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The nature of the phagocytic stimulus determines the degree of degranulation.
Specifically, immune complexes induced more degranulation than did antigen or

antibody alone. The release of constituents from the two granule classes
represented independent phenomena. Relatively more of the specific granule
proteins were released into the medium during phagocytosis, whereas more of the
azurophil proteins were associated with the phagosomes.

Since the cytoplasmic granules of neutrophils
(PMN) contain both antimicrobial compounds
(10, 27, 48) and possible mediators of immune
tissue injury (11, 25), there has been much
recent interest in degranulation. One approach
to studying degranulation has been to isolate
developing phagocytic vacuoles and another has
been to measure extracellular release of granule
enzymes during phagocytosis. In theory, if cells
phagocytize indigestible particles of sufficiently
low density, careful homogenization of cell sus-
pensions followed by density gradient centrifu-
gation should allow the separation of mem-
brane-enclosed vacuoles. Such an approach has
been used with emulsified oil droplets in PMN
(37) and with polystyrene latex beads in amo-
ebas (44), macrophages (43), and PMN (J.
Hawiger, S. Timmons, and M. G. Koenig, Clin.
Res. 20:82). Stimuli such as bacteria (47) and
immune complexes (20-23, 39, 42) have also
been used to follow the degranulation process,
No studies, however, have combined measure-
ments of degranulation into both phagosomes
and extracellular medium. And although it is
now generally agreed that there are two major
granule classes in human and rabbit PMN (2, 4,
6), no one has studied biochemically the simul-
taneous degranulation of these classes.
We have previously reported the localization

of the protein lactoferrin (LF) within the spe-
cific granules of human PMN (28); myeloperox-
idase (MPO) is known to be included in the
azurophil granule class (6, 35). We have now
developed a method for isolating phagocytic
vacuoles from human PMN using polystyrene
latex beads coated with heterologous proteins
and immune complexes, and, by using immuno-

chemical assays for the two granule proteins LF
and MPO, we have been able to follow degranu-
lation of the two granule classes into both
phagosomes and extracellular medium in re-
sponse to stimuli of different magnitudes.

(This paper is taken in part from a doctoral
dissertation submitted by M. S. L. in partial
fulfillment of the requirements for the Ph.D.
degree to the University of North Carolina at
Chapel Hill.)

(Portions of the data from this paper were
presented at the 1973 FASEB meetings in
Atlantic City, N.J.)

MATERIALS AND METHODS
Isolation of PMN. Human PMN were obtained

from peripheral blood by dextran sedimentation as
previously described (28). After removal of the sedi-
mented erythrocytes, the leukocytes were removed
from the dextran by centrifugation at 126 x g.
Contaminating erythrocytes were then removed by
hypotonic lysis (15). Finally, the leukocytes were
washed once with tissue culture medium (TC-199,
Grand Island Biological Co., Grand Island, N.Y.) with
5 U of heparin/ml, and the resulting cell suspensions
contained at least 90% PMN.

