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ABSTRACT. Generation of oxygen metabolites is an im-
portant component of the neutrophil’s armamentarium
against microbes. Production of superoxide anion (O3) and
generation of hydroxyl radical ((OH) were measured in
neutrophils from cord blood of 12 vaginally delivered, term
newborn infants and 12 adults after stimulation with phor-
bol myristate acetate (PMA) and opsonized zymosan. With
either stimulus, generation of ‘OH was relatively less than
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production of O3 for all infants studied. This discrepancy
might be related to abnormal release or diminished cell
content of a cofactor necessary for production of ‘OH from
O3. Since both lactoferrin (LF) found in specific granules
and myeloperoxidase (MPO) found in azurophilic granules
have been shown to enhance "OH generation, we compared
degranulation of both granule types in response to PMA
and opsonized zymosan and total neutrophil content of
MPO, LF, and lysozyme in cord blood and adult neutro-
phils. Degranulation, even after pretreatment with cyto-
chalasin B, was the same for newborn and adult neutro-
phils. Content of MPO was identical (adult, 204 * 24 4
units, mean * SEM, n = 9; newborn, 201 % 21, n = 9) but
lysozyme was mildly diminished (adults, 111 * 10 A units;



CORD BLOOD NEUTROPHIL METABOLISM

newborn, 89 £ 6, n = 9, p < 0.05), and lactoferrin was
moderately decreased (adult, 89.0 * 7.3 ug/mg cell protein,
n=11; newborn, 43.2 7.0, n = 11, p < 0.005). Generation
of "OH in response to PMA and LF content were measured
in seven cord blood-adult control pairs. Both LF and ‘OH
generation were diminished in newborn cells and there was
a direct relationship between ‘OH generation and LF con-
tent. Electron microscopic studies of newborn neutrophils
demonstrated evidence of degranulation and loss of specific
granules. These deficits may be related to defective bacte-
ricidal activity exhibited by neutrophils from neonates.
Activation of neutrophils during parturition may be the
cause of the decrease in specific granules and the dimin-
ished LF content. (Pediatr Res 18:1148-1153, 1984)

Abbreviations

PMA, phorbol myristate acetate
MPO, myeloperoxidase

PBS, phosphate-buffered saline
LF, lactoferrin

In spite of modern antibiotic therapy, morbidity and mortality
associated with bacterial infections remain high during the new-
born period. Specific abnormalities in several components of the
immune system in newborns have been identified, including
diminished adherence, chemotaxis, and microbicidal activity of
neutrophils (1, 23, 24). Oxygen metabolism is an important
component of neutrophil microbicidal activity (6). Previous stud-
ies have demonstrated abnormalities in activation of the hexose
monophosphate shunt, reduction of nitroblue tetrazolium dye
and chemiluminescence of neutrophils from newborn infants
(24, 26, 39, 41); and we have previously reported preliminary
data suggesting that although neutrophils have the capacity to
activate the respiratory burst, subsequent production of hydroxyl
radical (' OH), a particularly potent oxygen metabolite, is defec-
tive (3). In the present study, we explored more carefully the
defect in generation of toxic oxygen metabolites by newborn
neutrophils and its relationship to degranulation and content of
granule proteins.

MATERIALS AND METHODS

Reagents. The following reagents were purchased commer-
cially: superoxide dismutase, cytochrome ¢, thiourea, a-keto-y-
methiolbutyric acid, Coomassie blue, Micrococcus lysodeiketi-
cus, o-dianisidine, and Triton X-100 (Sigma Chemical Co., St.
Louis, MO); zymosan (ICN Pharmaceuticals, Inc., Cleveland,
OH); (Consolidated Midland Corp., Brewster, NY); immuno-
globulin fraction of rabbit antihuman lactoferrin and fluorescein-
conjugated goat antirabbit immunoglobulin (Calbiochem-Behr-
ing, La Jolla, CA); IgG fraction of rabbit antihuman lactoferrin
(U.S. Biochemical Corp., Cleveland, OH); and agarose (Seap-
laque, FMC Corp., Marine Colloids Division, Rockland, ME).

