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The authors have localized elastase in human
blood and bone marrow neutrophils by immu-
noelectron microscopy using a monoclonal anti-
human elastase antibody (NP 57) and compared
its distribution with myeloperoxidase (MPO) and
lactoferrin (LF), which markprimary and second-
ary neutrophil granule, respectively. Human bone
marrow and bloodpolymorphonuclear leukocytes
(PMN), either unstimulated or after phagocytosis
oflatex microbeads, werefixed in 4% paraformal-
debyde. Utrathinfrozen sections were immunola-
beled with NP 57, followed by an immunogold
probe. In bone marrow granulocyte precursors
elastase appeared simultaneously in the immature
first granules of myeloblasts with MPO. As these
granules became denser with maturation, labeling
for both enzymes became weaker and sometimes
negative (possibly due to masking ofimmunoreac-
tivity). The ellipsoidal primary granules were
strongly labeled by NP57. LFpositive granules ap-
peared later, at the myelocyte stage, and contained
neither MPO nor elastase. In mature neutrophils,
immunolabeling for elastase was found together
withMPO in the large electron-denseprimarygran-
ules and in a different granulepopulationfrom the
LF-positive secondary granules. Double labeling
with two different-sized gold particles was used to
compare the kinetics ofdegranulation ofsecondary
and primary granules. The observation and the
analysis of single phagosome content was made

possible by this new technique. In conclusion, im-
munoelectron microscopy was used to show elas-
tase in theprimary granules of neutrophils, where
it appears simultaneously with MPO. This tech-
nique has also allowed comparison of the kinetics
of degranulation of both types of granules, and
could be applied to different experimental and
pathologic conditions. (Am J Pathol 1989, 134:
1275-1284)

Elastase is a powerful proteolytic enzyme of mature neu-
trophils,' the functions of which include the killing of mi-
croorganisms as well as the initiation of tissue injury in
pathologic conditions such as emphysema, glomerulone-
phritis, and rheumatoid arthritis.2-5

Although numerous subpopulations of granules are
being described iteratively,6-9 neutrophil granules can be
divided into two main types-primary or azurophilic, and
secondary or specific-that have different content and
function and are produced at different stages of the matu-
ration of bone marrow precursors.'0 The isolation of pure
populations of azurophilic and specific granules has
made it possible to analyze their enzyme and other pro-
tein content."1'3 This also has been achieved and com-
parable data been acquired by immunofluorescent stain-
ing of neutrophils.14-16 In electron microscopy, primary
granules can be recognized by cytochemical detection
of myeloperoxidase (MPO), whereas lactoferrin (LF) has
been shown to be a specific marker of secondary gran-
ules that lack MPO.1'7

Elastase was shown, mainly by biochemical assays,
to be associated to the primary granule fraction.11-13
Moreover, a recent ultrastructural report'8 using a combi-
nation of cytochemical and immunogold staining tech-
niques reported that elastase was associated with pri-
mary granules but that only 20 to 25% of MPO-positive
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Figure la: A mjeloblast double labeledforMPO (5 un goldparticles) and elastase (10 nm goldparticles). Ioth enzymes arefound
in the matrix ofimmatuire granules (arrous). m, mitochondria (X 75,200). b. A promyelocyte labeled by, the anti-elastase antibody
NP57. All the primarj' granuiiles are labeled (arrouw) including the onCes whose matrix electron density increases u'ith maturation
(douible arrowus) (X 63. 700).

primary granules contained elastase. In this study, how-
ever, Damiano et al,18 investigated MPO and elastase dis-
tribution using two different techniques, MPO by its enzy-
matic reactivity and elastase by its immunologic reactivity.

The aim of the present study was to investigate elas-
tase subcellular localization in maturing neutrophils and to
compare its distribution to MPO, assessing the distribu-
tion of both molecules by the same immunocytochemical
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Figure 2a. Part of a myelocyte immunolabeled for elastase (10 nm gold particles) and LF (5 nm). The gold probes of larger size
heavily label the newlyformed ellipsoid granulesfrom which the crystal has been extracted (single arrows), andsome denser, more
mature primary granules (double arrows). Some ofthe dense spherical granules are negativefor elastase, however (arrowheads).
Some small specific granules (s) containing LF appear in the centriolar region (m, mitochondria; n, nucleus) (X54, 000). b: Part of
a metamyelocyte double-labeledforLF (5 nm goldparticles) and elastase (10 nm goldparticles). Bothproteins arefound in different
granule populations, LF in specific granules (single arrows) and elastase either in the electron-dense primary granules (where
labeling is sometimes restricted to their periphery) (double thick arrows) or less dense primary granules (double thin arrows)
(X46,000).
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Figure 3. Double immunofluorescence labeling ofa burst disrupted PMN (arrows) in a cell smearfor eitber elastase and MPO, or
for elastase and LE. The localization of elastase-positive granules (labeled witbfluorescein) (a) is identical to that ofMPO-positive
granules (rhodamine) (b). Immunolabelingfor elastase-positive granules (fluorescein) (c) and LFpositive granules (rhodamine) (d)
shows different distribution patterns (arrows).

