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| Index term: Neutrophils

The polymorphonuclear leukocyte (PMN), or neutrophil, plays
a central role in the defense of the body against acute bacterial
infection. PMNs also migrate to sites of tissue necrosis and actively
participate in the early stages of repair. They may have tumoricidal
activity and thereby play a role in the immune surveillance which
is thought to be important in controlling neoplastic disease. Two
cases which illustrate defects in neutrophil motility and oxidative
metabolism are described. A number of intrinsic neutrophil defects
are reviewed.
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Polymorphonuclear leukocytes (PMNs) are produced in
the bone marrow and actively migrate first into the circu-
lation and finally into tissues or other body compartments.
At their site of action, they engage in a complex series of
physical and chemical processes, ultimately achieving bac-
terial sequestration and Kkilling, as well as engulfment and
digestion of cellular debris. Problems may arise at virtually
any step in the pathway of normal neutrophil function,'®
and the clinician should be aware of this, particularly when
confronted with a patient having recurrent bacterial infec-
tions.

In this paper, we review various aspects of normal neu-
trophil physiology, as well as a number of recognized
intrinsic neutrophil defects. The following cases illustrate
two different types of defects in neutrophil function.
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Table 1. Results of neutrophil chemotaxis assays

Units of migration (mean % S.D.)

Random (unstimulated) Stimulated migration

Neutrophil donor migration (chemotaxis)*
Patient 1 7.0+ 1.0 35.3+6.4
Patient 2 45*1.8 32.7+2.1
Normal controls (21) 17.5+ 3.0 426 5.8

(12-24)t (31-54)t

* N-formyl-methionyl-phenylalanine was used as a chemoattractant.
F Normal confidence interval.

Case reports

Case 1. A 37-year-old housewife was first seen at The
Cleveland Clinic Foundation on March 30, 1984, for eval-
uation of allergies and recurrent sinusitis for the previous
16 years. A Caldwell-Luc operation performed in 1983 had
been followed by the development of bronchial asthma.
Several other sinus drainage procedures were subsequently
performed. Cultures of sinus drainage had repeatedly grown
Pseudomonas and Staphylococcus aureus. On January 4, 1985,
she was referred to the clinical immunology section for

" immune evaluation because of recurrent infections. Her
medications at that time included prednisone (30 mg/day),
Theo-Dur (700 mg/day), Brethine (2.5 mg twice daily), and
entex (one, twice daily). She gave no history of recurrent
infections except in the sinuses.

On examination, her temperature was 37.2 °C. The
tonsils were noted to be surgically absent.. A few wheezes
were heard on auscultation of the chest. There was no
lymphadenopathy and there was no arthritis.

Laboratory studies disclosed the following values: com-
plete blood count with hemoglobin, 12.0 gm/dL; hemato-
crit, 37.0%; and white count, 4,000/mm?® with 74% neutro-
phils, 4% bands, 15% lymphocytes, 6% monocytes, 1%
eosinophils, and 436,000 platelets/mm®, Immunoglobulin
levels were as follows: IgM, 233 mg/dL; IgA, 282 mg/dL;
and IgG, 879 mg/dL. Lymphocyte transformation studies
to nonspecific mitogens revealed slight reductions of the
responses to phytohemagglutinin A (49,553; lower limit of
normal, 56,280) and concanavalin A (20,917; lower limit of
normal, 35,109), but a normal response to pokeweed mito-
gen (38,795; lower limit of normal, 11,245). Antibody re-
activity against tetanus was normal at 1:32 (normal, >1.8),
while antibody activity against diphtheria was borderline
detectable at 0.01 U/mL. Her blood was type O, Rh+;
anti-A was present at a titer of 1:16 and anti-B at a titer of
1:32. Total hemolytic complement was normal at 141 CH;o
U/mL (normal, 70 190).

Case 2. A 2l-yearold man from Colombia was
first seen at The Cleveland Clinic Foundation on November
12, 1984, with a six-year history of recurrent skin infections
primarily on the lower extremities. These had begun with
an infected mosquito bite on the left leg. Subsequently,
ulcerations over both lower extremities had: occurred pe-
riodically. Culture data were not available, but these lesions
responded .to intermittent treatment with penicillin. Aside

" from two episodes of blepharitis involving the left eye (the
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most recent being four to five months previously), no other
significant history of infections was noted. He had three
siblings, all of whom were healthy.