Isolation of Neutrophils. Cord blood was obtained from the
placenta immediately after delivery and anticoagulated with 5-
10 units/ml heparin. For control studies, a blood sample simi-
larly anticoagulated was drawn from a normal adult within a few
minutes of procuring cord blood and run in parallel with the
newborn sample. The gestational age of the newborns was 37 to
41 wk, and all were products of uncomplicated pregnancies,
normal labors, and vaginal deliveries. No postnatal complica-
tions occurred and all Apgar scores at 1 and 5 min were <8.
General anesthesia or intravenous analgesia were not used in
any of the deliveries.

Separation of neutrophils from whole blood was achieved with
dextran sedimentation, centrifugation through Ficoll-Hypaque,
and hypotonic lysis, as previously described (4). Cells from adult
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and cord blood isolated by this technique were 95-99% neutro-
phils, and >98% were viable as determined by trypan blue
exclusion. Differential counts were performed on Wright’s
stained smears of cord blood and adult samples. There were no
gross morphologic differences between cord blood and adult
neutrophils. Although cord blood samples tended to have more
immature cells on smear (adult band forms: mean, 3%, range,
0-8%; metamyelocytes, 0%: cord blood band forms: mean, 4%,
range, 0-11%; metamyelocytes, mean, 0.3%, range, 0-2%), these
results could not account for the differences seen in subsequent
assays.

Assays of oxygen metabolite generation. Production of super-
oxide anion (O3) was measured in resting and activated cells as
superoxide dismutase-inhibitable reduction of cytochrome c, as
previously described (16). Generation of hydroxyl radical (' OH)
in resting and stimulated neutrophils was measured by its inter-
action with a-keto-y-methiolbutyric acid to form ethylene, which
was quantitated by gas chromatography (8, 9). Stimuli for opti-
mal Oz and "OH generation as previously described (4, 16) were
opsonized zymosan (1 mg/2.5 X 10° cells) and PMA (50 ng/ml).

Assay of degranulation. Exocytosis of MPO and lysozyme was
quantitated by standard techniques (7). Opsonized zymosan (0.4
or 1 mg/ml), PMA (50 ng/ml), or buffer was added to 4 x 10°
neutrophils in Krebs-Ringer phosphate buffer with 0.2% dextrose
(KRP-D buffer) and 0.25% bovine serum albumin in a total
volume of 1 ml. After incubation at 37° C for 60 min, the
reaction tubes were centrifuged at 100 X g, and the supernatant
was removed and assayed for MPO by oxidation of o-dianisidine
(7) and lysozyme by lysis of M. lysodeiketicus (7). Total content
of these enzymes was measured in unincubated cells resuspended
in buffer with 0.1% Triton X-100 and was expressed as 4 units
(AA/4 x 10° cells/min X 10°). Assays were performed in dupli-
cate for each stimulus, and the amount of protein released after
stimulation was calculated as percentage of total cell content. In
some experiments, the neutrophils were pretreated with cyto-
chalasin B, 5 ng/ml, for 5 min at 37° C before the stimuli were
added.

Measurement of lactoferrin. LF content of the neutrophil
fractions was determined by a modification of the rocket electro-
phoresis method of Laurell (21). Rabbit antihuman lactoferrin
(60 ul) was mixed with 10 ml of 1% agarose, and 5 ml of the
mixture was transferred to a 75 X 50 mm glass slide. Eight to 10
wells were cut into each slide. Samples or LF standards (5 ul)
were added to the wells, and the slides were placed in an electro-
phoresis chamber with barbital buffer, pH 8.6. Current (15 mA/
slide) was applied to the chamber for 4 h to produce migration
to the anode. The slides were then placed in PBS, pH 7.4, for 2
h, rinsed once with distilled water, dried, and stained with
Coomassie blue. The area under the rockets was determined by
multiplying the height by the width of the rocket at half the
height (42). The concentrations were determined by comparisons
with standards of human milk LF run on each slide. Total protein
content of neutrophils was measured by the technique of Lowry
et al. (22), and LF levels were expressed as pg lactoferrin/mg
total cell protein.

