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I. INTRODUCTION 

A. Historical Perspective 

After being questioned by a colleague about my current endeavors with a large 
number of reprints, reference printouts, and writing pads apparent, I informed 
him that I was writing another review on clinical abnormalities of phagocyte 
function. Why write another such review, I was asked, as there are a number of 
these in the current literature (Gallin, 1981; Lohr and Snyderman, 1981; Hill, 
1981a; Gallin et al., 1980; Hill, 1982; Charette and Hill, 1980; Mills and Quie, 
1980; Johnston and Newman, 1977; Baehner, 1974; Stossel, 1974). That's a 
very good question, which momentarily dimmed my enthusiasm for the project. 
I believe, however, that the study of phagocyte disorders has turned the corner 
from that of a purely descriptive, and somewhat inexact, science to one that is 
applying the rapidly developing tools of cell biology to look into the mechanisms 
of these fascinating disorders. Thus, cell surface receptors, membrane potential 
changes, ion fluxes, cyclic nucleotide alterations, protein phosphorylation, micro
tubule and microfilament function, as well as the various critical metabolic path
ways, are being carefully dissected in polymorphonuclear keukocytes (PMNs), 
monocytes (Mns), and macrophages (Macs). The knowledge gained from these 
critically important cells in the host-defense mechanism is now spilling over into 
the study of other cell types, such as those in muscle, liver, bone, and nervous 
tissue, which are much more difficult to obtain and study. Thus, in many aspects 
of cell physiology, we-the phagocyte people-are at the forefront of knowledge 
and scientific investigation. 
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Almost a century ago, Metchnikoff (translated in 1905) pointed out the critical 
role of phagocytic cells in protecting the body from invasion by pyogenic micro
organisms. Theodore Leber (1888) a German ophthalmologist, subsequently sug
gested that tropic migration of phagocytic cells to sites of irritation or microbial 
invasion was critical to host defense. It was not until 1954 (J aneway et aI., 1954), 
however, that the first group of patients was described who would turn out to 
have a defect in phagocyte function. These patients had marked lymphadenopathy, 
hepatosplenomegaly, and severe recurrent infections, but no defect was initially 
detectable in their host-defense system. Similar additional patients were described 
(Berendes et al., 1957; Bridges et al., 1959), and the syndrome was named fatal 
granulomatous disease of childhood because of the marked granuloma formation 
that occurred and the almost universal fatal outcome of the original patients. It 
was not until a decade later that Quie and associates (1967) demonstrated that the 
phagocytic cells of these patients had a profound defect in intracellular microbici
dal activity against a variety of common pathogens, such as Staphylococcus aureus. 
Holmes et af. (1967) found that the patient's cells had a defect in oxidative metab
olism that could account for the observed functional abnormality. In spite of these 
pioneering studies carried out more than 15 years ago, we still do not know the 
precise biochemical mechanisms involved in the various forms of what is now 
known as chronic granulomatous disease (eGO). We have, however, discovered 
a great deal about oxidative and nonoxidative microbicidal mechanisms within 
PMNs, Mns, and Macs and have learned enough about the infections that these 
patients suffer to be able to manage them successfully, in most instances, hence 
the change in name from "fatal" to "chronic" granulomatous disease. 

The precise sequence of reports on clinical defects in phagocyte chemotaxis 
is a little more difficult to decipher. In my admittedly somewhat biased opinion, 
the first report of such a disorder was made by S. D. Davis et al. (1966). These 
investigators described two female patients with fair skin, reddish hair, severe 
eczema, dystrophic fingernail changes, severe sinopulmonary infections, and re
current staphylococcal abscesses. The abscesses did not have a great deal of sur
rounding erythema and were not particularly tender. For this reason, they were 
termed "cold abscesses." These investigators suggested the term "Job's syndrome" 
to designate the symptom complex suffered by these patients, quoting from the 
book of Job in the introduction to their article: "So went Satan forth from the 
presence of the Lord, and smote Job with sore boils from the sole of his foot 
unto his crown." No abnormality in the host defense mechanism was detected in 
these patients, although the number of functional and metabolic assays was limited 
at that time. 

In 1971, Miller et aZ. (1971) first described two patients with what was de
scribed as the lazy leukocyte syndrome. These young children had suffered re
current stomatitis, otitis, gingivitis, and febrile episodes. In addition to a rather 
marked neutropenia in the presence of normal marrow granulocyte stores, these 
patients had defective in vitro tests for directed (chemotactic) and random 
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PMN migration. That same year, there was an explosion of papers on chemotaxis 
in the literature, as at least semiquantitative methods for assessing PMN move
ment were developed. Thus, defective cell migration was described in neonates 
(Miller, 1971), adult diabetics (Mowat and Baum, 1971b), and patients with 
rheumatoid arthritis (Mowat and Baum, 1971a). 

Buckley et al. (1972) described two male patients with a syndrome almost ex
actly like that described by S. D. Davis et al. (1966) in that they had peculiar 
facies, chronic eczema, dystrophic fingernail changes, recurrent sinopulmonary 
infections, and repeated staphylococcal abscesses. These patients also had ex
treme elevation of serum immunoglobulin E. (Subsequent studies indicated 
that the classic Job's syndrome patients also had marked hyperimmunoglobu
linemia E.) Buckley's patients were found to have (1) immediate skin hypersen
sitivity to Staphylococcus aureus and Candida albicans antigens; (2) decreased 
anamnestic antibody responses to diphtheria and tetanus; (3) poor primary anti
body responses to several antigens; (4) lack of a response to dinitrochlorobenzene 
(DNCB); and (5) a variable decrease in lymphocyte responses to Candida antigen. 
Phagocyte function was not studied in these patients. Abnormal PMN chemotaxis 
was described in an older patient with hyper-IgE by Clark et al. (1973) and in 
three young children by Hill and Quie (1974b). Subsequently, in association 
with Drs. Wedgwood, Ochs, Clark, Klebanoff and Quie, I (Hill et al., 1974d) 
studied the chemotactic responsiveness of the original Job's syndrome patients 
described by S. D. Davis et al. (1966) and found them to have a marked defect 
in cell migration. Thus, as in the case of CGD of childhood, a considerable period 
of time had elapsed between the clinical description of the syndrome and the 
detection of an underlying defect in phagocyte function. 

The first clinical abnormality in monocyte function was probably a patient 
described by Snyderman et aZ. (l973). The patient, a 9-year-old girl, had suffered 
repeated mucocutaneous Candida infections since infancy and had monocyte 
chemotactic responses that ranged from 2% to 11 % of normal. Subsequent re
ports of abnormal monocyte function have been limited to patients with Wiskott
Aldrich syndrome (Altman et al., 1974), viral infections, and various forms of 
malignancies (Snyderman and Pike, 1978). 

Since these original patients were described, an expanding list of additional 
phagocyte disorders have been reported in the literature. The present chapter 
does not concentrate on each of these syndromes or disease states, but instead 
is selective in examining only those that have been well documented, and in which 
something is known about the underlying mechanisms involved. 

B. Clinical Presentation of Phagocyte Disorders: General Comments 

If one questions the clinical significance of phagocyte disorders, consider for 
a moment what happens to persons with no functioning PMNs, such as those 
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with severe congenital neutropenia, leukemia, or drug-induced absence of granu
locytes. These patients die, or they suffer severe recurrent bacterial infections. 
Without adequate numbers of functioning phagocytic cells, the body is simply 
incapable of preventing massive invasion by a variety of microorganisms. 

Phagocytic cells, including PMNs, Mns, and Macs, have a particularly impor
tant role in protecting the skin, mucous membranes, and linings of the respiratory 
and gastrointestinal tracts. As such, they form the first line of defense against 
microbial invasion. Miles (1964) and Miles et al. (1957) showed some very nice 
animal experiments that a critical 2- to 4-hr period exists after invasion by patho
genic organisms during which phagocytic cells must arrive at the site of invasion 
if infection is to be suppressed or contained. If not, the resulting infection leads 
to a larger local lesion or disseminates throughout the body of the animal. The 
clinical presentation of phagocyte disorders suggests that this is true in the human 
also. In order to be effective, phagocytic cells must adhere or attach to the vas
cular endothelium near the site of invasion or inflammation, engage in diapedesis 
through the vessel wall, move in a unidirectional fashion toward the site, adhere 
to and ingest the offending organism, and activate biochemical pathways impor
tant in intracellular microbial killing. 

Patients whose phagocytes have defects in adhesion or cell motility generally 
suffer cutaneous abscesses with common pathogens such as Staphylococcus 
aureus or have mucous membrane lesions due to agents like C. albicans. If the 
defect is a profound one, lesions may contain few if any phagocytes. In contrast, 
most patients end up with large abscesses filled with PMNs that have arrived after 
the critical 2- to 4-hr period during which such cells can be effective in eradi
cating or suppressing infection. Thus, patients with Job's syndrome often have 
massive lesions containing numerous PMNs (S. D. Davis et al., 1966). Mucocuta
neous candidiasis is frequently observed in this group (Clark et al., 1973; Snyder
man et al., 1973; Van Scoy et al., 1975), as are recurrent pneumonias, sinusitis, 
and otitis media. Sepsis and systemic infection is less common, however, suggest
ing that the reticuloendothelial cell system in these patients may be at least par
tially intact. Periodontal disease and dental caries are prominent in patients with 
chemotactic disorders (Clark et al., 1977; Cianciola et al., 1977). Allergic mani
festations are also quite common in patients with disorders of granulocyte chemo
taxis (Hill, 1982). 

Disorders of phagocyte microbicidal activity are also associated with cuta
neous abscesses, pulmonary infections, and gastrointestinal problems (Johnston 
and Newman, 1977; Mills and Quie, 1980). In general, these patients tend to 
suffer more deep-seated and chronic infections, such as liver, lung, and abdominal 
abscesses. Osteomyelitis due to staphylococci and other agents is also common 
(Cohen et aI., 1981; Mills and Quie, 1980). Granuloma formation with obstruc
tive complications in the abdomen, gastrointestinal, and urinary systems often 
occur (Griscom et al., 1974; Johansen et al., 1982). 
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C. Laboratory Assessment of Phagocyte Function 

There is considerable controversy over the need for routine laboratory testing 
of phagocyte function. Arguments for and against the clinical use of such tests 
in the evaluation of patients as well as an analysis of the information to be gained 
from such testing is contained in the proceedings of a round table discussion 
which was held at the Second European Conference on Phagocytic Leukocytes 
in Trieste, Italy in 1980 (Hill and Patriarca, 1982). It was clear from the discus
sion that the European centers were more likely to employ a variety of func
tional assays in evaluating patients with recurrent infections when compared to 
centers in the United States. Although most tests were carried out in rather special
ized research laboratories, several centers made these available through regular 
clinical laboratories. A table listing the tests performed in a number of different 
laboratories can be found on page 679 of that article (Hill and Patriarca, 1982). 

There are a number of different techlllques for screening the various phago
cytic functions important in host defense. A brief description of these is presented 
here, because the type of test employed can have a direct bearing on the signifi
cance of a described clinical abnormality. 