Preparation of latex beads for phagocytosis.
Polystyrene latex beads of a uniform 1.099-Mm diame-
ter were obtained from Dow Chemical Co., Indianapo-
lis, Ind. These beads were dialyzed for several days
against distilled water or were washed repeatedly by
centrifugation before use. In the first series of experi-
ments, beads coated with bovine serum albumin
(BSA) were added as the phagocytic stimulus. In later
experiments, the beads were coated with either BSA,
rabbit anti-BSA, or BSA-anti-BSA complexes. The
principles of van Oss and Singer were used in such
labelings (40). For BSA and the anti-BSA serum,
bead labeling was accomplished by incubating mix-
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tures of beads and proteins in a slightly alkaline (pH
7.4) solution with gentle heat (37 C). After at least 1 h
of incubation, the beads were washed five times with
Krebs-Ringer phosphate buffer, pH 7.4, and resus-
pended to their original volume in the same buffer.
BSA-anti-BSA complexes were prepared by absorbing
the anti-BSA serum with previously BSA-coated
beads. Protein absorbed to the beads was measured
by the method of Lowry et al. (29). In these experi-
ments there were approximately 800 gg of both the
BSA and the anti-BSA serum and approximately
1,400 yg of the complexes coated on the beads
contained in 1 ml of a 10%. latex solution. Immune
complex formation on the beads was indicated by the
ability of the beads to fix complement. This assay was
a standard sheep erythrocyte-hemolysin system as
described by Campbell (9). A purif'ied immunoglobu-
lin G (IgG) fraction from the rabbit anti-BSA serum
was used for some experiments. This IgG fraction was
isolated by affinity chromatography using BSA cou-
pled to CNBr-activated sepharose (12). The purity of
the IgG fraction was checked against whole rabbit
serum by immunoelectrophoresis. By absorbing dilu-
tions of the anti-BSA IgG fraction with previously
coated BSA beads, IgG could be complexed with BSA
on the beads in molar ratios of 0.02, 0.4, 0.8, 1.0, and
1.2 For the time course study, such complex-coated
beads with a molar ratio of 0.3 were used. For uptake
studies beads were coated with 125I-labeled BSA and
"26I-labeled BSA-anti-BSA complexes. `25I (ICN-
Tracerlab, Irvine, Calif'.) was coupled to crystalline
BSA by the MacFarlane monochloride iodination
technique (30). In no instance did the latex beads
show gross or microscopic agglutination.

Incubations. The PMN leukocytes were suspended
in TC-199 with 5 U of heparin/ml and 10% AB+
normal human serum to concentrations of 3 x 107 to 5
x 107 leukocytes/ml. The human serum either was
fresh or had been stored at -70 C to preserve comple-
ment activity. The cells were incubated in siliconized
glass Erlenmeyer flasks at 37 C with gentle shaking.
Latex beads were added at 0 time to a f'inal concentra-
tion of 2 mg/ml or 100 beads/leukocyte. Samples of
the original leukocyte suspension were saved for
analysis before phagocytosis and degranulation. The
cells were incubated for 1 h, after which time phago-
cytosis was stopped with 1 volume of ice-cold Gey
balanced salt solution made according to Dresser and
Wortis (13). Cells were removed by centrit'ugation at
126 x g for 5 min, and samples of' the incubation
medium were saved. The cells were washed three
times in Gey solution to remove uningested beads.

Homogenization of PMN and gradient separa-
tion of latex-bead phagolysosomes. The washed
PMN pellets were resuspended in freshly prepared
30% sucrose (wt/vol), 4 volumes of' sucrose being
added to 1 volume of cells. The suspensions were
homogenized in a chilled Dounce homogenizer with a
tight pestle at 4 C. Usually 25 to 30 passes were
required to obtain 90%c or greater breakage (checked
microscopically). Cell homogenates were then
brought to 50% (wt/vol) sucrose by the addition of
concentrated sucrose. The gradients were formed by
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overlaying 5 ml of' the cell homogenate with 5 ml of'
40% sucrose and then with 7 ml of 30% sucrose (Fig.
1). The gradients were then resolved in an SW27.1
rotor at 100,000 x g for 1 h in a Beckman Spinco
L2-65B centrif'uge, and six fractions were collected as
shown. The pellet. which contained the nuclear de-
bris, was rehomogenized in a Tenbroek homogenizer
to assure complete redispersement.

Calculations of' marker protein transfer inlto phago-
somes were based on the total activity recovered in
gradients, whereas calculation of marker protein re-
lease into the medium was based on the total activitv
in the original leukocytes. Percentages of' transfer
were calculated by the f'ollowing formulas: (i) percent
of marker protein in phagosome = amount in phagoly-
sosome fraction/total amount recovered from gradient
x 100; (ii) percent of' marker protein in medium =
amount in medium/amount in original leukocytes x
100.