LF content of intact cells was also evaluated using a fluorescent
technique. Smears of peripheral blood were fixed in absolute
methanol at —20° C for 20 min. The slides were then placed in
PBS with 0.1% sodium azide and stored at 4° C until stained.
Just before staining, all but a 1 X 2 cm area of the peripheral
blood smear was removed from the slide with a cotton swab. To
this area, 25 pl of the IgG fraction of rabbit antihuman lactoferrin
was added, and the slides were incubated at room temperature
for 20 min. After washing the smears with two changes of PBS,
25 ul of fluorescein-conjugated goat antirabbit immunoglobulin
was added and allowed to incubate for 20 min. Excess goat
immunoglobulin was washed away with PBS and the smears
were observed under an immunofluorescence microscope. Fifty
to 100 neutrophils were observed on each smear.

Electron microscopy. Fifteen to 30 ml of heparinized blood
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was collected from normal volunteers or placentas as noted above
and leukocytes were separated by dextran sedimentation. After
centrifugation, the leukocyte pellet was washed once with KRP-
D buffer, resuspended to a 1-ml volume, and then mixed with
an equal volume of 3% glutaraldehyde in 0.2 M cacodylate
buffer, pH 7.3. After a second centrifugation at 900 X g, the
leukocytes were resuspended in 1.5% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.3, fixed at room temperature for 1 h,
and stored at 4° C overnight before processing. Following a
cacodylate buffer wash, the cells were postfixed with 1% osmium
tetroxide in 0.1 M cacodylate buffer, pH 7.3 for 30 min, centri-
fuged, and rinsed with 30% alcohol. After another centrifugation,
the leukocytes were treated en bloc with 3.0% aqueous uranyl
acetate for 15 min and washed with distilled water. The cells
were then mixed in agarose, rapidly dehydrated in graded alco-
hols, cleared in propylene oxide, and infiltrated and embedded
with Embed 812/Analdite 502 epoxy resin. Blocks were cured at
60° C for 16 h and repolymerized at 95° C for 3 h. Thick and
thin sections were cut with an LKB Nova microtome, and grids
were examined with a Phillips 400T electron microscope at an
accelerating voltage of 60 kV.

For each sample obtained from a newborn or adult control,
11 sections, each from a different neutrophil, were examined at
a magnification of 12,000. For each section, granules were iden-
tified as either azurophilic or specific based on density. Because
of loss of some or all of the material contained within them,
some granules appeared as partially or completely empty sacs.
These could not be counted in one of the two granule classes
and were noted as undetermined. For each section, the number
of granules of each type (azurophilic, specific, or undetermined)
were counted (total granules classified per section, 85 to 300)
and expressed as percentage of total granules; and means for
each sample were calculated from results of 11 sections.

RESULTS

The extent of release of Oz and "OH by neutrophils from cord
blood of 12 vaginally delivered, term newborn infants, in com-
parison to release by neutrophils from paired adult controls, is
summarized in Figure 1. Although production of O7 by newborn
neutrophils after stimulation with PMA was similar to that of
adult cells (mean = 107%), generation of ‘OH was decreased
(mean = 53%), and this difference was highly significant (p <
0.005, paired ¢ test). A similar discrepancy was seen when opson-
ized zymosan was used as a stimulus. Generation of O3 with this
stimulus was increased (127% of adult control), but the ‘OH
production was decreased (90%), p < 0.005. Thus, for all infants
studied, with either stimulus, generation of ‘OH was relatively
less than O3 production.

These results might be explained by a deficiency of a cofactor
necessary for the production of “OH by neutrophils. Two granule
proteins have been shown to enhance "“OH production, LF found
in specific granules (4), and MPO found -in the azurophilic
granules (19). The inefficient production of "‘OH by newborn
neutrophils might be explained by an abnormal release of granule
proteins into the phagocytic vacuole after plasma membrane
stimulation, a decreased number of azurophilic or specific gran-
ules, or decreased content of myeloperoxidase or lactoferrin in
the granules.