1. Phagocyte Adhesion and Aggregation 

Granulocyte adherence is usually measured using columns fiUed with nylon 
fiber (MacGregor et al., 1974). Anticoagulated whole blood or isolated phagocytes 
can be used in this system. Adherence is dependent on the amount of the fiber 
employed, the incubation period, the presence of divalent cations, and to some 
extent the type of anticoagulant used. A variety of drugs such as ethanol, sallcy
lates, and prednisone may impair granulocyte adherence, whereas inflammation 
increases attachment (MacGregor et al., 1974; Lentner et al., 1976). Granulocyte 
adherence to nylon fiber has been shown to correlate well with attachment to 
endothelial cell monolayers (MacGregor et aI., 1978). 

2. Aggregation 

Neutrophil aggregation is commonly measured in a platelet aggregometer 
(Craddock et al., 1978; Hammerschmidt et aI., 1980) or using an automatic cell 
counter that is capable of counting the number of different-size particles (aggre
gated versus non aggregated) in a suspension (O'Flaherty et al., 1977). Both assays 
work well to determine the effects of an aggregating substance such as C5a or 
human serum on granulocyte aggregation, but they function less well to assess 
the tendency of a patients cells to aggregate or the degree of aggregation that has 
occurred in vivo. In several clinical conditions, however, it is possible to detect 
circulating aggregating activity in the serum or plasma of patients (Craddock et 
al. , 1979). 
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3. Migration 

Phagocyte chemotaxis may be assessed in vivo employing the classical skin 
window techniques of Rebuck and Crowley (1955). Alternatively, chambers 
may be employed to quantitate the actual amount of cellular infiltrate into a 
local lesion (Brayton et al., 1970). The major problem with both of these tech
niques is in creating a standard skin lesion. Scraping an area with a scapel seldom 
leads to a reproducible lesion, hence the considerable inherent variability in the 
assays (Dale et al., 1974). Stripping the outer layer of skin with adhesive tape 
has also been suggested as one means of overcoming this problem (Mass et al., 
1975). In our experience, creating a lesion of sufficient depth with this technique 
is very difficult, so that few cells migrate into the area. The difficulty in creating 
a standard lesion along with the fact that anum ber of tissue proteases and other 
inflammatory mediators are released by such local trauma have led most investi
gators to abandon such assays or to use them only to back up the results of in 
vitro tests (Hill and Patriarca, 1982; Miller, 1973). In attempts to overcome 
these problems, HelIum and Solberg (1977) have devised a method to create skin 
blisters with a suction device that appears to result in uniform lesions. Migrating 
cells are then trapped in a special chamber for use in further functional and bio
chemical assays. 

It is possible that such an assay system may eventually prove more reliable 
and relevant to the clinical situation, but the patient is certainly inconvenienced 
by such a procedure, and infection or tissue damage could possibly develop at 
the local skin site. For these reasons, most tests of phagocyte motility are carried 
out in vitro. Perhaps the most popular method employs various modifications of 
a chamber designed by Boyden (1962). Cells are permitted to settle, or they 
may be cytocentrifuged onto Micropore filters (Ward et al., 1965; Baum et al., 
1971; Hill et al., 1974a, 1975). The filters are then placed in the chemotactic 
chambers. Chemotactic factors are added to the bottom of the chamber and 
media is added alone to the top in assays designed to measure directed migration. 
Random motility is measured in the absence of chemotactic factors, while stimu
lated random migration, or chemokinesis, is determined in the presence of a 
chemoattractant, but without a gradient being present (Keller et al., 1977). The 
Micropore filters are constructed of polycarbonate or cellulose and have pores 
with a diameter of 3-5 pM for PMNs and up to 8 pM for monocytes or macro
phages. It should be pointed out that lot-to-lot and even filter-to-filter variation 
is considerable, making reproducibility using these techniques a significant 
problem. This necessitates testing a patient on a number of different occasions, 
using multiple replicates in each experiment. One may assess motility visually or 
through the use of radioactively labeled cells. In the visual assays, the distance to 
the leading front of two to three cells can be assessed with a micrometer~the 
leading front method. In addition, the number of cells reaching a given depth or 
the distal side of the filter can be determined. We really do not know which 
method of quantitating chemotaxis is more relevant to the clinical situation. 
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Several isotopes have been employed to label phagocytes for in vivo or in vitro 
studies of migration. These include chromium-51 (Gallin etal., 1973); technetium-
99m (English and McPherson, 1977) and indium-Ill (Weiblen et aI., 1979). In 
general, these procedures require rather extensive handling of the cells ,hypotonic 
lysis of contaminating erythrocytes (which may also take up the label), and several 
washes to remove unincorporated label. While excessive handling does not pre
clude in vitro studies of the effects of various agents or conditions on cell migra
tion, we feel that it may alter baseline chemotactic responses in cells obtained 
from patients with suspected disorders (Hill et al., 1975). Still, the radiolabeling 
techniques remove some of the subjectivity in interpreting chemotaxis assays 
visually and permit a larger number of samples to be assessed at one time. The 
radiolabeled assays require that two filters be employed: one for the cells to 
migrate through and the other for the cells to enter and subsequently be counted. 
These assays obviously do not permit a leading front method of quantitation. 

Recently another method for assessing chemotaxis has become quite popular, 
probably because of its simplicity and the lack of a requirement for expensive 
chemotaxis chambers (Cutler, 1974; Nelson et al., 1975; Orr and Ward, 1978). 
The method employs a thin layer of agarose under which cells migrate on a 
plastic surface. Wells are cut into the agar and filled with the cell suspension, a 
chemoattractant or media alone (Fig. 1). After 16-18 hr for monocytes or 2-4 
hr for PMNs, the plates are fixed, the agar mayor may not be removed, and the 
movement of the cells is quantitated. The distance to the leading front of two to 
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Figure 1. Evaluation of monocyte chemotaxis under agarose. Zy AS, zymosan-activated 
serum containing the chemoattractant, C5a. (From Hill et al., 1983.) 
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three cells may be determined with a micrometer, or the number of cells moving 
into a reticule placed adjacent to the edge of the cell well may be counted (Fig. 
1). Orr and Ward (1978) have shown that the technique is capable of measuring 
a dose-response effect and can differentiate random migration, chemokinesis, 
and chemotaxis. At least in our hands, the under-agarose system is less sensitive 
than the micropore filter method, so that a stronger chemoattractant is required 
in most instances. We believe that this can obscure the presence of defective 
chemotactic function in some patients. Nevertheless, the technique is a popular 
one and is readily adaptable for use in most laboratories. 

4. Phagocytosis or Ingestion 

Ingestion or particle uptake by phagocytes can be measured by several tech
niques, including the uptake of oil-red-O-coated particles (Stossel, 1973), radio
labeled bacterial uptake (Allred et al., 1979), or through the detection of met
abolic activity of the cell following particle ingestion. The latter include assays 
dependent on nitroblue tetrazolium dye reduction (Johnston et al., 1969), 
chemiluminescence production (Hemming et al., 1976), or hexose monophosphate 
shunt activity (Holmes et al., 1967). In these assays, it is often quite difficult to 
distinguish between particle uptake and particle attachment to the surface of the 
cell. It is critical, therefore, to confirm by means of visual or electron microscopic 
techniques that ingestion has occurred. 

5. Microbicidal Activity 

The principle metabolic pathways important in oxygen-dependent microbi
cidal activity in phagocytes are shown in Figure 2. These pathways can be ex
amined in the cells of patients suspected of having abnormalities in intracellular 
killing by a variety of tests. The histochemical dye nitro blue tetrazolium (NBT) 
is reduced within the phagocyte to a black deposit upon activation of the respira
tory burst and generation of superoxide (02-) (Baehner and Nathan, 1968). The 
test can be performed on PMA-coated slides, which will maximally stimulate the 
cells and result in more than 90% of the PMNs reducing the dye (Repine et al., 
1979). As such, it is an excellent test for detecting chronic granulomatous disease 
and the heterozygous female carrier of the sex-linked form of the disorder. 

During the respiratory burst NADP+ is generated which subsequently stimu
lates the hexose monophosphate shunt and results in the metabolism of glucose 
to a five-carbon sugar and CO2 , If one employs glucose labeled at the I-position 
with carbon-14, hexose monophosphate shunt activity can be estimated following 
a phagocytic challenge by measuring the evolution of 14 CO2 (Holmes et al., 
1967). The test is easy to perform and quite reliable. 

Additional tests for detecting respiratory burst activity include the detection 
of chemiluminescence (CL) production (Allen et al., 1974). Upon particle uptake 
or membrane perturbation, the microbicidal mechanism of the phagocyte is ac-
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Figure 2_ Metabolic pathways important in oxygen-dependent phagocyte microbicidal 
activity. (From Hill, 1980.) 

tivated and excited molecular oxygen specIes and carbonyl groups are generated_ 
Upon decay back to the ground state, protons are released that can be quantitated 
in a liquid scintillation counter. While somewhat nonspeCific because of the fact 
that a number of oxygen products lead to light generation (Cheson et al., 1976), 
the technique is quite sensitive in detecting respiratory burst activity and clearly 
differentiates between controls and patients with chronic granulomatous disease 
(Fig. 3). There is considerable variability in the assay from day to day, how
ever, making it essential that daily controls be performed. This is especially true 
when luminol is employed to increase the amount of light generation. This com
pound, a cyclic hydrazide, is capable of reacting with an oxidizing agent to pro
duce the electronically excited aminophthalate anion (Allen and Loose, 1976). 
This unstable intermediate relaxes to the ground state, emitting protons with 
such high-quantum efficiency that it amplifies the luminescence resulting from 
oxidative reactions occurring within stimulated leukocytes_ In addition to 
increasing the variability of the CL response, luminol may either have some ef
fect to initiate low-level respiratory burst activity or greatly enhance that oc
curring due to cell-to-cell contact (Allred et al., 1980). It also probably repre
sents an added stress factor to the cell. Mills et al., (1980a, b) have suggested 
that this added stress can enable one to more readily detect the heterozygous 
carrier of chronic granulomatous disease. 

The chemiluminescence assay is thus quite useful in screening for the met
abolic defects of all forms of CGD (Stevens et al., 1978), myeloperoxidase defi-
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Figure 3. Chemiluminescence production by normal and chronic granulomatous disease 
(CGD) neutrophils exposed to opsonized zymosan. CPM, Counts per minute; PMNs, poly
morphonuclear leukocytes. 

ciency (Rosen and Klebanoff, 1976), and other congenital and acquired defects in 
phagocyte function (Shigeoka and Hill, 1978; Harvath and Andersen, 1979). 

Actual assays of phagocytic uptake and microbial killing have been employed 
for a number of years and are still the "gold standard" in documenting an actual 
defect (Quie et al., 1967). The various assays can be performed using differing 
bacteria to PMN ratios and with agents such as lysostaphin to destroy extracellular 
versus intracellular organisms. These assays are reasonably reliable and easily 
detect profound defects in microbicidal activity. They do not, however, have the 
sensitivity to screen for less prominent, partial defects in intracellular killing. An 
additional assay has been described in which the quantitation is dependent on 
the release of bacterial DNA (Friedlander, 1978). 