Percentage recoveries for gradients were calculated
on the basis of' the cell homogenates, whereas percent-
age recoveries for extracellular release were based on
the original leukocyte suspension. Thus: (i) percent
recovery for phagosomes = amount in all gradient
fractions/amount in cell homogenate x 100; (ii)
percent recovery for extracellular release = amount in
medium + amount in cell homogenate/amount in
original leukocytes x 100.

Chemical determinations and enzyme assays.
Protein was measured by the method of Lowry et al.
as mentioned above. The latex was measured by
extraction in p-dioxane as described by Wert) and
Cohn (43). In order to analyze fractions from the
gradients for latex, best results were obtained by f'irst
concentrating samples and then washing them with
water to remove the sucrose. Alkaline phosphatase
(28) was measured spectrophotometrically as previ-
ouslv described, and the neutral protease was deter-
mined usin, benzvloxycarbonyl-L-alanine-p-ni-
trophenyl ester as substrate (41). The enzyme 5'
nucleotidase was assayed by the liberation of inor-
ganic phosphate with 5 mM adenosine 5'-monophos-
phate as substrate by the method of Widnell and
Unkeless (46). Where necessary, latex turbidity was
cleared from the samples by filtration through mem-
brane filters (0.8-Mm pore size; Millipore Corp.).

7 mI
30%

5 ml 40%

5 ml
Homogenote

-1 Phagocytic Vacuoles

2 Slower -moving Vacuoles
100,000 x 9 LjI
60 ml n i

3 Slower-moving Vocuoles

4 Particle-free Fraction

6Cellular Debris
Sicrose

FIG. 1. Procedure for collection of phagocytic vac-
uoles. Granules which failed to degranulate remained
in fraction 6 with the cellular debris.
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Lactic dehydrogenase and ,B-glucuronidase were as-
sayed by the methods of Bergmeyer (8) and Fishman
(16), respectively. Triton (0.1%) released latent en-
zymes where enzymes were measured catalytically. In
lactic dehydrogenase and alkaline phosphatase deter-
minations, corrections were made for the activity
contributed by the 10% AB+ normal human serum.
Immunochemical determinations of LF and

MPO. The granule class markers were assayed by
single, radial immunodiffusion according to Mancini
(32). The purification of LF and the preparation of
specific antibodies to this protein have been described
before (28). MPO was purified from lysosomal granule
suspensions by the procedure of Himmelhoch et al.
(24) and was then used to immunize rabbits. Injec-
tions of 150 Ag ofMPO emulsified in complete Freund
adjuvant were given subcutaneously in each of four
sites, followed after 2 weeks by subcutaneous injec-
tions of the same quantity in incomplete Freund
adjuvant. After 2 months, a final boost of 75 Ag in
incomplete Freund adjuvant was given. Both the
purified MPO and the antiserum so obtained were
checked by diffusion in gel for purity and specificity
against standards generously donated by S. R. Him-
melhoch, National Institutes of Health, Bethesda,
Md.

After phagocytizing cells had been homogenized
and centrifuged by the gradient procedure described,
samples from the gradient fractions were concen-
trated by centrifugation and then extracted in 0.1%
cetyltrimethyl-ammonium bromide in 0.01 M phos-
phate buffer, pH 8.6, before testing in the Mancini
plates. Samples of the original cell suspension and the
cell homogenate were also prepared. Samples of the
incubation medium were concentrated twofold and
were tested without cetyltrimethyl-ammonium bro-
mide extraction. Mancini plates for MPO were
washed thoroughly and then stained for peroxidase by
the method of Graham and Karnovsky (19) before the
precipitin rings were measured. All determinations
were done in duplicate, and quantification was by
standards run with each assay.