To explore these possibilities, we compared exocytsis of gran-
ule-associated proteins and total content of these proteins in
neutrophils from newborns and normal adults. Exocytosis of
MPO and lysozyme after stimulation of the cells with PMA or
two different concentrations of opsonized zymosan is summa-
rized in Figure 2. Results are shown in the absence and presence
of cytochalasin B, which disorganizes microfilaments and per-
mits maximal degranulation (14). With PMA or zymosan alone,
newborn neutrophils released similar amounts of MPO and
lysozyme to those of adult neutrophils. After pretreatment with
cytochalasin B and stimulation with PMA or zymosan, newborn
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Fig. 1. Superoxide anion (O7) and hydroxyl radical ({OH) production
by neutrophils from cord blood after stimulation with PMA and opson-
ized zymosan. Oxygen metabolites by cord blood neutrophils are repre-
sented as percentage of simultaneously tested neutrophils from adults.
Each point represents the mean of triplicate assays performed as described
in “Materials and Methods.” The bars represent the mean for the grpoup
noted in that column. Absolute values for Oz production were: newborn
resting, 1.8 + 0.6 nmol/2.5 x 0° cells/10 min (numbers represent +
SEM, n = 12), after stimulation with opsonized zymosan 35.9 + 4.8, and
91.5 % 1.6 with PMA; adult resting, 1.5 + 0.4, 28.6 + 3.1 with opsonized
zymosan, and 88.2 = 2.8 with PMA. Absolute values for ‘OH generation
were: newborn resting, 35.8 + 8.8 pmol/2.5 X 10° cells/60 min, opsonized
zymosan 267.0 £ 59.6, and PMA 438.1 * 82.0; adult resting, 30.9 + 7.2,
opsonized zymosan 300.5 + 57.6, and PMA 840.3 + 116.8.

neutrophils released slightly, but not significantly, increased
amounts of MPO and there was no significant difference in
lysozyme release. Thus, the process of degranulation appeared
to be equivalent in neutrophils from adults and newborns.

To explore the possibility that the abnormality in "OH pro-
duction in newborn neutrophils was related to content of granule-
associated proteins, total content of MPO, lysozyme, and LF
were quantitated in cord blood and adult cells, and the results
are presented in Table 1. The content of MPO, the primary
constituent of azurophilic granules, was similar for both newborn
and adult samples. In contrast, lysozyme, contained in both
specific and azurophilic granules, was mildly but significantly
decreased; and LF, the primary constituent of specific granules,
was reduced in newborn neutrophils to a level less than half that
of adult cells. These data are consistent with a decrease in specific
granules or their contents in newborn neutrophils.

To determine whether the results represented a uniform de-
crease in LF or specific granules (or both) in all cells and not
complete depletion in a subpopulation of cells, methanol-fixed
peripheral blood smears from nine newborn and adult subjects
were examined with an immunofluorescence technique for LF.
With this technique, neutrophils demonstrated diffuse, punctate,
cytoplasmic fluorescence. When the IgG fraction of rabbit anti-
lactoferrin was omitted and smears were incubated only with
fluorescein-conjugated goat antirabbit immunoglobulin, no flu-
orescence was noted in neutrophils. No fluorescence was seen in
normal platelets, erythrocytes, monocytes, or lymphocytes. Al-
though the fluorescence appeared decreased in newborn neutro-
phils compared to that in adult cells, the distribution was uniform
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Fig. 2. Exocytosis of myeloperoxidase and lysozyme after stimulation
with PMA and two concentrations of opsonized zymosan, ZC-1 = 0.4
mg/ml and AC-2 = 1 mg/ml. The bars and brackets represent the mean
and SEM of duplicate assays performed on neutrophils from nine cord
blood samples (hatched bars) and nine simultaneously tested adults (open
bars) as outlined in “Materials and Methods.”

Table 1. Total content of granule-associated proteins*

Protein Adult Newborn

Myeloperoxidase 204 £24(9) 201 +21(9)
(A units)}

Lysozyme 111 £10(9) 89 + 61 (9)
(4 units)}

Lactoferrin (ug/mg total protein) 89.0 = 7.3 (11) 43.2 £ 7.0§ (11)

* Numbers represent mean + SEM with the numbers of subjects
studied in parentheses.

t A units, AA4/4 X 10° cells/min X 10°.

¥ Significant difference between newborn and adult neutrophils, p <
0.05 by paired ¢ test.

§ Significant difference between newborn and adult neutrophils, p <
0.005 by paired ¢ test.

from cell to cell, excluding the existence of different populations
of cells with varying concentrations of LF.