On physical examination, he appeared to be a healthy
young man in no distress. Examination of the skin revealed
widely distributed small pitted scars over both legs. No other
skin lesions were seen and there were no active ulcers. There
was no lymphadenopathy; the tonsils were surgically absent.
The tympanic membranes appeared normal. Examination
of the abdomen revealed a palpable spleen tip. No other
abnormalities were found.

Laboratory studies disclosed the following values: com-
plete blood count with hemoglobin, 15.2 g/dL; hematocrit,
44.3%; platelet count, 294,000/mm’; and white count of
6 700/mm with 42% segmented neutrophlls 2% band
neutrophils, 37% lymphocytes, 6% monocytes, 4% eosino-
phils, occasional basophils, and 9% atypical lymphocytes.
Many lymphocytes (62.8%) bore surface immunoglobulin
and were considered to be B cells. Immunoglobulin levels
were as follows: IgM, 144 mg/dL; IgA, 179 mg/dL; IgG,
1,190 mg/dL and IgE, 19.5 U/mL; all these values are
normal in our laboratory. His blood was type O, Rh+;
isohemagglutinin levels (anti-A and anti-B) were normal.
Total hemolytic complement was normal at 84 CH;o U/mL.
Bone marrow aspirate and biopsy were normocellular with
a mild decrease in megakaryocytes. Lymphocyte transfor-
mation to the mitogens, phytohemagglutinin, pokeweed
mitogen, and concanavalin A were all normal. Cultures of
bone marrow for mycobacteria, fungi, anaerobic, and aero-
bic bacteria were all negative. The chest radiograph was
normal. A radiograph of the sinuses showed mild increased
soft tissue density’ over both maxillary sinuses consistent
with minimal thickening of the mucoperiosteal membranes
secondary to sinusitis. No air fluid levels were demonstrated
and the remaining paranasal sinuses were normal.

Results of neutrophil activity profiles

Laboratory studies of PMN oxidative metabo-
lism and motility were carried out in both cases.
Capacity of PMNs to generate superoxide anion
was determined using an enzyme immunoassay
microplate reader in a modlﬁcatlon of a proce-
dure described previously.® Random migration
and chemotax1s were evaluated in agarose petri
dishes.” The synthetic peptide, N-formyl-meth-
ionyl-phenylalanine, was used as a chemoattrac-
tant.

In Case 1, the unstimulated nitroblue tetrazo-
lium reduction (NBT) test was normal with 4%

positive neutrophils. The neutrophil activity pro-

file showed a mild reduction of random migra-
tion (7 migration units; normal, 12-24) (Table 1)
and marked reduction of oxidative metabolism
(20.7 nanomoles superoxide anion/10° neutro-
phils; normal, 40-60) (Fig. 1). Stimulated migra-
tion (chemotaxis) was within the normal range
(35.3 units; normal, 31-54) (Table 1).

In Case 2, the unstimulated NBT test was
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normal with 20% positive neutrophils. The neu-
trophil activity profile revealed poor cell adher-
ence and markedly reduced random migration
of 4.5 migration units (Table I). Stimulated mi-
gration was normal at 32.7 chemotaxis units.
Oxidative metabolism was also normal at 48 na-
nomoles superoxide anion/10° neutrophils (Fig.
I).

Comment

The first patient (Case 1) showed impaired
oxidative metabolism with normal neutrophil
motility. This functional defect, which may im-
pair a person’s ability to resist infection, could
conceivably have been either of primary origin
or drug-induced, as this patient was on predni-
sone at the time of testing. The NBT test was
normal, however, this test is not quantitative and
is generally abnormal only when there is a total
absence of oxidative function, as in chronic gran-
ulomatous disease. The positivity of an NBT test
also indicates that phagocytosis is normal. The
condition seen in the first patient may have re-
sponded to vitamin C therapy. No follow-up data
are available for this patient.