More specific metabolic tests are available for detecting and quantitating 
superoxide (Bryant et al., 1982), and H2 O2 (Briggs et al., 1977). 

D. Abnormalities of Phagocyte Function: Real versus Artifactual 

In general, most of the phagocyte functional assays are relatively simple to 
perform and do not require a great deal of expensive equipment. Unfortunately, 
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however, there is always a certain degree of inherent variability in the assays as 
pointed out above. For this reason, it is important that patients suspected of having 
functional disorders be studied on several occasions and with multiple replicates 
per assay. It is also critical that artifacts in the methodology that result in apparent 
deficiencies be excluded. For instance, we once spent months examining a patient's 
serum that appeared to contain a cell-directed inhibitor of chemotaxis.After anum
ber of different experiments, it became apparent that the abnormal result was 
secondary to an inhibitory effect on leukocyte settling rather than on actual cell 
movement. When suspended in the patient's serum or plasma, PMNs did not settle 
as rapidly onto the micropore filter in a Boyden chamber assay. When the cells 
were cytocentrifuged onto the filter, however, the inhibitory effect of the pa
tient's serum disappeared completely. This is the major reason that we employ 
the cytocentrifuge in our chemotaxis assay system. One must always be aware 
that these in vitro assays involve extensive handling of the cells can induce arti
facts. Only by critically examining reports of defective phagocyte function will 
we be able to rule out artifactual abnormalities or minor functional deficiencies 
that have no clinical significance. 

II. ABNORMALITIES OF PHAGOCYTE ATTACHMENT, 
AGGREGATION, AND ADHESION 

A. Enhanced Activity 

Enhanced phagocyte attachment or aggregation has been reported in several 
clinical syndromes in which the PMN is thought to be a critical cell in inducing tis
sue damage. McCall et al. (I974) first indicated that intravascular activation of 
the complement cascade induced granulocytopenia and might act to aggregate 
leukocytes within the lung. Subsequently (Craddock et al., 1977 a, b) reported 
that in patients undergoing hemodialysis leukopenia often developed that was 
associated with a decrease in pulmonary function. These same investigators 
showed that infusion of sheep with autologous plasma that had been contacted 
with renal dialyzer cellophane resulted in the rapid development of leukopenia, 
doubling of the pulmonary artery pressure and a marked increase in pulmonary 
lymph effluent. Histologic studies revealed severe pulmonary vesselleukostasis and 
interstitial edema (Craddock et al., 1977 a, b). Contact between fresh plasma and 
the dialysis cellophane resulted in alternative pathway of complement activation, 
decreased factor Band C3, and consumption of hemolytic activity. MacGregor 
(1977) indicated that hemodialysis increases granulocyte adherence. Subsequently, 
the induction of PMN aggregation by serum was shown to be due to CSa (Hammer
schmidt et al., 1980). Circulating CSa may therefore cause the leukopenia and 
transient pulmonary dysfunction commonly observed during renal dialysis or 
cardiopulmonary bypass. 
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Other conditions associated with leukopenia and PMN accumulation in the 
lung include patients with gram-negative endotoxin shock, and those with what is 
termed the adult respiratory distress syndrome (ARDS). Pulmonary leukostasis, 
hypertension, and hypoxemia develop in this fulminant syndrome of respiratory 
failure (Jacob et al., 1980), and circulating aggregatory activity toward PMNs 
can be detected in the plasma of patients (Hammerschmidt et al., 1980). In all 
likelihood, PMNs aggregated and sequestered within the lung parenchyma con
tribute to the severe pulmonary damage observed in this syndrome (Hosea et al., 
1980). Recently, we have shown that the circulating PMNs of these patients are 
in a functionally and metabolically activated state and, thus, are probably primed 
to damage the endothelial and pulmonary tissue that they contact (Zimmerman 
et al., 1983). Thus, under certain circumstances a variety of diffuse inflammatory 
processes may result in complement activation (Lentnek et al., 1976). Circulating 
C5a, in tum, affects phagocytic cells-and perhaps the endothelial cells them
selves-resulting in functional and biochemical alterations that favor tissue se
questration and the development of severe damage. Alternatively, other substances 
such as lactoferrin or arachidonic acid products, which increase in plasma during 
acute inflammatory processes, may be responsible for the leukostasis observed. 

B. Decreased Activity 

Decreased adhesion of granulocytes to nylon fiber columns can be induced by 
ethanol, prednisone, and aspirin (MacGregor eta!., 1974). In addition a heat-labile 
factor in the sera of homozygous /3-thalassemia patients has been reported to de
press adherence of PMNs (Bassaris et al., 1982) to nylon fiber, but unfortunately 
the factor could not be well characterized. 

An inherited abnormality of neutrophil adhesion was described by Crowley 
et al. (1980). The patient was a 5-year-old boy who suffered recurrent ear and 
skin infections and presented to the New Englnad Medical Center Hospital with 
a severe Pseudomonas aeruginosa infection of the larynx, trachea, and lungs. The 
patient's PMNs failed to attach to a plastic petri dish and did not spread on a sur
face as did normal PMNs. Chemotaxis as measured by a radiolabeled leukocyte 
technique was profoundly depressed as was ingestion as determined by uptake of 
paraffin oil droplets. Degranulation and intracellular.bacterial killing were normal, 
however. Respiratory burst activity was decreased in the patient's PMNs after ex
posure to opsonized zymosan, but the soluble stimulant phorbol myristate acetate 
(PMA) evoked a normal response. Polyacrylamide gel electrophoresis (PAGE) of 
whole PMN homogenates from the patient revealed a striking absence of a high
molecular-weight protein of ~ 110,000. This protein was present in reduced levels 
both in patient's mother and in a female sibling, suggesting a congenital X-linked 
abnormality. 

A patient with a similar clinical picture was recently described by Arnaout et 
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al. (1982). This patient was an 8-year-old boy who suffered repeated skin and 
respiratory infections due to Staphylococcus aureus and P. aeruginosa. Functional 
PMN assays revealed decreased phagocytosis and degranulation in response to par
ticulate stimuli, such as opsonized zymosan or IgG-coated sheep erythrocytes. In 
contrast to the previous patient, however, chemotaxis and random migration 
were entirely normal; adherence was not studied. Decreased respiratory burst ac
tivity occurred after exposure of the patient's PMNs to opsonized zymosan, but 
not to PMA. PAGE of PMN homogenates revealed the absence of a 150,000-dal
ton glycoprotein in the patient's cells as well as one-half the normal level of the 
protein in each of his parents. The precise role of this glycoprotein in receptor
mediated PMN function needs to be elucidated as well as its relationship to the 
protein that was missing in the patient described by Crowley et al. (1980). 

Additional patients with decreased PMN adhesion or cell spreading have been 
described who suffered repeated infections and had delayed separation of the 
umbilical cord (Hayward et al., 1979; Bowen etal., 1980). The precise mechanism 
of the defect is unknown. 

As indicated, most patients with decreased adhesion or attachment also have 
decreased chemotactic activity when tested in vitro. Thus, it is likely that cell 
attachment is essential to migration through a micropore filter or under an aga
rose layer. The one exception is the patient described by Arnaout et al. (1982), 
who certainly represents several paradoxes. Further elucidation of the abnormal
ities in this unusual case seems indicated. 

III. CLINICAL SYNDROMES ASSOCIATED WITH ABNORMALITIES 
OF PHAGOCYTE MOTILITY 

A. Newborn Infants 

Newborn infants have a striking abnormality in PMN chemotaxis first sug
gested by Matoth (1952), who actually studied amoeboid movement rather than 
chemotaxis. Subsequently, Miller (1971) confirmed the profound nature of the 
defect in response to complement-generated chemotactic factors and speculated 
that the reason for the defect might be related to delayed maturation of critical 
enzymes in the neonatal cell. Defective monocyte and PMN chemotaxis was 
also found in neonatal cells by Klein et al. (1977), employing both a Boyden 
chamber assay and an under-agarose system. Chemotaxis of both types of cells 
remained extremely depressed up to 2 years of age and did not reach normal 
adult levels until 10 to 15 years of age. Pahwa et al. (1977) observed that Mn 
chemotaxis was normal in neonates, while PMN chemotaxis was depressed but 
not greatly when compared with adult PMNs (75%). The reason for the dis-
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crepancy between the two studies on Mn chemotaxis is unknown but may be 
related to the choice of assay systems. 

Is the chemotactic defect in neonatal phagocytes a significant one? The 
answer to that question, I believe, is yes. The neonate is particularly susceptible 
to the development of cutaneous abscesses at sites of local trauma, such as from 
monitoring electrodes. Infants also commonly suffer from chronic mucocuta
neous Candida infections associated with chemotactic defects. Respiratory in
fections such as those caused by group B streptococci are also extremely com
mon during the neonatal period. (It is of interest that only neonates and other 
patients with suspected phagocyte abnormalities such as those with diabetes 
mellitus suffer from infections with group B streptococci.) These facts coupled 
with the known susceptibility of the neonate to overwhelming bacterial infec
tion suggest strongly that the chemotactic abnormality is a clinically signifi
cant one. 

What is the reason for abnormal PMN and perhaps Mn migration in the hu
man neonate. Studies into the mechanisms involved have suggested that the abil
ity of these cells to deform under negative pressure is greatly reduced (Miller, 
1975). More recently, Kimura et aZ. (1981) have shown that the neonatal cell 
does not form concanavalin A (Con A) caps when incubated with colchicine, a 
microtubule-disrupting drug. This finding suggests that microtubules resist de
polymerization and thus the cell remains rigid and relatively unmovable. This is 
in spite of the fact that the neonatal cell has been reported to have normal com
plement and Fc receptors as well as a normal number of receptors for the chemo
tactic peptideN-formyl-methionyl-leucyl-phenylalanine (pross etaZ., 1977; D. C. 
Anderson et aZ., 1981). Recent studies suggest that a major functional abnormal
ity of the neonatal PMN may result from its inability to redistribute adhesion 
sites from the leading edge to the tail, thus preventing forward movement. Addi
tional studies on the mechanism of this defect are absolutely critical to a further 
understanding of the chemotactic process in general and of the neonatal PMN 
defect specifically. 

B. Lazy Leukocyte Syndrome 

Miller et aZ. (1971) reported two patients who suffered recurrent episodes of 
otitis media, stomatitis, gingivitis, and rhinitis. These patients also had a striking 
neutropenia but with normal marrow granulocyte stores and adequate myeloid 
precursors. Epinephrine and endotoxin had no effect on the peripheral PMN 
count, and Rebuck skin windows failed to show the appearance of PMNs. Che
motaxis of the patients' PMNs from peripheral blood and marrow aspirates was 
profoundly depressed in a filter-type assay. Random motility was also examined 
by observing the migration of leukocytes up into a vertically placed capillary tube 
and was also abnormal. In fact, an attempt was made to associate decreased ran-
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dom motility with release of granulocytes from marrow stores. To my knowl
edge, no additional patients with this exact syndrome have been reported and 
nothing is known of the mechanisms involved. Despite the described abnormali
ties, the patients apparently continued to grow well and suffer no life threaten
ing infections. 