In order to explore the relationship between “OH production
in response to PMA and total LF content, we measured these
variables in neutrophils from seven cord blood samples and
seven simultaneously obtained normal adults. Generation of
OH was less for each cord blood sample than for the simulta-
neously tested adult sample (Fig. 3), and the differences were
significant at p < 0.005 (paired ¢ test). LF content was also less
in the newborn compared to control cells (p < 0.005); and when
the generation of - OH was plotted against LF content for cord
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Fig. 3. Generation of ‘OH and lactoferrin content of neutrophils from
seven cord blood-adult pairs. “OH is represented as thiourea-inhibitable
ethylene production. Both "OH generation and lactoferrin are expressed
per mg total protein. There was no difference between total protein
content of adult or cord blood neutrophils: adult, 0.26 + 0.02 mg/2.5 X
10° cells (mean = SEM, n = 7); newborn, 0.24 = 0.03 (n = 7).
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blood and adult neutrophils (Fig. 4), there was a significant direct
correlation between the two (r = 0.76, p < 0.005, linear regression
analysis).

To evaluate further the cause of diminished LF and lysozyme
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Table 2. Evaluation of granule classes in cord blood and adult
neutrophils by electron microscopy*

Adult Newborn
Granule class (%) (%)
Azurophilic 511 502
Specific 41 = 1t 32+
Undetermined 9+ 2% 18+2

* Results for each granule class are expressed as percentage of total
granules as described in “Materials and Methods.” The numbers repre-
sent mean + SEM of three adult and four cord blood samples. For each
sample, data was obtained from 11 sections, each from a different
neutrophil. In each section, 85 to 300 granules were classified into one
of the three groups of granules. Results for each sample were determined
from the average of 11 sections.

+ Significant difference between newborn and adult samples (p < 0.01
by unpaired ¢ test).

content in newborn cells, electron microscopic studies were
performed, and the results are summarized in Table 2. There
was a significant decrease in specific granules and this was
associated with an increase in granules of the “undetermined”
classification in newborn neutrophils compared to adult controls.
These studies suggested that degranulation of specific granules
had occurred in the cord blood neutrophils to a greater extent
than was seen in cells from adult controls.

DISCUSSION

Neutrophils provide a major defense against bacterial infec-
tion. Diminished bactericidal (11, 35) and candidicidal (44)
activity by neutrophils from neonates has been documented. The
defect in killing of bacteria becomes more distinct when higher
bacteria-to-cell ratios are used in the assays (43). Decreased in
vitro microbicidal activity has also been demonstrated in stressed
or infected infants (2, 33). The inability to kill ingested microbes
efficiently may be an important factor in the increased risk of
severe infection in the newborn.

The process of microbicidal activity by neutrophils is compiex
and probably requires both oxygen-dependent and oxygen-in-
dependent mechanisms. To date, studies of newborn neutrophils
have centered around oxidative metabolism. Hexose monophos-
phate shunt activity of newborn neutrophils is increased both at
rest and after stimulation (2, 26, 32). However, the ratio of shunt
activity in stimulated compared to resting cells is diminished
compared to neutrophils from adults. Elevated oxygen consump-
tion (2), increased reduction of nitroblue tetrazolium dye (2),
and elevated O; generation after stimulation have been docu-
mented in newborn cells (3, 26, 38). In contrast, deficient chem-
iluminescence in response to particulate and soluble stimuli by
newborn neutrophils has been reported (32, 40). In addition, one
report has suggested that activities of catalase and glutathione
peroxidase are diminished in newborn neutrophils (15). The
ability of the neutrophil to protect itself against the activity of
toxic oxygen metabolites may be impaired in neonates, and this
may explain the diminished HMPS activity and other abnor-
malities in oxidative metabolism exhibited by infected or stressed
newborns (2, 33).

Initiation of oxidative antimicrobial systems occurs with acti-
vation of the respiratory burst, a complex sequence of metabolic
changes occurring after ingestion. Oxygen enters the cells and is
reduced to O3 under the direction of an oxidase associated with
the plasma membrane that uses NADPH as a source of electrons
(15). In an acidic environment, O; dismutates to H,O,. Activa-
tion of the hexose monophosphate shunt also occurs. The im-
portance of this oxidative burst in neutrophils is demonstrated
by patients with chronic granulomatous disease whose neutro-
phils do not undergo this burst of metabolism after a bacterial
challenge and whose neutrophils cannot kill bacteria and fungi
normally (17).
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The precise interrelationship between the various oxygen me-
tabolites generated by phagocytes and microbial death has not
been fully defined. By themselves, O and H,O, are weakly
bactericidal. Studies using neutrophils or chemical systems sug-
gests that the product of the interaction between these two
metabolites, "OH, is a critically important oxygen metabolite in
microbial killing (16, 30, 31). Generation of “OH efficiently in
chemical and biological systems depends on the presence of iron
(28, 29). Thus, iron-binding proteins located within the neutro-
phil have potential to contribute to microbicidal activity.