RESULTS
Gradient isolation of phagosomes. Separa-

tion of the latex bead-filled phagocytic vacuoles
is shown in Fig. 1. When subjected to 100,000 x
g centrifugation, the bead-filled vacuoles
floated to the top of the gradient, with the
soluble proteins and cellular debris remaining
in the loading zone. Most of the latex, 40 to
50%, was found in the first fraction, but slower
moving vacuoles were found throughout the 30%
sucrose layer and in a second band at the 30 to
40% interface. Since the latex in the second and
third fractions was very dilute, it was necessary
to concentrate samples and wash them free of
sucrose to obtain an accurate latex measure-
ment by dioxane extraction. It was usually
found that at least 70% of the total gradient
latex was contained in the first three fractions

(Table 1). The fourth fraction was particle free
and served as a buffer between the vacuole
fractions and the remaining cellular debris.
Occasionally in fraction 5, the 40 to 50% inter-
face, there would be a very faint band which
appeared to consist of the slowest moving latex
particles.

Resolution of the phagocytic vacuoles on the
gradient increased the specific activity of 5'
nucleotidase to almost four times that of the cell
homogenate (Table 2). The presence of the
enzyme 5' nucleotidase, which is an accepted
membrane marker enzyme (43; Hawiger et al.,
Clin. Res. 20:82), verified that the isolated bead
fractions were membrane associated.
Degranulation into phagosomes induced

by BSA-coated beads. Table 1 summarizes the
chemical and immunochemical analyses of four
gradient separations of phagocytic vacuoles
stimulated by BSA-coated beads. In prelimi-
nary experiments the first three gradient frac-
tions were positive for latex and 5' nucleotidase.
They contained measurable LF and MPO, but
not the cytoplasmic enzyme lactic dehydrogen-
ase; therefore, these three fractions were consid-
ered together to represent the vacuole fraction.
It can be seen that the vacuoles contained 2 to
3% of the total cellular protein, 2 to 3% of the
specific granule protein LF, and around 6% of
the azurophil granule enzyme MPO. In addi-
tion, approximately 2% of the alkaline phospha-
tase activity was also found to be associated
with the vacuoles. The vacuole fractions were
virtually free of soluble cellular proteins, as
indicated by the very low percentage of lactic
dehydrogenase activity found in these fractions.

Antigen-, antibody-, and antigen-antibody
complex-coated beads-complement fixation
and PMN uptake. With the ultimate goal of
comparing phagocytic degranulation induced
by immune complexes with that induced by
antigen or antibody alone, we coated beads with
BSA, rabbit anti-BSA serum, and BSA-anti-
BSA complexes. In no instance were beads
found agglutinated. By a standard complement
fixation assay, it was determined that complex-
coated beads could fix as much as five times
more complement than could the antibody-
coated beads, whereas the BSA-coated beads
fixed essentially no complement (Table 3).

It was possible that increased complement
fixation could result in a greater phagocytic
uptake with the complex-coated beads. Hence,
it was first necessary to compare the uptakes of
immune complex-coated beads with uptakes of
protein-coated beads. Figure 2 shows the results
of such a study performed using beads coated
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TABLE 1. Distribution of chemical components in human PMN subcellular fractions after phagocytosis of
BSA-coated polystyrene latex beadsa

Chemical components
Fraction

Latex Protein APb LF MPO LDHb

1-3 74.9c 1.44 2.8 ± 0.2 2.3 i 0.3 2.7 ± 0.5 6.1 i 0.4 0.3 ± 0.2
4 5.7 ± 0.4 0.7 i 0.2 0.8 i 0.3 0.3 ± .03 0.2 ± 0.9 1.1 ± 0.5
5-6 19.4 ± 1.5 96.5 i 1.4 96.9 ± 5.1 97 ± 2.6 93.7 ± 7.0 98.6 ± 5.3

Total recoveryd 112 ± 5.7 88.2 ± 1.5 109.6 ± 5.4 83.6 ± 2.2 82 ± 5.4 84 i 4.5

a Beads found in medium = half of those applied to leukocyte suspension. Amount of lactoferrin found in
medium = 18% + 1.5% of that in leukocyte suspension (i.e., amount in original leukocytes, not the amount ap-
plied to gradient). Amount of MPO found in medium = 5.3% + 0.2% of that in leukocytes. Amount of lactic
dehydrogenase found in medium = 6.3% + 0.9 of that in leukocytes.