technique. The recent production of a monoclonal anti-
body against human elastase,19 combined with an excel-
lent specificity of the technique, made it possible. Double-
labeling experiments were performed, using gold parti-
cles of different size to demonstrate elastase simulta-
neously with LF or MPO. The simultaneous localization
of these markers by the same technique has allowed a
comparison of their distribution pattern among them-
selves and in relation to other cellular organelles in matur-
ing neutrophils.

Elastase exerts its function through neutrophil degran-
ulation. This leads to the differential release of granules'
and to liberation of their contents, which may be selective.
The kinetics of fusion of the different granule populations
is still debated.21 In this study, the use of different-sized
gold particles labeling elastase and LF, the respective
markers of both granule types, allowed the comparison of
their kinetics of redistribution after phagocytosis of foreign
particles by blood polymorphonuclear neutrophils (PMN).
This double-labeling method is a powerful technique that
also could be applied to the study of the fate of these and
other granule components in different pathologic situa-
tions, and therefore contribute to our knowledge of their
function.

Material and Methods

Cells

Bone marrow was obtained from a normal bone marrow

graft donor. Heparinized samples enriched in immature
neutrophils were prepared from Ficoll-Hypaque light den-
sity cells.22 Normal human blood was harvested on lithium
heparinate (10 U/ml) and neutrophils and monocytes
were isolated by the dextran-radioselectan sedimentation
technique.23 Three samples from normal individuals were
studied.

For phagocytosis experiments, latex beads 0.65 u di-
ameter (Polysciences, Inc., St. Goar, RFA) were dialyzed
against distilled water, opsonized with normal human se-

rum before use, and added to preheated Hank's bal-
anced salt solution (HBSS) containing the cells and 20%
human serum. The neutrophil:bead ratio was approxi-
mately 1:200. The suspension was placed in a 37 C incu-
bator and agitated. The reaction was stopped after 30
seconds by adding a large excess of cold fixative and the
cells were treated further for immunolabeling as de-
scribed below.

Antibodies

MonoclonalAntibody (NP57) Against Elastase

The production and characterization of this antibody
after immunisation with a granule preparation from human
blood neutrophils has been described elsewhere.19

PolyclonalAntibodies

Rabbit polyclonal antibody against human LF was pur-
chased from Cappel Laboratories, Downingtown, PA.
Rabbit polyclonal antibody against human MPO was pro-
duced in one of the author's laboratory and monospeci-
ficity of both polyclonal antibodies was assessed pre-
viously."

Immunogold probes (5 and 10 nm) directed against
either mouse or rabbit IgG were purchased from Janssen
Pharmaceutica, Beerse, Belgium. Fluorescent probes
were Tetramethylrhodamine B isothiocyanate (TRITC)
goat anti-rabbit Ig (Dakopatts, Denmark), and Fluorescein
isothiocyanate (FITC) goat anti-mouse (Stago, Asnieres,
France).

Immunolabeling

Immunofluorescence

Buffy coat smears of normal peripheral blood were
fixed in methanol:formalin for 60 seconds, washed in
phosphate-buffered saline (PBS) and then incubated in
a mixture of the monoclonal anti-elastase antibody NP57
(undiluted supernatant) and rabbit anti-LF (final concen-
tration, 1:200). After 30 minutes the smears were washed
and incubated with a mixture of TRITC goat anti-rabbit lg
and FITC goat anti-mouse Ig, with both antibodies used
at a final concentration of 1:30. Smears were then
mounted in polyvinyl alcohol for immunofluorescent mi-
croscopy.