The second patient (Case 2) demonstrated nor-
mal oxidative metabolism, but neutrophil adher-
ence and motility were impaired. This patient
had frequent infections and had been told that
he had a fatal disease, possibly chronic granu-
lomatous disease. Our studies clearly show that
his problem was of a less severe nature and in-
volved cellular motility rather than oxidative me-
tabolism. This is qualitatively the defect seen in
the lazy-leukocyte syndrome, although the pre-
cise molecular defect in that syndrome has not
been identified. Our patient’s condition differed
from the lazy-leukocyte syndrome in that he
showed normal numbers of circulating neutro-
phils rather than severe neutropenia. Although
no treatment is available for this patient’s condi-
tion at present, reassurance as to the mild nature
of the disease can be beneficial.

Review

Physiology of neutrophils

Random motility and chemotaxis. Neutrophils
are rapidly mobile cells, capable of moving
quickly from one body compartment to
another.® Although the exact mechanism of cell
movement is unclear, contractile proteins, includ-
ing actin and myosin, are undoubtedly of prime
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Fig. 1. Results of oxidative metabolism. Polymorphonuclear
leukocytes (PMNS) from patient 1 (open circles), patient 2 (open
triangles), and two normal individuals (closed circles and triangles),
were stimulated with phorbol myristate acetate and monitored for
superoxide anion production. Mean nanomoles superoxide anion
+2 §.D. accumulated after 120 minutes from PMNS of 10 normal
individuals are indicated by the closed square and brackets.

importance. Other more recently described
structural and regulatory proteins include actin-
binding protein, profilin, acumentin, and gelso-
lin.*'® Neutrophil movement occurs both ran-
domly as well as in response to chemotactic stim-
uli. Chemotactic agents include complement
cleavage products, lymphokines, leukotrienes,
bacteria-derived peptides, and proteins involved
in the kinin and coagulation pathway."' The man-
ner by which a neutrophil translates a gradient
of chemotactic activity into directed migration is
extremely complex and is thought to involve
binding of chemotactic agents by specific surface
receptors, rapid changes in the transmembrane
potential, changes in cyclic nucleotides, mobili-
zation of calcium stores, altered phospholipid
metabolism, and finally, reorganization of the
cytoskeletal proteins.9.10
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Fig. 2. Oxidative metabolism of the respiratory burst. Superoxide anion is the first reactant to be formed in the
respiratory burst (1) followed by hydrogen peroxide (2). Myeloperoxidase catalyzes the reaction of hydrogen peroxide
with chloride ion to form the bactericidal hypochlorous anion (3). Superoxide anion and hydrogen peroxide may interact
to form hydroxyl radical, hydroxyl anion, and singlet oxygen (4).

As neutrophils migrate under the influence of
chemotactic agents, they may encounter partic-
ulate cellular debris or bacterial organisms. The
. leading edge of the neutrophil consists of a rela-
tively organelle-free structure, variously de-
scribed as a pseudopod or lamellipod. When the
advancing cell process encounters a particle that
is recognized and can be ingested, the pseudopod
flows around the object as increasing numbers of
binding sites between the particle and receptors
on the PMN surface are formed. Binding sites
continue to form until the pseudopod fuses at the
distal pole of the particle, closing in a manner
that has been described as a “zipper-like” pro-
cess.!*?

Cytoplasmic granules. Migration to a site of
inflammation and interaction of the PMN with
opsonized particles set in motion the biochemical
machinery that partly resides in the neutrophil
granules. The neutrophil contains two types of
granules which are synthesized in a sequential
fashion during maturation of the cell in the bone
marrow. Primary or azurophilic granules are syn-
thesized during the mitotic phase of neutrophil
maturation. Secondary or specific granules are
produced during the postmitotic phase and quan-
titatively represent the predominant granule

type.'? Partial purification of neutrophil granules
by sucrose density gradient centrifugation follow-
ing cell disruption has provided the opportunity
to define the constituents of each type of gran-
ule.'*"'® The primary granules are similar to ly-
sosomes in that they contain a number of acid
hydrolases (including N-acetyl-beta-glucosamini-
dase, cathepsin B, cathepsin D, beta glucuroni-
dase, beta glycerophosphatase, and alpha man-
nosidase) and serine proteases (elastase, cathepsin
G, and collagenase). Myeloperoxidase is consid-
ered a marker enzyme for primary granules.
Lysozyme, another bactericidal enzyme, is con-
tained in both the primary and secondary gran-
ules. This enzyme can digest glycoprotein debris
within the cell and can also hydrolyze the muco-
polysaccharide portion of some bacterial cell
walls.!” In addition, the secondary granules con-
tain vitamin B-12 binding proteins, cytochrome
B, and a number of cationic proteins that can
bind to the negatively charged surfaces of gram-
negative bacteria and thereby inhibit bacterial
growth. It has recently been proposed that the
cationic proteins may act in a manner analogous
to the antibiotic polymyxin B.'®'® Finally, the
secondary granules contain all of the neutrophil’s
lactoferrin. This molecule chelates iron and may
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possess bacteriostatic activity by depriving the
microorganisms of a necessary nutrient for
growth. It has also been proposed that the lacto-
ferrin-iron complex may enhance hydroxyl radi-
cal formation from superoxide anion and hydro-
gen peroxide.?