C. Congenital Icthyosis 

Miller et al. (1973) subsequently reported two additional kindreds in which 
affected children had congenital icthyosis and recurrent marked infections with 
Trichophyton rnbrnm. In contrast to the lazy leukocyte syndrome patients, 
these patients had normal peripheral PMN counts and no abnormal fmdings on 
bone marrow examinations. In addition to the T. rnbrnm infections, they also 
suffered from pneumonia, otitis media, and impetigo. One patient had a deep 
pelvic abscess, and both had a marked desquamative dermatitis. PMN function 
studies revealed depressed chemotactic function employing a filter assay, but 
normal random as measured by the capillary tube method described above. De
creased chemotactic activity was also detected in the fathers of both patients 
but not in other family members. These cases combined with the original lazy 
leukocyte syndrome patients led Miller to speculate that defective random mi
gration as measured by the capillary tube method could be correlated with ab
normal marrow release of PMNs, since the current patients had normal circu
lating PMNs and random migration. Unfortunately, groups of additional patients 
with neutropenia have not been studied by this technique, and no further con
clusions can be drawn about the association between the test abnormality and 
marrow release of granulocytes. Nor have there been additional reports, to my 
knowledge, of similar patients with icthyosis and defective chemotaxis, although 
it is highly likely that an abnormality exists in these patients. One can only 
speculate about the mechanism(s) of abnormal chemotaxis in these patients. 
Severe skin disease may result in the generation of circulating inhibitors of PMN 
function. Prostaglandins are produced in the skin and would be a likely candi
date for such a suppressive factor. IgE levels were also not reported in the pa
tients. It is conceivable that these patients might be related to the hyperim
munoglobulinemia E patients who often have rather severe skin disease. Further 
delineation of this syndrome will have to await the detection of additional pa
tients and more in-depth studies of the mechanisms involved. 

D. Hyperimmunoglobulinemia E 

The initial report of such patients was made by Davis et al. (1966), who de
scribed two young girls with peculiar facies, fair skin, reddish hair, recurrent 
staphylococcal abscesses, severe eczema, dystrophic fingernail changes, and recur-



360 Harry R. Hill 

rent sinopulmonary infections. The abscesses were somewhat unusual in that 
they were seldom accompanied by surrounding erythema or marked tenderness. 
For this reason they were termed cold abscesses. No specific abnormality was de
tected in the original two patients. Subsequently, Bannatyne et al. (1969) de
scribed a red-haired, female CGD patient and claimed to have found a microbicidal 
defect in Job's syndrome. Nevertheless, subsequent studies on the original two 
patients as well as numerous additional individuals with the syndrome have failed 
to detect any abnormality in microbicidal activity. 

Buckley et al. (1972) later described two male patients with essentially the 
same syndrome of peculiar facies, chronic eczema, recurrent sinopulmonary 
infections, repeated staphylococcal abscesses, and dystrophic fingernail changes. 
Each was also found to have extreme hyperimmunoglobulinemia E and a variety 
of subtle immunological abnormalities. None of these, which were discussed in 
the introduction, would seem capable of causing the recurrent abscesses suffered 
by the patients (Hill, 1982) except for the immediate skin hypersensitivity reac
tions to Staphylococcus aureus and C. albicans antigens. Clark et al. (1973) then 
reported a female patient with recurrent abscesses and mucocutaneous candidiasis 
who had hyperimmunoglobulinernia E and defective chemotaxis. In 1974, Hill 
and Quie (1974b) described three unusual patients with extremely high serum 
immunoglobulin E (IgE) levels who had very early onset of severe eczema fol
lowed by multiple superficial and deep abscesses. The abscesses were almost al
ways due to Staphylococcus aureus, although a few episodes of streptococcal skin 
infection also occurred. In contrast to the patients described by (Buckley et al., 
1972) and (Clark et al., 1973), these patients had no problems with chronic 
Candida infection. Because most of their infections were abscesses caused by 
staphylococci, we concentrated on examining their PMN function. Phagocytosis 
and killing of Staphylococcus aureus and other pathogens by the patients cells 
were perfectly normal and their serum supported phagocytosis of these orga
nisms. In vitro chemotactic assays employing a modified Boyden chamber tech
nique (Hill et al., 1974a, 1975) revealed a marked depression in chemotactic 
responsiveness which was present consistently in these three patients and was 
not related to the presence or absence of infection. Additional studies failed to 
reveal a circulating inhibitor of chemotactic activity in the serum or plasma of 
the patients. A striking feature of the three patients we studied was the marked 
pruritis and eczema that they suffered. The mothers often brought the children 
into the clinic with their hands wrapped or with long sleeve shirts pulled over 
their hands and tied, almost like a straitjacket. I soon found out the reason for 
this unusual habit when I freed the arms of one child to draw blood from an 
antecubital vein. The child immediately began to excoriate the anterior chest 
wall severely and was literally dripping blood down both sides within a few 
minutes. Even the slightest trauma on the skin of these children elicited a 
rather marked wheal and flare reaction, suggesting to us that increased release 
of histamine contributed to the clinical findings in these patients. Rivkin and 
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Becker (1972) had reported that histamine inhibited the chemotactic responses 
of rabbit PMNs. We (Hill and Quie, 1974b) found that it also inhibited human 
PMN chemotaxis, a finding that has subsequently been documented by R. Ander
son et al. (1977). This effect is most likely through a H2 histamine receptor the 
stimulation of which results in elevated levels of cyclic 3'S'-adenosine monophos
phate (cAMP) in a number of tissues, such as the parietal cells of the stomach, 
the heart, and most of the cells of the immune system (Fig. 4). 

A subsequent report by Van Scoy et aZ. (1975) indicated that the disease 
might be familial in nature with several generations of a kindred suffering from 
recurrent infection and hyperimmunoglobulinemia E and demonstrating de
creased PMN chemotactic responsiveness. 

Subsequently, we described (Hill et aZ., 1976a) three additional patients with 
hyperimmunoglobulinemia E and defective chemotaxis who had onset of diffuse 
urticaria before developing severe invasive staphylococcal disease, including sepsis 
and sepsis with pneumonia. Addition of burimamide to the cells of one of these 
patients partially reversed the apparent defect in chemotactic activity. 

At that time we were not sure whether our patients were similar in nature 
to those described by S. D. Davis et aZ. (1966) or by Buckley et al. (1972). We 
had studied a red-haired girl with peculiar facies, severe eczema, recurrent ab
scesses, and hyperimmunoglobulinemia E who had defective chemotaxis. For 
this reason we believed that the Job syndrome patients most likely had a defect 
in PMN movement as the underlying reason for their recurrent abscesses. 

Subsequently, Dr. Hans Ochs drew blood from the original Job's syndrome 
patients in Seattle and air expressed it to us in Minneapolis. Much to our dismay, 
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Figure 4. Effect of histamine on HI and H2 receptors in various tissues. PMN, 
polymorphonuclear leukocyte. (From Hill et al., 1976a.) 
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the chemotactic function of these cells, which had been held in vitro for a total 
of 8-10 hr, was perfectly normal. Convinced that defective chemotaxis was a 
part of the syndrome, I traveled to Seattle where, in association with Drs. Hans 
Ochs, Robert Clark, Seymour Klebanoff, Paul Quie, and Ralph Wedgwood, we 
studied the original two Job's syndrome patients by both our chemotactic method 
(Hill et al., 1974b, 1975) and the radiolabeled one employed by Dr. Clark's 
group (Gallin et al., 1973). Both patients had a significant defect in PMN chemo
tactic responsiveness that at least partially corrected after in vitro incubation 
overnight (Hill et al., 1974d). Subsequently a whole host of reports have ap
peared in the literature on similar patients with hyperimmunoglobulinemia E 
and recurrent infections (Chusid et al., 1976; Dahl et al., 1976; Jacobs and Nor
man, 1977; Weston et al., 1977; Blum et al., 1977; Issekutz et al., 1978). Almost 
all have documented a chemotactic defect in vitro or in vivo in the patients, but 
the abnormality is a variable one necessitating serial testing (Hill et al., 1976 b; 
Issekutz et al., 1978) in order to demonstrate the defect in some cases. Jacobs 
and Norman (1977) have also suggested a familial pattern of inheritance of the 
disease and linked transmission to HLA-BI2 in one family. In addition to recur
rent infections, at least one patient we studied went on to develop a histiocytic 
lymphoma of the brain (Bale et aI., 1977), an unusual tumor seen only in im
munosuppressed transplant patients or in those with classic immunodeficiency 
syndromes such as the Wiskott-Aldrich syndrome. Thus, as in other immunode
ficiencies, these patients may also be at increased risk for tumor cell development. 

E. Allergic Disease and Recurrent Infections Without 
Hyperimmunogiobulinemia E 

Additional patients have been described with milder allergic symptomatology, 
less severe infections, normal to slightly elevated IgE, and intermittent chemo
tactic defects that mayor may not be related to the patients described above. 
These include infants with allergic gastrointestinal symptomatology, recurrent 
ear infections, and chronic diarrhea (Hill et aI., 1977) and adults with marked 
allergic rhinitis, recurrent abscesses, and bronchitis (Hill et al., 1976b; Rubin 
et al., 1978). In vitro exposure of the patients cells to an allergen to which they 
are sensitive results in a decrease in chemotactic function (Rubin et al., 1978). 

Schopfer et al. (1979) and later Berger et al. (1980) reported that the hyper
immunoglobulinemia E patients have elevated levels of specific IgE directed 
against Staphylococcus aureus and C. albicans, their most frequent pathogens. 
Still, the sera of these patients did not interfere with the interaction of these 
organisms with the patient's neutrophils, so a direct inhibitory or antiopsonic 
effect is unlikely. It may be that these patients actually have IgE-mediated al
lergic reactions to Staphylococcus aureus and C. albicans, resulting in mediator 
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release, which could then depress the acute inflammatory response and permit 
infection to go unchecked. Further studies are needed to document or disprove 
such a possibility. 

There are also other potential mechanisms that could explain at least some 
of the infections suffered by these patients. McGeady and Buckley (1975), 
Gallin et al. (1980), and Ogden et al. (1979) have observed depressed lympho
cyte responses in severe eczema patients. Gallin et al. (1980) observed an inverse 
relationship between the concentration of IgE in a patient's plasma and the re
sponse of that patients lymphocytes to Con A. In addition, a lymphocyte derived 
inhibitor of PMN chemotaxis may be produced by the lymphocytes of these 
patients (Gallin et al., 1980). Further mechanistic studies are obviously needed 
to clarify the defects in the hyperimmunoglobulinemia E syndrome. 

F. Hyperimmunoglobulinemia A 

Four siblings with increased serum levels of IgA, neutropenia, eosinophilia, 
and defective PMN chemotaxis have been reported by Bjorksten and Lundmark 
(1976). Each sibling suffered recurrent pneumonia, otitis media, and abscesses. 
Eczema was present in three patients, but there was no elevation of IgE. De
pressed antibody responses to immunization and depressed delayed hypersensi
tivity skin tests were noted. No serum inhibitors of chemotaxis were detected. 
Witemeyer and Van Epps (1976) described two similar patients who had de
pressed chemotactic activity. Both had normal IgA and IgE and all other im
munologic function tests were normal. 