Immunoelectron Microscopy

Cells were fixed for 1 hour with freshly prepared 4%
paraformaldehyde in 0.1 M sodium cacodylate buffer, pH
7.2. They were embedded in 10% gelatin, then refixed.
After cryoprotection in 2.3 M sucrose for 1 hour they were
rapidly frozen in liquid nitrogen slush. Ultrathin sections
were cut using an LKB Cryo Nova and mounted on 400
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rIgure 4. Mature blood PMN stained for granule constituents. a: Labeling for elastase shows the gold label restricted to the largeelectron dense granules (double arrows), whereas the smaller secondary granules are negative (single arrows) ('X110,000). b:Double labelingforMPO (smallparticles) and elastase (largeparticles) shows that both enzymes are colocalized in the sameprimarygranules (double arrows). The small specific MPO-negative granules contain no elastase (single arrows) (X85,000). c: Doublelabeling for LF (small particles) and elastase (large particles) shows that the two proteinis are located itn the secondary (singlearrows) andprimary (double arrows) granules, respectively (x52,000).
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Figure 5. Neutrophilsfixed3oseconds after incubation with latex
microbeads, double labeledfor LF (small particles) and elastase
(large particles). Pbagosomes containing either elastase only (a)
@x52,800) or LFonly(b) @X69,300), or bothproteins (c) @X49,500)
can be observed on the same field. Elastase-positiveprimarygran-
ules (double arrows) and LF-positive specific granules (single ar-
rows) are identified in the vicinity oftbephagosomes.

mesh butvar carbon-coated grids. They were immunola-
beled by floating on droplets of 1% gelatin in PBS, fol-
lowed by the primary antibody and the gold probe. All
incubations were performed in the presence of 1% bovine
serum albumin, which contributed with gelatin to block
the nonspecific binding of primary antibody. The sections
were stabilized with neutral uranyl acetate, then stained
with 2% aqueous uranyl acetate before they were embed-
ded in methyl cellulose.

In double labeling experiments the monoclonal
(mouse) and the polyclonal (rabbit) antibodies were
mixed. Sections were floated on the mixture and the reac-

tions were revealed by gold probes of different specifici-
ties and size, mixed together, and used at a 1 0-1 dilution.

For each cell stage or experimental condition a mini-
mum of 10 different cell equatorial sections were ob-
served.

Controls

In the above reactions for fluorescence and electron
microscopy, the polyclonal antibodies were replaced by
either non immune rabbit serum or a polyclonal anti-von
Willebrand factor antibodies (Dakopatts, Denmark) and

a
3 a

... ,

40''u( *.4,

;,;

,. ,/
., * . 0 _+

,0.....
.

3

:.:

.'1
;

....
|

Z'. --.i
t. :.-

\.'' i,

..

0

"O
a S..

o -, * 'a

....

4

.: ?I ;0 ';' P...?

fi,
0



1282 Cramer et al
AJPJune 1989, Vol. 134, No. 6

the monoclonal NP 57 by a mouse monoclonal anti-von
Willebrand factor antibody as controls.

Results

Bone Marrow Neutrophils

In the immature granulocytes containing few granules,
elastase appeared as early as MPO (Figure 1a). In early
promyelocytes, all granulations were labeled (Figure 1 b).
The ellipsoid granules, which appeared less electron
dense than the spherical granules and the crystal of
which28 had been partially extracted, also were labeled
strongly. At the myelocyte stage, LF containing granula-
tions appeared, which did not contain elastase. At this
maturation stage, about one third of the spherical primary
granules with a highly electron-dense matrix displayed
neither elastase nor MPO immunoreactivity (Figure 2a).
The metamyelocyte stage was characterized by the pres-
ence of two clear-cut populations of granules, elastase-
positive, LF-negative primary granules, and LF-positive,
elastase-negative secondary granules (Figure 2b).

Blood Neutrophils

Immunofluorescence

On blood smears, all neutrophils were labeled for elas-
tase, MPO, and LF in an indistinct pattern. When cells had
burst on smears, however, there was a similarity be-
tween MPO and elastase-containing granule distribution,
whereas the pattern of staining for LF was not superim-
posable (Figure 3).

Immunoelectron Microscopy

Elastase Localization

Mature neutrophils displayed labeling for elastase
within large granules, which corresponded in size and
number and according to previous descriptions5'28 to the
primary granules (Figure 4a). Only 70% of the dense pri-
mary granules were labeled, however, and of these,
about 10% were labeled only on the periphery of their
matrix.

Double-Labeling Experiments

Two different-sized gold particles were used to localize
simultaneously elastase (5 nm gold particles) and MPO
(10 nm gold particles) according to Tapia et al (Figure
4b).2 A strict colocalization of both proteins was ob-
served, directly confirming the presence of elastase in the

primary, MPO-positive granules. Some large electron-
dense granules, identified as primary granules by the cy-
tochemical detection of MPO, according to Graham and
Karnowsky, and by the technique described previously,30
were negative for both MPO and elastase immunocyto-
chemical detection.

LF detected by small gold particles was always ob-
served in a granule population that was clearly distinct
from the elastase-containing granules (Figure 4c): they
were smaller, less electron dense, about twice as numer-
ous, and previously identified by a similar technique as
being secondary granules.17'27 Virtually all specific gran-
ules appeared to label for LF. However this double label-
ing experiment confirmed that the large, dense granules
negative for elastase did not contain LF and corre-
sponded to primary granules.