Secretion of granule contents. The manner in
which the neutrophil granule components are
released to perform their antimicrobial and
digestive functions has been carefully studied
using a combination of ultrastructural and bio-
chemical methods. Some of the specific granules
are thought to fuse with the plasma membrane
and release their contents into the extracellular
environment.'” Neutrophils may therefore be
thought of as secretory, as well as phagocytic
cells, and may amplify and localize the inflam-
matory response through this secretory activity.
Fusion of specific granules with the plasma mem-
brane is also thought to achieve translocation of
cytochrome B from an intracellular pool to the
plasma membrane,”’ thereby completing the
electron transport system that is required for the
production of oxygen containing antibacterial
agents. The fusion of both types of granules with
phagocytic vacuoles has been carefully studied
using electron microscopy and cytochemis-
try.!#222 It appears that secondary granules re-
lease their contents into phagocytic vacuoles first,
allowing the constituents to act while the pH of
the vacuole is near neutral, or close to the optimal
pH range. Following a short lag phase, during
which the pH in the vacuole falls to about 4.0,
the primary granules discharge their contents
into what may then be considered a secondary
lysosome, in which enzymes with an optimal pH
in the acid range are able to carry out their
activities.

Microbicidal processes. Oxidative bactericidal
processes are perhaps the most potent weapons
employed by the neutrophil. The importance of
the oxygen-dependent bactericidal mechanisms
is emphasized first by the finding that microbial
killing is markedly reduced under anaerobic con-
ditions,*** and second, by the fact that inherited
defects in the oxidative machinery lead to im-
paired microbial killing by neutrophils and severe
recurrent infections in the affected patients.
Within seconds after phagocytic stimulation, oxy-
gen consumption by the neutrophil increases dra-
matically in what has been called a “respiratory
burst.”10.17.26.27 The basic reactions are summa-
rized in Figure 2. Reducing equivalents in the
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Table 2.

Granule defects
Myeloperoxidase deficiency
Lactoferrin deficiency
Chediak-Higashi syndrome

Intrinsic neutrophil defects

Metabolic disorders
Chronic graulomatous disease and related disorders
G-6-phosphate dehydrogenase deficiency

Motility disorders
Lazy-leukocyte syndrome
Neutrophil actin dysfunction
Hyperimmunoglobulin E syndromes
Transient chemotactic disorder of neonates
Other familial chemotactic defects

Miscellaneous disorders
Plasmalemma glycoprotein deficiencies
Juvenile periodontitis

form NADPH are provided by the hexose-mon-
ophosphate shunt pathway. Glucose-6-phosphate
dehydrogenase is of prime importance in this
metabolic pathway. A membrane-associated
NADPH oxidase complex, which is thought to
contain a flavoprotein subunit as well as cyto-
chrome B, catalyzes the formation of superoxide
anion from molecular oxygen. Superoxide dis-
mutase then catalyzes the formation of hydrogen
peroxide which itself can combine with superox-
ide to form hydroxyl radicals and singlet oxygen.
Finally, myeloperoxidase can use the hydrogen
peroxide to produce highly reactive halide-con-
taining species such as hypochlorite. These var-
ious oxygen-containing species are highly reac-
tive and thought to possess potent bactericidal
activity.?®

Neutrophil dysfunction

Extrinsic factors. Disorders of neutrophil
function can be separated generally into those
secondary to extrinsic factors and those appar-
ently related to intrinsic cell defects. Extrinsic
factors which can cause neutrophil dysfunction
include ethanol®* and other pharmacologic
agents,>®®  hemodialysis,”> and extensive
burns.3??3 In addition, bone marrow involvement
by neoplastic diseases can severely restrict the
quantitative response of neutrophils to microbial
invasion. Also included in this broad category are
neutrophil dysfunctions related to systemic dis-
eases such as diabetes mellitus,®* sarcoidosis,*®