'AP, Alkaline phosphatase; LDH, lactic dehydrogenase.
c Percent of total recovered in gradient fraction means for four replicates + standard error: percent in fraction

= amount in fraction/total amount recovered from gradient x 100.
d Percent of total applied to gradient means for four replicates: percentage recovered = sum of amount in

fractions/amount in cell homogenate x 100.

TABLE 2. Comparison of the specific activities of 5'
nucleotidase in human PMN cell homogenates and

phagocytic vacuoles

Determinant Sp act"

Cell homogenate ....... ...... 5.8 ± 0.5
Phagocytic vacuoles ............. 20.2 ± 6.6

aMean + standard error for three experiments.
Specific activity expressed as units of enzymatic
activity per milligram of protein.

TABLE 3. Complement fixation by BSA, anti-BSA
serum, and BSA-anti-BSA complex-coated latex

beads

50% units of

Protein adsorbed to beads complement
per mg of
protein

BSA .......... 50
Anti-BSA serum ... ....... 450
Complexes .......... 2,155

with '251-labeled BSA and rabbit anti-BSA-'251-
labeled-BSA complexes. Cell samples were
taken at 0, 15, 30, and 60 min. After thorough
washing, the radioactivity remaining with the
cells was measured. Cell washes were also
monitored to ensure total recovery of the 1251
activity. It can be seen that the complex-coated
beads are more rapidly ingested than are the
BSA-coated beads. However, by 60 min, the
total intracellular amounts are nearly equal. In
this experiment, the total uptakes differed by
less than 10% at 60 min. Thus, in the next
experiments, incubations were performed for 60
min to allow for equalization of the latex
uptakes.
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FIG. 2. Comparison of phagocytic uptake of 1251_
labeled BSA and rabbit anti-BSA-'25I-labeled-BSA
complex-coated beads by human PMN. Histograms
represent the percentage of the total 125I activity
associated with the cells at a given time.

Increased degranulation into phagosomes
induced by immune complexes. The transfer
of granule proteins into phagosomes using anti-
gen-, antibody-, and immune complex-coated
beads is compared in Fig. 3. For all proteins and
enzymes assayed the antigen-antibody com-
plexes appeared to induce more degranulation
into the phagosomes that did antigen or anti-
body alone. The antibody-coated beads also
seemed to be a slightly better stimulus than was
antigen alone. The immune complexes induced
a slight but significant increase in the LF
associated with the vacuoles, but they simulta-
neously induced more than a twofold increase in
the MPO. Significantly, the immune complexes
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stimulated the greatest degranulation of the
neutral protease, an enzyme also localized in
the azurophil granule. Because of a known
inhibitor for the protease within PMN (26), this
enzyme was difficult to quantify and, therefore,
could not be taken as a reliable one for measur-
ing azurophil degranulation. The vacuole frac-
tions, separated from the cellular debris, cytosol
and the inhibitor, could have been displaying
disproportionately high activities for this en-
zyme. It is apparent, nevertheless, that immune
complexes stimulate the greatest degree of de-
granulation from both granule classes, but of
the two classes the azurophils contribute signifi-
cantly more to the phagosomes than do the
specifics.
Increased degranulation into extracellular