G. Actin Dysfunction 

Boxer et al. (1974) reported a 7-month-old child who presented with a his
tory of recurrent vesicular skin lesions, abscesses, and blepharitis. Rebuck skin 
windows and aspirates of blister fluid failed to reveal any significant accumula
tion of granulocytes. In vitro studies reveal a striking defect in chemotaxis as 
well as an inability to ingest C3 or IgG coated particles. The patient's PMNs 
spread poorly on glass and formed narrow ineffective pseudopods. Actin ex
tracted from the patient's PMNs would not polymerize normally upon stimula
tion with KCI, suggesting that this critical contractile protein was abnormal. To 
my knowledge this is the only reported PMN defect related to such an abnormal
ity in contractile proteins. The patient died of infection. 

H. Chediak-Higashi Syndrome 

Patients with the Chediak-Higashi syndrome (CBS) have striking oculocuta
neous albinism, large lysosomal granules, and recurrent infections (Blume and 
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Wolfe, 1972). Clark and Kimball (1971) first observed a defect in PMN chemo· 
taxis in this disorder, using a micropore filter assay and a skin window technique. 
A significant reduction was noted in the number of cells accumulating at the 
skin window in the CHS patients. Furthermore, in the micropore filter assay em
ploying a 5-J.1M pore size, the chemotactic activity of the patients cells equaled 
41.2% of that of the controls. When the filter size was decreased to 1.2 J.1M, 
chemotaxis of the patients cells was only 9.5% of that of the controls. This find
ing suggested to these investigators that the large size of the granules could be 
impairing migration. Subsequently Oliver et al. (1975) found that the PMNs of 
beige mice, which have a similar disease, formed spontaneous caps when incuba
ted with fluorescinated C on A, suggesting that microtubular polymerization was 
impaired. Additional. studies indicated that cyclic adenosine monophosphate 
(cAMP) levels within the cells of a human patient with the disorders were in
creased compared with concentrations of cGMP (Boxer et aI., 1976). Conflict
ing results on the presence of such a microtubule defect in CH leukocytes have 
appeared (White and Clawson, 1979), and there is considerable controversy over 
whether the defect can be corrected with agents such as ascorbate (Boxer et al., 
1976; Weening et al., 1981; Gallin et al., 1979). Recently Nath et al. (1980) have 
demonstrated abnormal tyrosylation of the a-chain of tubulin in two brothers 
with the disorder, who have decreased numbers of centriole-associated micro
tubules. This finding constitutes more direct evidence that, at least in some pa
tients, the functional disorders are related to abnormal microtubule function. 

I. WiskoU-Aldrich Syndrome 

Patients with Wiskott-Aldrich syndrome have marked eczema, thrombocyto
penia, and recurrent infection. They also often have hyperimmunoglobulinemia E. 
Altman et al. (1974) found defective monocyte chemotaxis in these patients. In 
addition, they documented increased circulating levels of a lymphocyte derived 
chemotactic factor in their serum. These workers postulated that activated 
lymphocytes in the patients were releasing soluble factors that were deactivating 
the patients' PMNs and MNs. Although others have confirmed the defect in PMN 
and MN chemotaxis in these patients, no additional insights into the mechanism 
involved have appeared. 

J. Chronic Mucocutaneous Candidiasis 

Defective PMN and MN chemotactic responses have been described in a vari
ety of patients with chronic mucocutaneous candidiasis (CMC) (Snyderman 
et al., 1973; Van Scoy et al., 1975; Clark et al., 1973; Fischer et al., 1980). The 
phagocyte abnormality may accompany or occur in the absence of associated 
lymphocyte dysfunction. In one case we observed normal cell-mediated immu-
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nity to Candida antigen in an infant with CMC whose only defect was in PMN 
chemotactic responsiveness (Van Scoy et al., 1975). Later abnormal lymphocyte 
responses to Candida antigen developed in this child, suggesting that chronic 
Candida colonization and infection may eventually suppress lymphocyte reactiv
ity to this organism. 

K. Miscellaneous Disorders of Cellular Motility 

Kartagener's syndrome is a relatively common (1 in 40,000) autosomal reces
sive genetic disorder in which patients suffer recurrent sinopulmonary infections 
and have situs inversus (Gallin, 1981). Males with the syndrome are sterile, and 
defects in sperm motility have been documented. The abnormality is most likely 
due to a deficiency of dynein arms, which are proteins with ATPase activity that 
are bound to microtubules and may be critical in their function. Caleb et al. 
(1977), employing both a Boyden chamber assay and a radiolabeled technique, 
first reported that the PMNs of these patients have defective directed and ran
dom movement. Others have subsequently confirmed these results (Gallin et al., 
1980; Afzelius et al., 1980). 

One additional patient has been described by Gallin et al. (1978) whose de
fect may be related to abnormal microtubule function. This patient had defec
tive PMN and Mn chemotaxis, increased numbers of microtubules, and elevated 
levels of cellular cGMP. 

Komiyama et al. (1979) reported a 7-year-old girl who had recurrent episodes 
of abscesses, otitis and mastoiditis. The nuclei of circulating PMNs were kidney 
shaped or bilobed like Pelger-Huet cells, and no or few secondary granules were 
detected. Chemotaxis and bactericidal activity of the patient's PMNs were de
creased. The mechanisms behind this abnormality are unknown. 

Pahwa et al. (1978) reported defective PMN and Mn chemotaxis in two of 
four patients with severe combined immunodeficiency disease. Bone marrow 
transplantation abolished the abnormality. Again, the mechanisms of the defect 
are entirely unknown. 

Steerman et al. (1971) reported defective PMN chemotaxis in a patient with 
sex-linked agammaglobulinemia. The patient, a 3-year-old boy, had suffered 
from recurrent abscesses and pneumonia. In addition to a depression in chemo
tactic function, the patient's cells demonstrated less NBT dye reduction upon 
phagocytic challenge than did control PMNs. Bactericidal activity was also de
creased for Staphylococcus aureus but not E. coli. The reduced activity against 
staphylococci was due primarily to decreased phagocytosis of the organisms, 
however. 

Two extremely unusual cases have been described by Shurin et al. (1979). 
These patients suffered marked gingivitis, oral ulcerations, and erosive lesions 
of bone. Neutrophils from the patients failed to orient properly, and locomo
tion was less than 50% of normal cells. Capnocytophaga, a gram-negative an-
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aerobe, was cultured from these patients. After eradication of the organism, 
neutrophil morphology and function returned to normal. A dialyzable sub
stance was recovered from sonicates and culture flitrates of the organisms 
which affected PMNs in a similar matter after in vitro exposure. Obviously, this 
is an extremely interesting factor that may be valuable in dissecting the chemo
tactic response. 

Defective neutrophil chemotactic responses have also been described in in
dividuals with the juvenile form of periodontitis (Cianciola et al., 1977; Clark 
et al., 1977; Lavine et al., 1979; Van Dyke et al., 1979; Genco et al., 1980). 
Cianciola et al. (1977) first demonstrated depressed PMN chemotaxis in nine 
patients with the localized form of juvenile periodontitis (UP). Subsequently, 
a number of associated diseases, such as generalized juvenile periodontitis and 
postlocalized juvenile periodontitis, have also been found to have chemotactic 
defects (Van Dyke et al., 1979). In contrast, patients with adult periodontitis 
seldom have depressed PMN chemotactic responsiveness (2 of 23) and may even 
have enhanced activity (10 of 23). The chemotactic defect observed in the juve
nile periodonititis patients is usually an intrinsic cellular one and is present when 
a variety of chemoattractants are employed (Genco et al., 1980). Cell directed 
inhibitors of chemotaxis have also been detected in the serum of periodontitis 
patients, but usually in a minority of the patients studied (Lavine et al., 1979). 
Similarly, depressed monocyte chemotaxis has been observed, but it does not 
appear to affect many subjects with LJP. 

The precise mechanism of defective PMN chemotaxis in juvenile periodontitis 
patients is unknown. Decreased adherence or deformability do not appear to 
playa role in the defect (Genco et al., 1980). Of interest is the fact that unaf
fected family members of some of the patients also have depressed chemotactic 
responses, suggesting a genetic predisposition to the disorder (Genco et al., 
1980). 

Congenital deficiency of neutrophil specific granules has been described and 
is associated with defective adhesion and chemotaxis, probably due to a lack of 
lactoferrin, a critical factor in cell attachment (Breton-Gorius et al., 1980; Komi
yama et al., 1979; Strauss et al., 1974). 

Depressed chemotaxis has also been described in children with recurrent otitis 
media (Giebink et al., 1979). No indications of the mechanisms behind these 
abnormalities have been presented. 

L. Systemic Diseases Associated with Abnormalities of Phagocyte Movement 

An ever-increasing number of systemic diseases are being reported to be as
sociated with defects in phagocyte chemotactic activity. In evaluating the signifi
cance of these reports one should ask (1) whether patients with the disorder suf
fer from infections like those associated with phagocyte dysfunction; and (2) 
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whether the degree of depression of phagocyte function is sufficient to account 
for the infections observed. In the absence of positive fmdings for these two fac
tors, it is very unlikely that the abnormality has any clinical significance. 

1. Diabetes Mellitus 

It is unclear whether diabetics suffer more frequent infections, but there is 
no question that when infection does occur in such patients it is more severe and 
complicates control significantly. Diabetics do tend to suffer from cutaneous 
abscesses, mucocutaneous candidiasis and respiratory infection (Hill, 1979 b). 

Diabetes mellitus has been associated with deficiencies of PMN and mono
cyte chemotaxis in adults and children (Mowat and Baum, 1971b; Miller and 
Baker, 1972; Hill et al., 1974c, 1983; Hill, 1979b). The presence of the abnor
mality does not appear to correlate with the duration of disease, degree of con
trol or with the presence of complications. Insulin has been reported to correct 
the PMN defect in vitro (Mowat and Baum, 1971b; Hill et al., 1974c), but has 
little effect in vivo (Miller and Baker, 1972). Recently, Hill et al. (1983) reported 
that Mn chemotaxis is also decreased in diabetics. In contrast to the results with 
PMNs, insulin had no effect on the diabetic Mn. Additional studies indicated 
that the diabetic Mn produces enhanced quantities of chemiluminescence and 
superoxide when challenged (Kit ahara et al., 1980). This may be the result of 
sustained hyperglycemia commonly observed in diabetics. It is conceivable, 
therefore, that the defect in chemotaxis observed in the diabetic is related to 
auto-oxidative membrane damage resulting from enhanced respiratory burst 
activity of diabetic phagocytes. Treatment of diabetic individuals with the anti
oxidant vitamin E has recently been reported to improve chemotactic function 
in a limited number of patients (Hill et aI., 1983). 