Downloaded from www.ccjm.org on August 19, 2025. For personal use only. All other uses require permission.


http://www.ccjm.org/

304  Cleveland Clinic Quarterly

cirrhotic liver disease,® uremia,®' and Hodgkin’s
disease.> ,

Imtrinsic defects. Intrinsic neutrophil defects
may primarily affect either cell migration or met-
abolic responses. In some cases, multiple defects
involving both functional categories are evident.
Table 2 outlines some of the various intrinsic
functional disorders of neutrophils.

In a small group of patients with abnormal
chemotaxis, phagocytosis, and cell adhesion, bio-
chemical analysis has revealed either decreased
or absent expression of glycoproteins recognized
by monoclonal antibodies. These glycoproteins
have been designated Mol and LFA-1.>"-%

Recent studies have demonstrated that LFA-1.

and Mol are important in the adhesion of neu-
trophils to endothelial cells and in the phagocy-
tosis of opsonized particles. Mol may also func-
tion as a complement receptor and may therefore
participate in the early steps of cell activation.
Patients with deficiencies of these glycoproteins
suffer from recurrent pyogenic infections, which
may become apparent in the first few weeks of
life. In those patients with severe disease, death
may occur at less than five years of age.

Patients with localized juvenile periodontitis
may represent another group with deficient cell
surface proteins.*® This disease is characterized
by unusually severe periodontal disease with an
early onset that is usually restricted to the area
of the first molars and incisors. It is a rare disor-
der and has a tendency to cluster in families.
Recent biochemical studies have demonstrated
decreased numbers of receptors for both N-for-
myl-methionyl-leucyl-phenylalanine, a structural
analog of a number of bacterial chemotactic
agents, and for Cba. As might be predicted, these
patients have significantly reduced chemotaxis.

Another well-defined biochemical deficiency is
the partial or complete absence of neutrophil
myeloperoxidase. This disorder is not as uncom-

mon as once thought and may in fact represent

"one of the most common intrinsic neutrophil
disorders. In a large study involving the screen-
ing of 60,000 patients, 28 were found to be
myeloperoxidase deficient, with approximately
one half of those having a complete loss of neu-
trophil myeloperoxidase activity.*' Only two pa-
tients in that study had a history of persistent or
severe infections. One patient died with Candida
pneumonia and the second had persistent Bacte-
roides fragilis bacteremia. In contrast, most of the
myeloperoxidase deficient patients were free of
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infectious symptomatology. Candida seems to be
a frequent cause of infection in those myelope-
roxidase-deficient patients that have infections,
particularly when their deficiency is complicated
by diabetes mellitus. In vitro studies have dem-
onstrated that killing of Candida albicans by neu-
trophils from patients with complete myeloperox-
idase deficiency averages less than 10% of control
values. >
Chronic granulomatous disease, another ge-
netically inherited disorder, may represent a het-
erogeneous group of molecular defects that share
in common a significantly decreased respiratory
burst following phagocytosis.** Patients with
chronic granulomatous disease usually present in
infancy and suffer particularly from infection by
catalase-positive microorganisms. Staphylococcus
aureus is the most frequent pathogen, and pa-
tients frequently present with suppurative lymph-
adenopathy, hepatosplenomegaly secondary to
abscesses, pneumonia, and a variety of dermato-
logic infections including impetigo and subcuta-
neous abscesses.*”** In some patients, there is
deficient neutrophil membrane depolarization,’
suggesting a defect in the early steps of stimulus-
response coupling by neutrophils. Some patients
with a chronic granulomatous disease-like illness
have complete glucose-6-phosphate dehydrogen-
ase deficiency,’ resulting in a marked decrease in
NADPH generation, thereby causing low activity
of the surface oxidase complex. Other forms of
the disease are characterized by specific abnor-
malities of the surface oxidase itself. In some,
there is a decreased affinity of the oxidase for
NADPH,* and in others, the cytochrome b com-
ponent is lacking.** The heterogeneous molecu-
lar defects in chronic granulomatous disease help
to explain the variable inheritance pattern. The
most frequent form of the disease is X linked and
therefore primarily affects males, but an autoso-
mal recessive pattern has also been reported.*®
Boxer et al*6 described an infant with uncon-
trolled chronic Pseudomonas infection, elevated
neutrophil counts, and normal oxidative metab-