Control experiments were consistently negative.

Phagocytosing Neutrophils

Double labeling for elastase and LF was used to study
the sequence of degranulation after phagocytosis. As
early as 30 seconds after initiation of phagocytosis,
phagosomes containing either the elastase marker only
(large gold particles) (Figure 5a) or the LF marker only
(small gold particles) (Figure 5b) or both proteins (Figure
Sc) were seen. The results were the same after 5 and 10
minutes of phagocytosis except that more gold particles
were present within the phagosomes, and less granules
left in the cytoplasm.

Discussion

Previous biochemical data11-13'24 have indicated that elas-
tase is associated with primary granules. One previous
ultrastructural enzymatic cytochemical study, however,
reported elastase activity as being ubiquitous in its distri-
bution in the neutrophil, being found both in primary and
secondary granules.25 This result is probably caused by
the nonspecificity of the elastase cytochemical proce-
dure. The present study avoided this problem by using a
specific monoclonal antibody to elastase to probe for its
site of localization. Use of this reagent in conjunction with
antibodies to other markers has made it possible for us to
localize this enzyme to primary granules and to show that
it is restricted to this class of heterogeneous granules. A
recent immunoelectron microscopic study also showed
the association of elastase with MPO-positive granules,
but only part of these granules displayed elastase.18
When we used an immunogold technique to localize MPO
as well, the same results were obtained for both MPO and
elastase, ie, labeling of only part of the primary granules.
Although a discrepancy has been observed between cel-
lular MPO and elastase content in acute myeloblastic leu-
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kemia, with some cases expressing MPO in the absence
of elastase,9 we consistently observed the simultaneous
appearance of both enzymes in the immature granules
of normal bone marrow myeloblasts and never saw one
without the other. Elastase labeling of all primary granules
was present up to the promyelocyte stage, but in more
mature cells some of the dense spherical primary gran-
ules were negative. The matrix of these granules had be-
come more electron-dense with maturation, shown on
standard electron microscopy stain. Double-labeling ex-
periments showed a parallel absence of MPO labeling in
these granules, and elastase-negative primary granules,
although MPO cytochemical reactivity was preserved in
the same conditions.173 A possible explanation is that
the content of these dense granules is very tightly
packed, and that the antigenic site is therefore inaccessi-
ble to the antibody whereas the enzymatic activity is still
detectable. This can be compared with the well-known
enzymatic latency of lysosomes26 or the lack of immuno-
reactivity of neutrophil secondary granules for lyso-

27zyme, and might explain the absence of labeling in a

subpopulation of primary granules in PMN.
The matrix of ellipsoid granules (which appear later

than spherical granules28) was labeled consistently. The
concentration of labeling at the periphery of some gran-
ules resembles the pattern of labeling described by Rice
et a18 and Bainton and coworkers10 for MPO. In our previ-
ous study, primary granules were partially extracted by
the embedding technique;17 we could thus observe the
immunologic localization of MPO within the primary gran-
ules, but it was not possible to see a specific intragranular
distribution pattern. In contrast, the cryosectioning tech-
nique used in this study preserves granule morphology
better and allows visualization of its whole matrix. Thus, it
seems that within the mature granule itself, the distribution
of proteins is not homogeneous. This may lead to a selec-
tive release of the different components present in an indi-
vidual granule during intra- or extracellular degranulation.
However, the different subpopulations of primary gran-
ules2-4 could not be distinguished based on their elastase
content.

The double-labeling experiments possess two advan-
tages. First, they directly show the strict colocalization of
the immunologic reactivity of MPO and elastase in the pri-
mary granules, as well as the different localization of LF
and elastase within the secondary and primary granules,
respectively. Second, during phagocytosis, the use of
gold particles of different size to label the two main types
of granules allows their simultaneous vizualization, and
thus a comparison of the kinetics of their degranulation.
Although latex particles are not physiologic stimuli, we
used the same technical conditions as Segal and cowork-
ers21 to compare our results of degranulation kinetics in
PMN. Under these technical conditions, both types of

granules were observed emptying their content simulta-
neously, shortly after the initiation of phagocytosis.

Double-labeling experiments also allow the semi-quan-
titative analysis of the content in a specific protein within
a single phagosome. Because it is hypothesized that re-
lease of granule components could be selective, this
technique provides a good tool to perform such a study
after different physiologic or pathologic stimulations.

Finally, it will be of interest to investigate why masking
of some granule antigenic reactivity occurs during neutro-
phil maturation at the same time as the enzymatic reactiv-
ity is preserved, and whether this is due to physicochemi-
cal interaction with other granule components.
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