As the microorganism becomes entrapped in the phagosome,
oxygen metabolites produced as a result of the respiratory burst
are released in the microbe. Cytoplasmic granules from the two
major classes fuse with and release their contents into the phag-
ocytic vacuole (36). Recent studies in our laboratory have shown
that both the NADPH-dependent respiratory burst enzyme(s)
and components of cytoplasmic granules are necessary for effi-
cient killing of bacteria (M. Sasada, D. R. Ambruso, L. A.
Guthrie, and R. B. Johnson, Jr., submitted for publication). In
addition, several studies have demonstrated that constituents of
cytoplasmic granules, LF and MPO, promote bactericidal activ-
ity and/or enhance ‘OH production (4, 18, 19).

The current study was undertaken to explore oxygen metabo-
lite generation and its relationship to the content and degranu-
lation of cytoplasmic granules in neutrophils from cord blood.
In a prelminary report, we demonstrated relatively less "OH
generation compared to Oz production by cord neutrophils (3),
which was confirmed by results of the larger study reported here.
The decreased ‘OH production by neutrophils from cord blood
was not explained by abnormal release of cytoplasmic granule
contents in that stimulated exocytosis of specific and azurophilic
granules was no different to PMA or opsonized zymosan for
neutrophils from cord blood and those from normal adults. Thus,
abnormal delivery of granule contents into the phagosome is not
likely to underlie defects in oxidative metabolism of the neutro-
phils from newborns.

The decreased content of LF in the face of normal levels of
MPO and moderately decreased levels of lysozyme is consistent
with a quantitative deficiency of specific granules or their con-
tents, and the fluorescence studies showed this to be a uniform
change in all cells, not complete depletion in a subpopulation of
cells. The generation of “OH in newborn and adult neutrophils
appeared to be directly related to LF content. In light of previous
studies showing that LF can efficiently present iron to "OH-
generating systems (4), our data are consistent with the hypoth-
esis that decreased content of LF in neutrophils from cord blood
results in decreased delivery of this protein into the phagosome
and decreased "OH production. This deficit may underlie the
diminished microbicidal activity demonstrated by newborn neu-
trophils.

The same mechanism may be operative in patients with con-
genital absence of specific granules and of LF and recurrent
bacterial infections. Five such patients have been reported (10,
20, 27, 34, 37). All have demonstrated diminished bactericidal
activity. Defective oxidative metabolism has been demonstrated
in three, including decreased “OH generation in two (5, 9, 13).

Two possibilities exist for the decreased content of lysozyme
and lactoferrin in neutrophils from newborns: a decrease in the
number of specific granules or a diminished content of these
proteins within the specific granules. Our data suggest that there
is significant degranulation in cord blood neutrophils, which is
associated with a decreased number of specific granules. These
morphologic data, however, do not rule out a concomitant
decrease in the contents of the specific granules that are present.

The cause for degranulation of cord blood neutrophils is not
known but may be related to events of parturition. Recent studies
have suggested a difference in oxidative metabolism between
infants who undergo labor before delivery and those who do not
(12). Increased O7 generation along with degranulation, could
represent activation of cord blood neutrophils. Borregaard and
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Tauber (8) have shown that stimulation of the respiratory burst
is associated with movement of cytochrome b and flavoprotein,
found associated with specific granules, to the plasma membrane.
Thus, stimulation of fetal neutrophils during labor could result
in degranulation, activation of the respiratory burst, and in-
creased O7 generation, It is interesting that neutrophils from
mothers pre- and postpartum have normal levels of myeloperox-
idase and increased levels of lactoferrin (25). However, the defects
reported here in cord blood neutrophils have important impli-
cations for neutrophil function during the perinatal period and
may be related to the increased susceptibility to infection during
this time.
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