-olism. There was, however, abnormal neutrophil

migration and markedly decreased phagocytosis
of opsonized particles. Biochemical analysis
showed altered polymerization of the microfila-
ment protein, actin. Ultrastructural examination
of the patient’s neutrophils revealed fewer micro-
filament-rich pseudopodia than normal. This de-
fect has not been reported in other patients;
however, the case does serve to emphasize the
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important role of actin in the motile functions of
neutrophils.

Another defect in neutrophil migration has
been called the lazy-leukocyte syndrome. The
syndrome is rare, with less than 10 cases reported
in the English literature to date.*”~>° It was first
described in 1971 in two children with recurrent
stomatitis, otitis, gingivitis, and severe peripheral
neutropenia.*’” In contrast to the peripheral
blood, the bone marrow contained adequate
numbers of neutrophils and neutrophil precur-
sors, with normal neutrophil maturation. How-
ever, piromen, a bacterial product that normally
stimulates emigration of neutrophils from the
bone marrow, failed to cause an increase in the
peripheral neutrophil count in the involved pa-
tients. In vitro studies revealed decreased che-
motaxis and random migration with normal
phagocytosis and bactericidal activity. This dis-
order is clinically mild. Infections tend not to be
severe and the affected children grow and de-
velop normally. The molecular basis of the neu-
trophil defect in the lazy-leukocyte syndrome is
uncertain. Some investigators have proposed that
the defect may somehow involve the interaction
between microtubules and the cell surface.*®

The Chediak-Higashi syndrome is quite rare
and has an autosomal recessive mode of inheri-
tance. Patients present with oculocutaneous pig-
mentary dilution, photophobia, and increased
susceptibility to infections, most. commonly
caused by Staphylococcus aureus.”'>* Diagnosis is
based largely on the presence of large, lysosome-
like, cytoplasmic inclusions in both neutrophils
and lymphocytes, as well as in various tissue
cells.51-53 The patients usually progress to an
accelerated lymphoma-like phase, characterized
by generalized lymphohistiocytic infiltrates pro-
ducing hepatosplenomegaly and lymphadenop-
athy accompanied by pancytopenmia and fever.
Laboratory studies of neutrophil function reveal
defective degranulation, impaired chemotaxis,
and reduced bactericidal activity. The exact basis
of the neutrophil defect in the Chediak-Higashi
syndrome has yet to be satisfactorily defined.

References

1. Boxer GJ, Curnutte JT, Boxer LA. Disorders of polymor-

phonuclear leukocyte function. Hosp Pract 1985; 20(4):129-
138.

10.

11.

12.

13.

14.

15..

16.

17.

18.

19.

20.

21.

22.

23.

Cleveland Clinic Quarterly 305

Smolen JE, Boxer LA. Disorders of stimulus-response cou-
pling in neutrophils. Clin Lab Med 1983; 3:779-800.
Johnston RB.  Defects of neutrophil function. N Engl ] Med
1982;307:434-436.

Gallin JI. Abnormal phagocyte chemotaxis: pathophysiol-
ogy, clinical manifestations, and management of patients. Rev
Infect Dis 1981;3:1196-1220.

Gallin JI, Wright DG, Malech HL, Davis JM, Klempner MS,
Kirkpatrick CH. Disorders of phagocyte chemotaxis. Ann
Int Med 1980;92:520-538.

Pick E, Mizel D. Rapid microassays for the measurement of
superoxide and hydrogen peroxide production by macro-
phages in culture using an automatic enzyme immunoassay
reader. | Immunol Methods 1981;46:211-226.

Nelson R, McCormack R, Fiegel V. Chemotaxis of human
leukocytes under agarose. {In] Gallin ], Quie P, eds. Leukocyte
Chemotaxis. New York, Raven Press, 1978, pp 25-42.

Senn HJ, Jungi WF. Neutrophil migration in health and
disease. Sem Hematol 1975;12:27-45.