medium induced by immune complexes. In
the same series of experiments, when we fol-
lowed the release of granule proteins into the
media, antigen-antibody complexes also in-
duced more degranulation than did antigen or
antibody alone, but now the greatest release was
of the specific granule protein LF (Fig. 4). The
immune complexes induced the release of up to
50%o of the LF into the media. In the extracellu-
lar medium the proteolytic enzyme may be
underestimated because of serum inhibitors,
but the MPO measured by immunodiffusion
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FIG. 3. Transfer ofPMN granule components into
phagocytic vacuoles stimulated by antigen-, anti-
body-, and antigen-antibody complex-coated latex
beads. Histograms show the means for three experi-
ments with standard error indicated by brackets.
Percentage recoveries for antigen, antibody, and anti-
gen-antibody complex gradients in respective order
were as follows. Protein: 95.5 + 1.0, 94.0 + 2.5, 98.5 +
1.8; alkaline phosphatase (AP): 109.0 + 15.2, 89.3 +
0.4, 90.7 3.9; lactoferrin (LF): 91.7 ± 4.0, 95.7 2.0,
86.3 + 6.8; myeloperoxidase (MPO): 87.6 ± 9.1, 86.7

6.6, 80.3 ± 7.7; protease: 72.3 i 7.7, 78.0 + 6.0,
105.3 15.9; lactic dehydrogenase (LDH): 96.5 ± 5.2,
90.8 ± 1.2, 88.3 3.5.
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FIG. 4. Transfer of PMN components into extra-
cellular medium stimulated by antigen-, antibody-,
and antigen-antibody complex-coated latex beads.
Histograms show the means with standard error for
three experiments. Percentage recoveries for enzyme
releases induced by antigen, antibody, and complex
were, in respective order: alkaline phosphatase (AP):
70.9 + 4.6, 78.1 = 14.9, 77.3 10.4; lactoferrin (LF):
94.2 + 8.4, 84.8 14.4, 98.9 4 0.8; myeloperoxidase
(MPO): 99.3 + 9.5, 89.8 15.0, 100.1 -4i 10.1;
protease: 89.8 a 1.8, 85.9 16.7, 57.9 t 3.5; lactic
dehydrogenase (LDH): 108.5 X 7.0,91.2 4 8.3, 99.6 +
12.5.

should be an accurate measure of azurophil
degranulation. MPO, in contrast to the LF, was
released in amounts only slightly higher than
that of lactic dehydrogenase, which is an indica-
tor of leakage due to cell damage. The amount
of alkaline phosphatase actively released into
the media was comparable to that released of
MPO and the protease, but was significantly
lower than that of LF. Equal proportions of
alkaline phosphatase left the cells regardless of
the kind of coating on the particles.
Time studies of degranulation. The time

course of degranulation was studied in a series
of experiments shown in Fig. 5. Degranulation
stimulated by rabbit IgG complexes in a 0.3
ratio was compared with that stimulated by
BSA-coated beads. Samples were taken at 15,
30, and 60 min. It can be seen that the prepared
immune complexes induced more overall de-
granulation and at a faster rate than did the
antigen-coated beads. In either case, the spe-
cific granule marker LF was found in the
medium much sooner and to a greater extent
than was the azurophil marker, MPO. Con-
versely, looking at the phagosomes, MPO ap-
peared to enter the vacuoles at a faster rate and
to a greater extent than did LF. The release of
,8-glucuronidase, an enzyme also included in the
azurophil class, closely paralleled that ofMPO.
During the transfer of alkaline phosphatase,

its extracellular release was slightly greater
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ALKALINE PHOSPHATASE LACTOFERRIN
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FIG. 5. Transfer of PMN components into phagocytic vacuoles and extracellular medium as a function of
time. Degranulation stimulated by rabbit anti-BSA IgG-BSA complex-coated beads (0) was compared with
that stimulated by BSA-coated beads (0). Results are expressed as the means of two duplicate experiments,
with the range indicated by brackets. Each point represents the percentage of activity or protein in vacuole
fraction or medium relative to the total activity or protein at a given time. In all cases the percentages recovered
were greater than 80% and usually were at least 90%. Where brackets are not shown, the range was smaller than
the symbol for that point.

than that ofMPO and f-glucuronidase, but was
significantly lower than that of LF. Whereas
immune complexes significantly increased the
release of LF, such complexes induced no
greater release of alkaline phosphatase than did
antigen alone. On the average, 6% of the total
cellular lactic dehydrogenase was released into
the medium, and the release did not increase
with time, which suggests that the granule
enzyme release did not result from or cause cell
damage.

