule 
amplifies the toxicity of reactive oxygen radicals 
(ROS). The gene is encoded on chromosome 
17q23. Congenital deficiency of MPO is inher-
ited as an autosomal recessive disorder. A sec-
ondary form of MPO deficiency has been 
described in lead poisoning (due to inhibition of 
heme synthesis), in severe infections (due to con-
sumption), neuronal lipofuscinosis, diabetes mel-
litus, in patients treated with cytotoxic drugs and 
malignant disorders like acute and chronic 
myeloid leukemia, myelodysplastic syndrome 
and Hodgkin lymphoma due to chromosomal 
rearrangements. MPO-deficient neutrophils are 
markedly less efficient in killing Candida albi-
cans or Aspergillus hyphae when completely 
absent. However, it should be noted that most 
inherited mutations in MPO result in a partial 
peroxidase deficiency and a complete MPO defi-
ciency is extremely rare. Because of its high fre-
quency, mutation analysis of the MPO gene is 
often not performed. The remarkable effect on 
in-vitro findings [88] may have clinical conse-
quences, but may be restricted to those with a 
complete MPO deficiency, which has not yet 
been well studied.

4.16.3	 �Clinical Manifestations

Interestingly, the vast majority (>95 %) of 
MPO deficient individuals are completely 
asymptomatic, despite the killing defect of the 
neutrophils. Symptomatic patients suffer from 
recurrent Candida infections in the setting of 
diabetes mellitus [42, 198]. Severe infections 
of the bones, meninges and septic episodes 
occasionally occur. In a recent study in MPO 
knock out mice showed more severe lung 
injury to administration of non-viable Candida 
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albicans than wild type mice indicating that 
MPO knock out mice have an altered immune 
response [106].

Anti-MPO antibodies are associated with cer-
tain forms of vasculitis (e.g. microscopic poly-
angiitis) and MPO derived oxidants seem to play 
a role in neurodegenerative disorders and athero-
sclerosis [183, 200, 266], but this is not uni-
formly accepted [171]. Interestingly, MPO 
knock out mice raised with a high cholesterol 
diet developed larger atheromata than wild type 
MPO mice [32].

4.16.4	 �Diagnosis

MPO deficiency can be suspected when a large 
proportion of “unstained” cells are reported from 
a differential blood count. The definite diagnosis 
requires the demonstration of the defective 
enzyme. MPO is easily detected using a 
hydrogen-peroxide/ethanol solution containing 
benzidine. Cells with intact enzyme show yellow-
brown granules in the plasma, cells with MPO 
deficiency have clear plasma around the blue cell 
nucleus. The diagnosis can be confirmed by 
genetic analysis of the MPO gene [157, 184].

4.16.5	 �Management

There is no specific treatment for MPO defi-
ciency. In symptomatic patients long-term anti-
fungal prophylaxis with fluconazole or 
itraconazole may be beneficial.
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