2. Rheumatoid Arthritis and Other Collagen Vascular Diseases 

To my knowledge, patients with rheumatoid arthritis do not generally suffer 
from cutaneous abscesses, mucocutaneous candidiasis, recurrent gastrointestinal 
infections, or pulmonary infections. They do, however, have an increased inci
dence of death from systemic infection as compared with controls. Mowat and 
Baum (1971a) as well as Beeuwkes and Bulsma (1974) have indicated that che
motaxis as measured by micropore ftlter techniques is depressed in rheumatoid 
arthritis, systemic lupus erythematous (SLE), and polymyositis. In general, de
pression averaged around 40% of that of control PMNs. Incubation of normal 
PMNs in rheumatoid sera or with purified rheumatoid complexes decreased 
chemotactic function suggesting that phagocytosis of rheumatoid factor may 
account for the defect observed (Mowat and Baum, 1971a). Given the degree 
of depression observed as well as the lack of infections typical of PMN disorders, 
the significance of this defect is open to some question. 
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3. Mannosidosis 

Deficiency of a-mannosidase activity results in a marked accumulation of 
mannose in cells. Patients who lack this enzyme may suffer from repeated in
fections and can have defective PMN chemotaxis (De snick et al., 1976). Al
though the precise mechanism of this defect has not been fully elucidated, it 
has been suggested that excessive mannose alters cell surface receptors for chemo
tactic factors. 

4. Shwachmann:S Syndrome 

Shwachmann's syndrome includes pancreatic insufficiency, marrow hypo
plasia and neutropenia, chondrodysplasia, growth retardation, and frequent in
fections. Aggett et al. (1979), studied 14 patients with the syndrome and found 
significantly depressed chemotaxis and random migration in 12. No other im
mune abnormality was detected except for occasional hypogammaglobulinemia 
and neutropenia in 10 of the patients. Parents of the patients had an intermedi
ate level of chemotactic responsiveness suggesting a familial pattern of transmis
sion of the defect. 

5. Thermal Injury 

Patients with severe burns have severe depression of PMN and MN chemo
taxis proportional to the size and severity of the burn (Warden et al., 1974; 
Altman et ai., 1977a,b). After sustaining burns, patients may lose the specific 
granules from their PMNs, resulting in a decrease in PMN levels of lysozyme and 
elevated levels of this enzyme in their plasma (Gallin et al., 1980; J. M. Davis 
et al., 1980). A correlation has been observed between PMN lysozyme levels and 
chemotactic responsiveness. Alternatively, products released by the injured skin 
or even topical medications used in burn therapy may affect cell movement. 

6. Hemodialysis Patients 

Patients undergoing hemodialysis and renal transplantation have been re
ported to have decreased chemotactic responses (Warden and Maxwell, 1976). 
In general the degree of depression paralleled the elevation in BUN and creatinine 
observed in the patients or could be correlated with steroid doses in transplant 
patients. Hemodialysis leukopenia and decreased random motility of PMNs has 
been attributed by Henderson et al. (1975) to the use of cellulose membranes. 
Klempner and associates (1980) have suggested that hemodialysis induced neu
tropenia activates complement, which then interacts with circulating PMNs and 
depletes a popUlation of cells that possess receptors for the Fc fragment of IgG. 
This leaves nonreceptor bearing, less active PMNs in the circulation and results 
in the observed depression of chemotaxis. 
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7. Viral Infections 

Viral infections including those due to measles, herpesvirus, and influenzae 
have been reported to depress PMN and Mn chemotaxis (R. Anderson et al., 
1976b; Abramson et al., 1982; Snyderman and Pike, 1978). The mechanism 
of the depression of chemotaxis by viruses is not known. Abramson et al. 
(1982), have suggested, however, that exposure of PMNs to influenza A inhibits 
lysosome-phagosome fusion. 

8. Malnutrition 

Malnutrition has been reported to depress PMN chemotactic responses; how
ever, other studies have suggested that concurrent infection was more responsi
ble for the defect in cell movement than the malnutrition per se (Rosen et al., 
1975). Rich et al. (1977) studied 13 age-matched nourished and malnourished 
children in Ghana and report normal to enhanced chemotactic activity in these 
children. It is conceivable that mild malnutrition may actually enhance immune 
function in some cases. Alternatively, low-grade or chronic infection may actu
ally enhance rather than depress phagocyte function. 

9. Bacterial Infection 

Although several investigators have reported defective chemotactic respones 
in patients with infection (Mowat and Baum, 1971c; McCall et al., 1971), these 
patients have either been studied later in their course, after antimicrobial ther
apy, or when severely ill with toxic granulations in their PMNs (Hill and Quie, 
1974a). When otherwise healthy persons with cutaneous (Hill et al., 1974b), 
respiratory (Hill et ai., 1974e), and systemic bacterial infection (Hill et ai., 
1974a) are studied, PMN chemotactic function is generally found to be enhanced. 

M. Humoral Defects Resulting in Defective Phagocytic Migration 

Defective production of the complement associated chemotactic factor, C5a, 
is associated with total absence of C3 and C5 and results in defective inflamma
tory responses and severe and recurrent infections (Alper et al., 1972, 1976; 
Ballow et al., 1975; Rosenfeld et al., 1976). Crohn's disease has also been asso
ciated with defective chemotaxis, which may result from faculty in vivo genera
tion of inflammatory mediators (Segal and Loewi, 1976). 

Ward and associates have described and characterized a serum in activator of 
chemotactic factors in several diseases including Hodgkin's disease, sarcoidosis, 
leprosy, and cirrhosis (Ward and Berenberg, 1974; Ward et al., 1976; Ward and 
Ozols, 1976; Maderazo et al., 1975, 1976). The activity is present in normal 
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human serum in low levels but increases in the diseases mentioned above. The 
factor irreversibly inhibits chemotactic factors, probably through an aminopep· 
tidase activity. Patients with high levels of the factor generally have depressed 
in vivo skin test responses. Van Epps et al. (1974) also have described a serum 
inhibitor of chemotactic factors that is apparent in the serum of patients with 
anergy. 

A cell·directed inhibitor of chemotactic function was described in a patient 
who was later found to also have a marked defect in microbicidal activity (Ward 
and Schlegel, 1969). Clark and Klebanoff (1978) reported two patients, a male 
and female, with the autosomal recessive form of CGD who also had defective 
PMN chemotactic responses. Each had a high·molecular·weight cell·directed in· 
hibitor of chemotaxis in the serum. Smith et al. (1972) and Soriano et al. (1973) 
described two patients with a serum inhibitor of chemotaxis that was reversed 
by the addition of normal plasma. The authors attributed this unusual phe
nomena to the presence in plasma of a normal antagonist to a serum inhibitor of 
chemotaxis; a very difficult mechanism to understand, to say the least. Neither 
of these "inhibitors" has been further defmed, and the mechanism of their 
action is unknown. 

The monoclonal immunoglobulin observed in IgA myeloma has also been 
reported to inhibit phagocyte chemotaxis (Van Epps and Williams, 1978). In 
addition, Snyderman and Pike (1978) have shown that tumors may produce 
factors that inhibit chemotaxis of monocytes and allow progression of the 
malignancy. 

Patients with nephritis and nephrotic syndrome have been reported to have 
circulating chemotactic factors in their serum and depressed PMN motility (Nor
man and Miller, 1973, 1974). Defective chemotaxis probably results from the 
presence of these circulating factors, which serve to deactivate PMNs. 

Kramer et al. (1980) described a fascinating 46-year-old man who had a 
20-year history of recurrent cutaneous staphylococcal infections. An IgG was 
isolated from the patient's serum that irreversibly inhibited chemotaxis and ran
dom migration of normal PMNs without affecting adherence, phagocytosis, de
granulation, or superoxide formation. 

IV. CLINICAL ABNORMALITIES OF PHAGOCYTIC INGESTION 

PMNs and Mns are voracious eaters that ingest most properly opsonized par
ticles without delay. Moreover, the phagocytic response is a strong one that per
sists intact after considerable manipulation or damage to the cell. Abnormalities 
of ingestion have been described, but in only a few cases have these been well 
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documented. Clearly, the patient with the actin dysfunction syndrome men
tioned earlier (Boxer et a/., 1974) had markedly decreased to absent phagocytic 
uptake. Less striking decreases in uptake have been reported in severely iron
deficient children (MacDougall et a/., 1975) and in malnourished persons with 
infection (Schopfer and Douglas, 1976). Hyperalimentation with attendant hy
pophosphatemia has also been reported to decrease uptake of particles as well 
as cell movement (Craddock et a/., 1974). Except in the instance of actin dys
function, it is highly unlikely that the degree of phagocytic dysfunction in these 
syndromes is sufficient to cause clinical abnormalities. Phagocytic or ingestion 
disorders are therefore of relatively minor importance. 

v. CLINICAL ABNORMALITIES OF MICROBICIDAL ACTIVITY 

In general, the infections suffered by patients with profound intracellular 
microbicidal defects are more severe than those associated with defects in phago
cyte movement. It does not matter how slow a phagocyte arrives at an area of 
bacterial invasion; once it ingests an offending microbe, it still has the power to 
kill it, if microbicidal mechansims are intact. In contrast, in the severe micro
bicidal defects the PMN, Mn and Mac cannot kill ingested microorganism and 
this leads to severe persistent infections, poor wound healing, and granuloma for
mation. Chronic granulomatous disease was once termed fatal granulomatous 
disease (Berendes et ai., 1957) because of the marked granulomatous lesions that 
appeared and the almost universal fatal outcome. Fortunately, as we have come 
to understand the basic pathophysiology of these syndromes, it has been possi
ble to devise more rapid and more efficacious therapeutic regimens so that many 
patients with the disorder survive well into adulthood. 

Deep-seated cutaneous, visceral, and bone abscesses are not uncommon in 
these disorders, as are chronic sinopulmonary infections. In many cases the deep 
location of the abscesses may preclude appropriate diagnostic procedures, and 
infection readily becomes indolent and persistent. Both the respiratory and 
gastrointestinal tracts, in which phagocytes are particularly important, are 
heavily involved in most patients. In general, viral infections are not a major 
problem, although at least one of our patients with a profound bactericidal de
fect has suffered from severe progressive varicella and what was probably herpes
virus encephalitis. It should be noted that cell-mediated immune function in
cluding natural killer cell activity in this patient was normal. Thus, at least in my 
opinion, these patients should be watched closely during viral infections, and 
one should be very cautious in using live virus vaccines in such patients. Several 
unreported reactions to such immunizations have occurred. 
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A. Chronic Granulomatous Disease 

1. Clinical Presentation 

The major clinical manifestations of CGD include recurrent pulmonary infec· 
tions, cutaneous and visceral abscesses, lymphadenitis, osteomyelitis, liver ab
scesses, and obstructive phemomena from granuloma formation (Mills and Quie, 
1980; Johnston and Newman, 1977). Pulmonary infection tends to be presistent 
and pneumonias often become encapsulated. Liver abscesses are extremely 
common, as are episodes of osteomyelitis of the small bones of the hands and 
feet. Diarrhea and perianal abscess occur in the up to 20% of patients (Mills and 
Quie, 1980). Malabsorption is not uncommon, and irregular-shaped brownish 
yellow histiocytes are characteristically observed in the lamina propria of the 
small bowel (Ament and Ochs, 1973). In general the major pathogens are cata
lase-producing organisms or ones that fail to produce H20 2, such as Staphylo
coccus, Klebsiella, Escherichia coli, Serratia, Pseudomonas, Aspergillus, Candida, 
and Salmonella (Johnston and Newman, 1977). Several patients have also been 
infected with Nocardia and Mycobacterium, both of which are extremely diffi
cult to eradicate. Fungal infections with agents such as Aspergillus, Torulopsis, 
and Cadida are also common (Cohen et al., 1981). In general these patients are 
resistant to streptococci, Hemophilus inj7uenzae, and other organisms that pro
duce H20 2 and no catalase. 