DISCUSSION
The use of immunochemical assays for LF

and MPO, respectively, as markers for specific
and azurophil granules affords major advan-
tages. Previous studies have most often em-
ployed release of various granule enzymes, in-
cluding ,B-glucuronidase (20, 21, 47), alkaline
phosphatase (20, 21, 33), lysozyme (33, 39, 47),
and catalytically measured peroxidase (22), as
criteria for degranulation, but until now no
unambiguous markers have been available for
the two recognized granule classes. ,B-glucuroni-
dase is localized in the azurophil granule, but a
substantial amount of its activity within PMN
may be from other subcellular sites (2, 7).

Alkaline phosphatase has been used as a marker
for the specific granule in rabbit PMN on the
basis of' its histochemical localization (5). Alka-
line phosphatase is not a component of' specific
granules of human PMN, however. As we have
shown, this enzyme is separable from specific
granules by sucrose density centrifugation (28,
35). This finding has been confirmed (1, 36; B.
Gusus, U. Bretz, and M. Baggiolini, Experentia
29:772; B. C. West, N. A. Gelb, and H. R.
Kimball, Fed. Proc. 31:253). Lysozyme is un-
suitable as a specific marker for either granule
class, since it is included in both classes (2, 28).
As we searched for azurophil granule markers,
we could not distinguish with spectrophotomet-
ric assay between MPO and other peroxidases,
such as the one found in the eosinophil. How-
ever, an immunochemical distinction between
neutrophilic and eosinophilic peroxidases can
be made (31, 34, 36). Moreover, LF, measured
immunochemically, is a constituent of human
specific granules (28). Thus, immunochemical
assays for both LF and MPO make it possible to
follow degranulation with markers specific not
only for the neutrophil, but also for its two
granule classes.
Apparently, the surface characteristics of in-
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DEGRANULATION OF HUMAN PMN

gested particles can influence the degree of
degranulation. In preliminary studies, we were
unable to detect any significant degranulation
into phagosomes stimulate, by uncoated latex
beads. Hawiger et al. were also unable to detect
any granule enzyme activity in their bead
phagosomes (Clin. Res. 20:82). By using beads
coated with BSA, however, we induced measur-
able protein release into the phagosomes from
both PMN granule classes. The BSA conceiva-
bly could have done this by binding a trace of
anti-BSA normally present in the human serum
used in the phagocytosis experiments, although
this has not been established. The important
point is that the beads coated with immune
complexes induced even greater release of gran-
ule constituents than beads coated only with
BSA. That is, with an uptake of nearly equal
amounts of latex beads, twice as much granule
protein was released into both vacuoles and
extracellular medium when the beads were
coated with immune complexes as when they
were coated with antigen or antibody alone. The
increase in protein adsorbed to the beads was
not sufficient to account for the observed in-
crease in degranulation, as a less than twofold
increase in protein produced a greater than
twofold degranulation.
The properties of immune complexes that

lead to greater degranulation may be related to
their chemotactic potential and their ability to
fix complement. In the uptake studies it was
shown that immune complex-coated beads were
ingested more rapidly than antigen-coated
beads, although the uptakes equalized after 1 h.
It could be that the greater release induced by
immune complexes is simply due to an earlier
onset of degranulation. We have not tried to
evaluate the role of complement in our system,
except to insure that it was always present. As
there is ample evidence for complement-
increased chemotaxis and phagocytosis (17),
the greater complement fixation of immune
complex-coated beads could certainly explain
their more rapid uptake. Recently Goldstein
and Weissman have reported that complement
activation by the altemate pathway can in-
crease extracellular granule enzyme release in
cytochalasin B-treated PMN (18). Thus, com-
plement may be contributing to the greater
degranulation induced by immune complexes in
our system.
During degranulation, there was a differential