Snyderman R, Goetzl EJ. Molecular and cellular mechanisms
of leukocyte chemotaxis. Science 1981;213:830-837.

Boxer GJ, Curnutte JT, Boxer LA. Polymorphonuclear leu-
kocyte function. Hosp Pract 1985;20(3):69-90.

Keller HU, Hess MW, Cottier H. Physiology of chemotaxis
and random motility. Sem Hematol 1975;12:47-57.

Bainton DF. Sequential degranulation of the two types of
polymorphonuclear leukocyte granules during phagocytosis
of microorganisms. J Cell Biol 1973;58:249-264.

Bainton DF. Differentiation of human neutrophilic granu-
locytes: normal and abnormal. [In] Greenwalt T], Jamieson
GA, eds. The Granulocyte: Function and Clinical Utilization.
Vol 13 of Progress in Clinical and Biological Research. New
York, Alan R. Liss, 1977, pp 1-27.

Baggiolini M, Hirsch JG, De Duve C. Resolution of granules
from rabbit heterophil leukocytes into distinct populations by
zonal sedimentation. J Cell Biol 1969;40:529-541.

West BC, Rosenthal AS, Gelb NA, Kimball HR. Separation
and characterization of human neutrophil granules. Am J
Pathol 1977;77:41-66.

Spitznagel JK, Dalldort FG, Leffell MS, et al. Character of
azurophil and specific granules purified from human poly-
morphonuclear leukocytes. Lab Invest 1984;30:774-785.
Strominger JL, Ghuysen J-M. Mechanisms of enzymatic bac-
teriolysis. Science 1967;156:213-221.

Spitznagel JK, Shafer WM. Neutrophil killing of bacteria by
oxygen-independent mechanisms: a historical summary. Rev
Infect Dis 1985;7:398-403.

Shafer WM, Casey SG, Spitznagel JK. Lipid A and resistance
of Salmonella typhimurium to antimicrobial granule proteins
of human neutrophil granulocytes. Infect Immun
1984;43:834-838.

Ambruso DR, Johnston RB Jr. Lactoferrin enhances hy-
droxyl radical production by human neutrophils, neutrophil
particulate fractions, and an enzymatic generating system. |
Clin Invest 1981;67:352-360.

Borregaard N, Heiple JM, Simons ER, Clark
RA. Subcellular localization of the b-cytochrome component
of the human neutrophil microbicidal oxidase: translocation
during activation. J Cell Biol 1983;97:52-61.

Jensen MS, Bainton DF. Temporal changes of pH of phag-
ocytic vacuoles of neutrophilic polymorphonuclear leukocytes
(PMN). Presented at the Eleventh Annual Meeting of the
American Society for Cell Biology, New Orleans, 1971.
Jensen MS, Bainton DF.  Temporal changes in pH within the

Downloaded from www.ccjm.org on August 19, 2025. For personal use only. All other uses require permission.


http://www.ccjm.org/

306

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Cleveland Clinic Quarterly

phagocytic vacuole of the polymorphonuclear neutrophilic
leukocyte. J Cell Biol 1973;56:379-388.

Mandell GL. Bactericidal activity of aerobic and anaerobic
polymorphonuclear neutrophils. Infect Immum 1974;9:337-
341.

Lehrer RI. Functional aspects of a second mechanism of
candidacidal activity by human neutrophils. J Clin Invest
1972:51:2566-2572.

Babior BM. The respiratory burst of phagocytes. J Clin
Invest 1984;73:599-601.

Badwey JA, Karnovsky ML. Active oxygen species and the
functions of phagocytic leukocytes. Annu Rev Biochem
1980;49:695-726.

Klebanoff S]. Oxygen metabolism and the toxic properties
of phagocytes. Ann Intern Med 1980;93:480-489.

Brayton RG, Stokes P, Louria DB. Polymorphonuclear leu-
kocyte mobilization in man. Clin Res 1964;12:221.

Miller ME. Pathology of chemotaxis and random mobility.
Semin Hematol 1975;12:59-82.

Henderson LW, Miller ME, Hamilton RW, Norman
ME. Hemodialysis leukopenia and polymorph random mo-
bility—a possible correlation. J Lab Clin Med 1975;85:191-
197.