Dermatitis and lymphademitis is extremely common in CGD, and cystitis 
with bladder granulomas has been reported in the literature. Dysuria associated 
with such bladder lesions was the only presenting finding in a 5-year old-patient 
of ours with CGD. Granuloma formation can result in gastric outlet obstruction 
(Griscom et aI., 1974), a finding that has occurred in two of our patients. Ob
struction within the genitourinary tract by granuloma is also not uncommon. 
Esophagitis, otitis, arthritis, and even sepsis occasionally occur, and chorioretinal 
lesions have been described (Johnston and Newman, 1977). The patients are 
usually detected within the first 2 years of life, although patients have attained 
young adulthood (23 years) before actual diagnosis (Balfour et al., 1971). A 
number of patients have not lived into middle age. In those who have not sur
vived, pulmonary disease has been the major cause of death. 

2. Functional Abnormalities 

In spite of the fact that this disease was intitally described as early as 1954, 
we still do not precisely understand the underlying defect in the disorder. Quie 
et al. (1967) first described the abnormality in intracellular killing by the PMN 
of these patients. Holmes et al. (1967) then documented a defect in oxidative 
metabolism and the lack of hexose mono phosphate shunt stimulation and H20 2 

production by the PMNs. In addition, these patients fail to reduce NBT dye to 
a blue-black deposit within their PMNs. Production of 14C02 from [l_14C] gIu-
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cose is also absent due to the failure of NADP+ to stimulate the hexose mono
phosphate shunt. Chemiluminescence production is essentially absent (Fig. 3) 
because of the failure to produce O2-, H20 2 and other high-energy oxygen radicals. 

In most cases, other PMN functions such as chemotaxis, adhesion, degranu
lation, and lysosomal enzyme release are normal in CGD PMNs (Mills and Quie, 
1980). However, Ward and Schlegel (1969) and Clark and Klebanoff (1978) 
have reported a total of three CGD patients with decreased chemotactic re
sponses due to cell-directed serum inhibitor(s) of chemotaxis. In their original 
report, Quie etal. (1967) suggested that degranulation might also be abnormal 
in the CGD PMN. Gold et at. (I974) later reported delayed degranulation 
responses during the first 15 min after ingestion of particulate matter; no ab
normality was detected after 30 min of incubation, however. Recently, 
Ingraham et al. (1981) have shown by electron spin resonance that CGD PMNs 
fail to show an increase in membrane fluidity following particle uptake. 

3. Mechanisms 

The underlying mechanism behind the microbicidal defect in CGD is related 
to a failure to generate sufficient superoxide anion (02-) hydrogen peroxide, and 
other oxygen intermediates essential in bacterial killing (Curnutte et al., 1975; 
Briggs et al., 1977). All forms of CGD have this defect in oxidative metabolism 
and carriers of the X-linked type have intermediate levels of superoxide genera
tion (Borregaard et al., 1979). The abnormality is expressed by a variety of cells 
throughout the body, including PMNs, Mns, lymphocytes, and perhaps fibro
blasts, which has led some workers to suggest that the disease might be diag
nosed prenatally (Newburger et at., 1979; Peerless and Stiehm, 1983). 

The disease occurs most commonly in males (6: I) and is sex linked (Johns
ton and Newman, 1977). Female carriers may be detected by their intermediate 
level of NBT dye reduction, chemiluminescence generation, superoxide produc
tion, and intracellular microbicidal activity. In spite of the partial defect, carriers 
are most often said to be asymptomatic. A recent report on 15 carrier females 
did, however, indicate that five suffered from what appeared to be discoid lupus 
erythematosus, and five others had recurrent apthouslike stomatitis (Borregard 
et at., 1981)' A survey of 10 discoid lupus patients revealed that two were actu
ally carriers of CGD; a fact that should be kept in mind. One additional carrier 
of CGD was also a chronic carrier of Salmonella (Moellering and Weinberg, 
1970). 

At least in the sex-linked form of the disease, the major defect appears to 
be in a deficiency of NADPH oxidase activity which catalyzes the one electron 
reduction of molecular oxygen to superoxide anion (Hohn and Lehrer, 1975; 
McPhail et al., 1977). While actual deficiency of the enzyme has been reported, 
other papers have implicated a defective enzyme with altered affinity or kinetic 
characteristics (Lew et al., 1981). The enzyme appears to be closely associated 
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with the cell membrane, although it may be present in a granule fraction. Of 
interest is the fact that there appears to be a close linkage between the sex-linked 
form of CGD and the lack of an X-linked, Kell-related surface antigen, Kx 
(Densen et al., 1981). This antigen is normally present on the surface ofPMNs, 
suggesting that there may be some relationship between the absence of this sur
face antigen and oxidase activity. 

Segal et al. (l978) initially reported that four patients with CGD and that 
two carrier mothers had absence or gross abnormalities in a cytochrome b that 
is a component of the oxidase system that transports electrons to molecular 
oxygen. Subsequent studies (Segal et al., 1983) have found that the cytochrome 
b was absent in all 19 of 19 male patients with CGD and markedly reduced in 
all the heterozygous carriers. Thus, absence of this cytochrome may be the 
molecular defect in the sex-linked form of CGD. 

Chronic granulomatous disease also occurs in female patients (Holmes et al., 
1970), initially thought to be the result of glutathione peroxidase deficiency. 
Because of the absence of this enzyme, H20 2 would be expected to build up 
in the cell, less NADP+ would be generated (Fig. 2), and auto-oxidative damage 
to the cell would occur. Bass et al. (1977) have subsequently shown, however, 
that PMNs of animals completely lacking glutathione peroxidase maintain the 
postphagocytic respiratory burst and have bactericidal activity. Moreover, other 
CGD patients, including some males, with a similar inheritance pattern have 
been shown to have normal levels of this enzyme (Johnston and Newman, 
1977). Mills, et al. (l980a,b) more recently indicated that mothers of female 
cases of CGD may also have intermediate metabolic responses when a luminol
enhanced chemiluminescence assay is employed. The phenotypic variation in 
the disease, evidence of two leukocyte populations in patients and their mothers 
with this form of the disease, low but detectable CL in the patients, and an 
intermediate level in the mothers suggest an X-linked inheritance with X-chro
mosome inactivation, according to the Lyon hypothesis. Of great interest is 
the report of Segal et al. (l983) mentioned above, which indicated that pa
tients with the autosomal recessive form of the disease have cytochrome b but 
it is nonfunctional. Thus, absence or malfunction of this heme-containing pro
tein responsible for electron transfer may be the critical defect in these two 
forms of CGD. 

A third form of the disease was first reported by Gray et al. (1973) in pa
tients with a complete abscence of erythrocyte and leukocyte glucose 6-phos
phate dehydrogenase (G6PD). Three male siblings in a Canadian family suffered 
from chronic nonsperocytic hemolytic anemia, recurrent lymphadenitis and 
were found to have a defect in PMN bactericidal and metabolic activity. The 
mother had intermediate abnormalities. The infections suffered by these pa
tients were generally less severe than in the other forms of CGD, and one sibling 
was even free from infection. The absence of G6PD, the first enzyme in the 
hexose monophosphate shunt, would be expected to result in failure to regen-
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erate NADPH, which is critical in the initial reduction of O2 to O2-. Thus, the 
initial step in the generation of microbicidal activity would be arrested in these 
patients. In general the metabolic and killing defect in G6PD deficiency is not 
as severe as it is in the classical forms of CGD. The patients' cells failed to reduce 
significant amounts of NBT ( < 1%) while the mothers had intermediate values 
(42%, 55%, and 72% versus 90% in the unaffected father.) 

A subsequent patient described by Corberand et al. (1978) had recurrent 
infections associated with decreased leukocyte G6PD ( < 3%) but normal eryth
rocyte G6PD. The patient's PMNs failed to reduce NBT and to kill Staphylo
coccus aureus. The mother's leukocytes had intermediate levels of G6PD and 
functional activity. Rutenberg et al (1977) have reported multiple enzyme 
defects involving G6PD in a family with CGD. 

B. Lipochrome Histiocytosis 

Ford et al. (1962) described a syndrome of lipochrome pigmentation of 
histiocytes, hypergammaglobulinemia, pulmonary infiltrates, splenomegaly, 
rheumatoid arthritis, and susceptibility to infection, which shared several char
acteristics with CGD. The patients did not, however, show the development of 
granulomatous lesions. Rodey et al. (1970) subsequently demonstrated that two 
sisters with the disorder had a defect in PMN oxidative metabolism like that in 
CGD. Furthermore, their PMNs failed to kill staphylococci. The mother and an 
unaffected female siblings had normal PMN function and oxidative metabolism. 

c. Mye loperoxidase Deficiency 

Deficiency of myeloperoxidase has been described as a hereditary disorder 
with autosomal recessive inheritance (Lehrer and Cline, 1969). Myeloperoxidase 
(MPD), a lysosomal enzyme, catalyzes the reaction between H2 0 2 and a halide 
ion to form a hypohalite compound such as -OC!. This reaction is probably im
portant in bactericidal, fungicidal, and tumoricidal activity. The patient de
scribed by Lehrer and Cline (1969) had infections with Candida albicans and 
was shown to have a defect in bactericidal and fungicidal mechanisms. Subse
quently, A. T. Davis, et al. (1971) reported a 58-year-old male patient with 
acute myelomonocytic leukemia who had infection, with C. albicans and mark
edly decreased levels of MPO in his PMNs, as determined by histochemical 
staining techniques. The pateint's cells also demonstrated an early 30 and 60 
min) defect in bactericidal activity that disappeared after 4 hr of incubation. 
Approximately 15 patients with markedly decreased to absent levels of MPO 
have been described in the literature according to Mills and Quie (1980), four 
of whom have had serious or prolonged Candida infections. Other patients with 
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marked deficiency of myeloperoxidase have not, however, demonstrated any 
unusual susceptibility to infection, so the precise role of this enzyme in the 
host defense mechanism has not been determined. 

Rosen and Klebanoff (1976) reported that the chemiluminescence response 
and superoxide production by myeloperoxidase deficient PMNs are different 
from normals in that (1) the peak is lower and occurs slightly later, and (2) the 
fall-off in chemiluminescence or O2- production is less rapid, so that overall O2-
generation is actually higher in the MPO-deficient cells. This could account for 
the early defect in microbicidal activity followed by the return to normal kill· 
ing over a 4-hr period. 