release of granule class proteins, with more of
the specifics being released into the extracellu-
lar medium whereas more of the azurophils
remained with the phagocytic vacuoles. Other

workers have reported extracellular release of
granule enzymes during phagocytosis (20, 21,
33, 39, 47); however, selective release of a
particular granule class has not been heretofore
emphasized. In 1964, Ohta did report that large
amounts of lysozyme from horse PMN were
released into extracellular medium during
phagocytosis of bacteria, whereas other en-
zymes, notably alkaline phosphatase, were not
(33). Taichman et al. have subsequently dem-
onstrated a greater release of lysozyme than of
other granule constituents in response to im-
mune complexes (39). These findings are con-
sistent with ours as 50% of PMN lysozyme is
associated with LF in the specific granules (28).
An explanation for this phenomenon of

greater specific granule extracellular release is
not readily available. There could be a tendency
for MPO to remain bound to membranes after
azurophil degranulation. This could explain
why it was not released into the medium in large
quantities, but other azurophil enzymes, neu-
tral protease and 0-glucuronidase, were not
released into the medium in large quantities
either. Bainton et al. have suggested that in
rabbit PMN there is a sequence of degranula-
tion, the specifics first emptying their contents
into phagocytic vacuoles (3). If this is so, then it
follows that degranulation of the specific gran-
ules could be occurring before the latex beads
have been completely enclosed by the cell; thus,
large amounts of this protein could be released
into the medium. If azurophil degranulation
occurs later, as vacuoles are being closed, then
lesser amounts of these proteins would escape.
We observed a transfer of alkaline phospha-

tase into the medium. In Henson's model of
"frustrated" phagocytosis, immune complexes
immobilized on membranes stimulated cellular
release of alkaline phosphatase, but it remained
bound to the outside of the cells (23). That we
did observe some extracellular release may
simply be due to the difference in the systems
-"consummated" versus "frustrated" phago-
cytosis or rabbit versus human PMN. Granule
release ofMPO into phagosomes and extracellu-
lar medium was paralleled by two other known
azurophil enzymes, 0-glucuronidase and neu-
tral protease, but the release of alkaline phos-
phatase into the medium was not parallel to
that of the known specific granule protein LF.
Equal quantities of ingested latex induced es-
sentially equal alkaline phosphatase release,
regardless of the protein coating on the beads,
whereas for LF immune complexes induced
significantly greater extracellular release than
did either antigen or antibody alone. Since
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there is substantial evidence (1, 28, 35, 36;
Gusus et al., Experentia 29:772; West et al.,
Fed. Proc. 31:253) that alkaline phosphatase is
a component of cell membranes and not a
component of any granule, it seems quite logical
that this enzyme would not necessarily be
released proportionately to a protein, i.e., LF,
that is truly included within the granule matrix.
Comparing the release of LF and MPO within

our system, two conclusions can be drawn.
First, that immune complexes can induce more
overall degranulation than can antigen or anti-
body alone, and, secondly, that degranulation
of the specific and azurophil granule classes of
human PMN occur as independent phenomena.
Finally, we must emphasize that for specific
granules of human PMN, LF, to date, appears
to be the only unambiguous marker. Lysozyme
is an ambiguous marker because it is distrib-
uted equally between specific and azurophil
granules. Alkaline phosphatase, upon which
others have relied in their identification of
specific granules (14, 38, 45), is not acceptable
as a marker because in human PMN it is not
associated with specific granules (1, 28, 35, 36;
West et al., Fed. Proc. 31:253).
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