Heck EL, Browne L, Curreri PW, Baxter CR. Evaluation of
leukocyte function in burned individuals by in vitro oxygen
consumption. | Trauma 1975;15:486-489.

Fikrig SM, Karl SC, Suntharalingam K. Neutrophil chemo-
taxis in patients with burns. Ann Surg 1977;186:746-748.
Miller ME, Baker L. Leukocyte functionsin juvenile diabetes
mellitus: humoral and cellular aspects. J Pediatr 1972;81:979-
982.

Maderazo EG, Ward PA, Woronick CL, Kubik J, DeGraff
AC. Leukotactic dysfunction in sarcoidosis. Ann Intern Med
1976;84:414-419.

Ward PA, Berenberg JL. Defective regulation of inflamma-
tory mediators in Hodgkin’s disease. N Engl ] Med
1974;290:76-80.

Arnaout MA, Dana N, Pitt J, Todd RF III. Deficiency of
two human leukocyte surface membrane glycoproteins (Mol
and LFA-1). Fed Proc 1985;44:2664-2670.

Springer TA. The LFA-1, Mac-1 glycoprotein family and its
deficiency in an inherited disease. Fed Proc 1985;44:2660-
2663.

Anderson DC, Schmalstieg FC, Shearer W, etal. Leukocyte
LFA-1, OKM]1, p150,95 deficiency syndrome: functional and
biosynthetic studies of three kindreds. Fed Proc
1985;44:2671-2677.

VanDyke TE. Role of the neutrophil in oral disease: receptor

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Vol. 53, No. 3

deficiency in leukocytes from patients with juvenile periodon-
titis. Rev Infect Dis 1985;7:419-425. .

Parry MF, Root RK, Metcalf JA, Delaney KK, Kaplow LS,
Richar W]. Myeloperoxidase deficiency: prevalence and
clinical significance. Ann Intern Med 1981;95:293-301.
Gallin JI, Buescher ES, Seligmann BE, Nath J, Gaither T,
Katz P. Recent advances in chronic granulomatous disease.
Ann Intern Med 1983;99:657-674. -

Johnston RB, Newman SL. Chronic granulomatous disease.
Pediatr Clin N Am 1977;24:365-376.

Horn DC, Lehrer RI. NADPH oxidase deficiency in X-
linked chronic granulomatous disease. ] Clin Invest
1975;55:707-713.

Segal AW, Cross AR, Garcia RC, et al. Absence of cyto-
chrome bgqs in chronic granulomatous disease: a multicenter
European evaluation of its incidence and relevance. N Engl |
Med 1983;308:245-251.

Boxer LA, Hedley-Whyte ET, Stossel TP. Neutrophil actin
dysfunction and abnormal neutrophil behavior. N Engl ] Med
1974;291:1093-1099.

Miller ME, Oski FA, Harris MB. Lazy-leukocyte syndrome:
a new disorder of neutrophil function. Lancet 1971;1:665-
669.

Constantopoulos A, Karpathios T, Nicolaidou P, Maounis F,
Matsaniotis N. Lazy-leukocyte syndrome: a case report. |
Pediatr 1975;87:945-946.

Pinkerton PH, Robinson JB, Senn JS. Lazy leukocyte syn-
drome—disorder of the granulocyte membrane? J Clin Pathol
1978;31:300-308.

Goldman JM, Foroozanfar N, Gazzard BG, Hobbs JR. Lazy
leukocyte syndrome. ] R Soc Med 1984;77:140~141.

Blume RS, Wolff S. The Chediak-Higashi syndrome: studies
in four patients and a review of the literature. Medicine
1972;51:247-280.

Valenzuela R, Morningstar WA. The ocular pigmentary dis-
turbance of human Chédiak-Higashi syndrome: a comparative
light- and electron-microscopic study and review of the liter-
ature. Am J Clin Pathol 1981;75:591-596.

Spicer S8, Sato A, Vincent R, Eguchi M, Poon KC. Lysosome
enlargement in the Chediak-Higashi syndrome. Fed Proc
1981;40:1451-1455.

William Katzin, M.D., Ph.D.
Department of Anatomic Pathology
The Cleveland Clinic Foundation
9500 Euclid Ave.

Cleveland, OH 44106

Downloaded from www.ccjm.org on August 19, 2025. For personal use only. All other uses require permission.


http://www.ccjm.org/