Patients with Chediak-Higaski (CH) syndrome (Section III. H) have a defect 
in lysosomal granule release into phagocyte vacoules, which results in a relative 
deficiency of MPO. This is probably due to abnormal microtubule function in 
these patients and may contribute to their increased susceptibility to infection. 
Shortly after phagocytic ingestion, there is little peroxidase activity present in 
phagocytic vacoules of the CH patients. Later some activity may be present but, 
in general, bactericidal and candicidal activity is depressed. Alterations in cAMP: 
cGMP ratios have been described in the PMNs of patients with the syndrome, 
which could potentially explain the microtubule defect (Boxer et ai, 1976) and 
offer at least some hope for successful therapeutic intervention. 

D. Bilobed Nucleus Syndrome 

Two patients with intermittent neutropenia and recurrent infection have 
been reported by Komiyama et aZ. (1979) and Strauss et aZ. (1974). These 
patients had peculiar bilobed or kidney bean-shaped nuclei in their PMNs, de
creased specific granules, defective chemotaxis, and impaired bactericidal activ
ity. Nitroblue tetrazolium dye reduction and phagocytic uptake were normal. 
The reasons for the observed abnormalities are unclear at this time. 

E. Glutathione Synthetase Deficiency 

Glutathione participates in the detoxification of H2 O2 within phagocytes. 
Deficiency of this substance could conceivably result in a buildup of H20 2 
and result in auto-oxidative cell damage. Gluthathione synthetase deficiency 
has been reported in association with increased susceptibility to infection 
(Spielberg et aZ., 1979). The PMNs from the patients had normal phagocytosis, 
chemotaxis, and glucose oxidation, but with increased levels of H20 2. Depressed 
bactericidal activity was observed as well as abnormal microtubule formation, 
which probably resulted from exposure to high levels of H20 2. 

Partial gluthathione reductase deficiency has also been described in two 
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female patients and one male patient (Roos et al. 1979). The patients had no 
particular problem with recurrent infections but suffered episodes of hemolysis 
associated with oxidant stress and had early development of cataracts. Bacteri
cidal activity of the patients' PMNs were normal. Oxygen uptake, H20 2 pro
duction, and hexose monophosphate shunt activity (HMP) shut off after 5 to 
15 min. This was presumably due to the buildup of H2 0 2 within the cell, leading 
to damage and the lack of NADP+ formation. 

F. Miscellaneous Deficiencies of Microbicidal Activity 

A number of miscellaneous defects in microbicidal activity have been de
scribed that do not fit into any known category. In general, these have been 
isolated case reports, and little is known about the mechanisms involved. 

Van der Meer et al. (1975) described what appeared to be a familial defect 
in microbicidal activity that was the result of the absence of a cell surface recep
tor on phagocytes. Three members of the family had early onset of recurrent, 
cutaneous, and respiratory infections, and the father suffered from perianal 
fistulas. The patients' cells responded with increased respiratory burst activity 
when exposed to IgG-coated particles, but did not respond in a similar fashion 
to unopsonized latex particles. Thus, such persons may lack a cell surface com
ponent necessary for respiratory burst activation, but have one that is responsive 
to IgG-coated particles. In contrast, Harvath and Anderson (1979) described a 
2-year-old boy with recurrent bacterial infection whose PMNs failed to respond 
to opsonized particles. Respiratory burst activity after exposure to soluble stim
ulants such as PMA and sodium fluoride was normal, however. Such cases sug
gest that there may be individual mechanisms for initiating the respiratory burst 
that may become defective. 

Patients with Down's syndrome have been reported to have a variety of PMN 
abnormalities, including defects in attachment, chemotactic, and bactericidal ac
tivity (Rosner et al., 1973; Gregory et al., 1972). In general the bactericidal ca
pacity of the Down's syndrome patient's PMNs may be decreased, especially for 
Staphylococcus aureus. The depression is variable, however, and no specific 
metabolic defect has been defined to explain the abnormality. 

Defective bactericidal activity has also been reported in patients with severe 
infections and toxic granulations (McCall et al., 1971) and in patients with iso
lated defects in staphylococcal killing (Mandell, 1972; W. C. Davis et al., 1968). 
Stressed human neonates (Shigeoka et al., 1979; 1981; Mills et al., 1979; Wright 
et al., 1975) and patients with diabetes mellitus (Hill, 1979b) may also have 
decreased bactericidal activity and decreased metabolic responses. The reasons 
for these abnormalities are unclear; however, autooxidative damage to the PMN 
is one distinct possibility in both cases (Shigeoka, et al., 1981; Hill et aI., 1983). 
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VI. THERAPY OF PHAGOCYTE DISORDERS 

A. General Measures 

Management of patients with granulocyte disorders is often quite difficult, 
since no specific curative therapeutic regimens are known. It is essential, how
ever, that the functional and biochemical defect be defined as specifically as 
possible. Such information is critical to appropriate genetic counseling but, in 
addition, defming the exact defect has usually led to a better prognosis and 
improvement in the quality of life for most patients. If the underlying defect 
is known, the most likely type of infection can be induced and early more 
appropriate therapy instituted. Furthermore, invasive procedures such as sur
gery to drain an abscess or remove an infected lymph node can be limited in 
diseases such as CGD, in which healing is notoriously poor. 

B. Antimicrobial Therapy 

An aggressive approach to the diagnosis of the specific infectious agent is 
essential in these patients. Needle aspiration, biopsy, and other means of ob
taining infected tissue are indicated so that one can select the most appropriate 
antimicrobial agent. In addition to determining routine antibiotic sensitivities 
in order to select appropriate antimicrobial agents, one must also consider pene
tration of the drug into phagocytes, especially in microbicidal defects. Recent 
studies have suggested that a number of antibiotics, including clindamycin, 
sulfa, sulfamethoxazole/trimethoprim, and rifampin, actively concentrate (4-
40 X) in PMNs and reach levels cidal to organisms that are not commonly sen
sitive to these agents (Seger et al., 1981; GmUnder and Seger, 1981; Klempner 
and Styrt, 1981; Ezer and Soothill, 1974). In general, the duration of antimicro
bial therapy needs to be longer than in normal persons, since persistence and 
relapse is a common problem. 

C. Leukocyte, Blood, or Plasma Therapy 

Granulocyte transfusions have been employed in patients with CGD and 
deep-seated infection with some success (Raubitschek et ai., 1973). Blood, 
plasma, and granulocyte transfusions have also been successful in the treatment 
of overwhelming sepsis in stressed neonates (Hill, 1981b; Shigeoka et al., 1978; 
Christensen et al., 1982). Such therapy has not gained widespread use in adult 
patients, however, probably because it is quite difficult to supply sufficient 
numbers of PMNs by this technique (Strauss et al., 1981). 
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D. Prophylaxis 

Indiscriminate use of antibiotic prophylaxis is usually of no benefit. Specific 
prophylaxis when one particular agent such as staphylococci is usually involved, 
however, is often quite helpful (Philipp art et al., 1972). More recently, Johnston 
et al. (1975) suggested that sulfisoxazole may decrease infectious complications 
in CCD patients and augment the bactericidal activity of their PMNs. The change 
in killing was not great, however, so that the beneficial effect most likely results 
from the marked tendency of sulfisoxazole concentrate within phagocytes. 

Soderberg-Warner et al. (1983) have also suggested that trimethoprim sulfa 
prophylaxis is effective in patients with the hyperimmunoglobulinemia E syn
drome, but their study was limited to two patients with the disorder. 

E. Immunomodulation 

Ideal therapy of a granulocyte disorders would involve biochemical correc
tion of the basic underlying mechanism. A number of attempts have been made 
to do this, with some success. Chediak-Higashi syndrome patients have altered 
cyclic nucleotide metabolism within their phagocytes, which results in poor 
microtubule function, defective chemotaxis, decreased degranulation, and defec
tive bactericidal activity. Oliver and Zurier (1976) first showed that cholinergic 
agonist and cCMP could correct the microtubule defect in beige mice and in two 
patients with CHS. Subsequently, Boxer et al. (1976) indicated that ascorbic 
acid partially reversed abnormal cyclic nucleotide levels in the PMNs of a CHS 
patient and corrected the functional chemotactic and degranulation defects. 
CaBin et al. (1979), however, found that such therapy had no effect on the clin
ical course in two patients with the syndrome, despite improved in vitro func
tion of their PMNs. Weening et al. (1981) reported that ascorbate therapy did 
improve both the clinical course and functional phagocyte activity of a single 
patient with the syndrome. Thus, it seems at least worthwhile to attempt a 
trial of therapy with this agent in CHS. The one report of the development of 
an accelerated lymphomatous phase in a patient treated with ascorbate probably 
had nothing to do with the therapy (Saitoh et al., 1981). 

Ascorbate has also been employed in patients with the hyperimmunoglob
ulinemia E syndrome (Hill, 1979a), asthma (R. Anderson et aI., 1980), and 
CCD (R. Anderson, 1981; R. Anderson and Dittrich, 1979) with some success. 
Unfortunately, the natural course of the disease is so variable that it is quite 
difficult to tell whether therapy is beneficial. 

Boxer et al. (1979) have reported that vitamin E therapy improves PMN 
function in glutathione synthetase deficiency by protecting membrane compo
nents from toxin oxygen species. Hill et al. (1983) reported that such therapy 



380 Harry R. Hill 

also improved MN chemotactic responsiveness in diabetics. The use of scavengers 
of toxic oxygen species or enzymes such as catalase or superoxide dismutase 
may have great potential in the therapy of auto-oxidative disorders. 

Levamisole has been reported to improve chemotactic function of PMN and 
Mns and to alter cellular cyclic nucleotide levels (Hogan and Hill, 1978; R. 
Anderson et aI., 1976a; Wright et ai., 1977; Pike and Snyderman, 1976). Several 
investigators have reported a beneficial effect of this agent in patients with 
chemotactic defects with and without hyperimmunoglobulinemia E (Rebora 
et ai., 1980; Businco et ai., 1981). Recently, however, Donabedian et ai., (1982) 
indicated that levamisole is inferior to placebo in the treatment of the hyper
immunoglobulinemia E syndrome (Job's syndrome). The precise role for this 
agent in the therapy of granulocyte disorders remains in doubt, especially since 
it has been reported to cause granulocytopenia (Rosenthal et ai., 1976). 

If defective chemotactic function in the hyperimmunoglobulinemia E syn
drome is related to histamine stimulation of cAMP within PMNs, then a H2 
histamine blocking agent might have an effect in this disorder. In 1976 Hill 
et al. (1976a) reported that in vitro incubation of such patients cells with the 
H2 histamine blocking agent, burimamide, had an effect to increase chemo
tactic responsiveness. Mawhinney et ai. (1980) reported that in vivo therapy 
with cimetidine in a patient with the hyperimmunoglobulinemia E syndrome 
abolished the chemotactic defect and decreased the number of infectious com
plications. Obviously, many more such persons will have to be studied in a 
controlled fashion before any conclusions can be drawn about the potential 
efficacy of such agents. 

There are, of course, a number of additional immunomodulatory agents 
under investigation. These include muramyl dipeptide, poly A:U, and other 
agents that may someday find usefulness in the therapy of these disorders. 
Meantime, those of us who are interested in phagocytes will continue to probe 
for the underlying metabolic, biochemical, and genetic abnormalities that result 
in these devastating diseases. It is hoped that such studies will provide further 
insights into normal and abnormal host-defense mechanisms and cell biology, 
in general. 
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