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Abstract

Although several genetic defects are known to impair oxidative
microbicidal/cytotoxic mechanisms in human PMN, no defi-
ciencies of PMN granule components that mediate oxygen-in-
dependent microbicidal activity have yet been reported. We
analyzed PMN from patients with various granulocyte dis-
orders for their content of two azurophil granule constituents,
defensins and cathepsin G, that exert microbicidal/cytotoxic
activity in vitro, and one component, elastase, that has ancil-
lary microbicidal/cytotoxic activity. PMN from two (of two)
patients with specific granule deficiency (SGD) displayed an
almost complete deficiency of defensins, which in normal cells
constitute > 30% of the protein content of azurophil granules.
The SGD PMN contained normal or mildly decreased
amounts of cathepsin G and elastase. Conversely, the PMN of
three (of three) patients with Chediak-Higashi syndrome
(CHS) substantially lacked cathepsin G and elastase, but their
defensin content was normal or mildly decreased. Both CHS
and SGD patients suffer from frequent and severe bacterial
infections, and CHS patients frequently develop an atypical
lymphoproliferative syndrome. The profound deficiency of
PMN components with microbicidal/cytotoxic activity in SGD
and CHS may contribute to the clinical manifestations of these
disorders.

Introduction

Neutrophils are thought to kill their targets using two distinct
classes of effector substances: reactive oxygen intermediates
(ROI)! and microbicidal/cytotoxic proteins. Whereas myelo-
peroxidase deficiency and chronic granulomatous disease
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(CGD) are well-studied examples of deficient ROI production
by PMN (reviewed in references 1 and 2), analogous defects of
microbicidal/cytotoxic proteins have not been described pre-
viously in human PMN. We have discovered and now report
that in two conditions, PMN are deficient in certain microbi-
cidal and cytotoxic proteins.

Methods

Subjects. Blood samples were obtained from normal volunteers (n
= 17), patients with known defects of ROI production (CGD, n = 20;
myeloperoxidase deficiency, n = 1), and patients with other PMN
defects: hyperimmunoglobulinemia E with recurrent infection (Job’s
syndrome), n = 5; iC3b receptor deficiency, n = 1; Chediak-Higashi
syndrome (CHS), n = 3; specific granule deficiency (SGD), n = 2; and
frequent bacterial infections without a specific diagnosis, n = 1. The
clinical and laboratory features of both SGD patients (cases 2 and 5 in
reference 3) and two of the three CHS patients (cases 3 and 4 of
reference 4) have been reported previously (3, 4).

PMN. PMN were purified by dextran sedimentation and centrifu-
gation through a Hypaque-Ficoll step gradient (5). Granule-enriched
PMN fractions (granules) were prepared by brief sonication of PMN in
0.34 M sucrose, pH 7.4, removal of nuclei and cell fragments by
centrifugation at 200 g for 10 min, and recovery of a granule-enriched
sediment by ultracentrifugation (Airfuge; Beckman Instruments, Ful-
lerton, CA; 20 psi for 5 min). PMN and granules were stored frozen at
—70°C except during shipment on dry ice.

Screening by PAGE. Aliquots of 5 X 10° cells of their granules were
solubilized by brief sonication at 4°C in 0.5 ml 5% acetic acid. After
additional incubation at 4°C for 2 h, the lysate was cleared by centrifu-
gation at 12,000 g for 10 min and lyophilized aliquots were analyzed by
electrophoresis on 12.5% acid-urea polyacrylamide gels (AU-PAGE)
and 10-30% gradient SDS-PAGE. The gels were stained with Coo-
massie Blue and examined for missing or abnormal protein bands by
observers who were blinded to the patients’ identity or diagnosis. The
missing proteins were tentatively identified by comparison of their
migration to that of individually purified granule proteins.

Western blots. To detect defensins or elastase, AU-PAGE of PMN
extracts were electroblotted to nitrocellulose membranes in 0.7% acetic
acid, blots were probed with 1:500 dilutions of sheep anti-elastase IgG
(Miles Scientific Division, Miles Laboratories, Inc., Naperville, IL) or
rabbit anti-defensins IgG (6), and 1:2,000 dilutions of appropriate
second antibody IgG coupled to horseradish peroxidase (Cappel Labo-
ratories, Cochranville, PA). The blots were developed in 1-chloro-
naphthol as described by the manufacturer (Bio-Rad Laboratories,
Richmond, CA). Purified neutrophil elastase and cathepsin G (Elastin
Products, St. Louis, MO), or defensins (6) were used as standards.

Alternatively, for the detection of cathepsin G, PMN were ex-
tracted by brief sonication in 0.1 M sodium acetate/0.2% cetyltri-
methylammonium bromide. The extract was cleared by centrifugation
and subjected to electrophoresis on an acid (pH 4.3) 12.5% polyacryl-
amide slab gel prepared by a minor modification of the method of
Reisfeld et al. (7). The bisacrylamide content in solution C was in-
creased to 2.5% wt/vol. The running gel consisted of solutions A, C, E,



and water in the ratio 3:5:3:13. The stacking layer was prepared from
solutions B, D, E, and water in the volume ratio 1:3:1:3. All solutions
are as described in reference 7. Both layers were photopolymerized.
The gel was electroblotted onto nitrocellulose overnight in tray buffer
(7) diluted 1:1 with water. The blot was probed with 1:100 dilution of
sheep anti-cathepsin G antibody (Miles Scientific), followed by 1:500
dilution of rabbit anti-goat IgG antibody coupled to horseradish per-
oxidase (Cappel Laboratories), then developed as described before.

Elastase and cathepsin G assays. PMN were sonicated in 0.1 M
sodium acetate/0.2% cetyltrimethylammonium bromide, pH 4.0, at
4°C at a concentration of 1 X 10’ PMN/ml. Elastase activity at 37°C
was measured from the slope of the absorbance at 410 nm of a mixture
containing 0.010 ml of PMN sonicate and 0.99 ml of the specific
substrate 0.2 mM methoxysuccinyl-alanyl-alanyl-prolyl-valine-p-ni-
troanilide (Sigma Chemical Co., St. Louis, MO) in 0.2 M Tris-HC] pH
8.0/10% DMSO (8). Cathepsin G activity was determined similarly by
adding 0.040 ml of PMN lysate to 0.96 ml of 1.1 mM succinyl-alanyl-
alanyl-prolyl-phenylalanine-p-nitroanilide (Sigma Chemical Co.) in
the same buffer (9).

Defensin assays. Defensin concentrations were determined by a
competitive enzyme immunoassay described previously (9).

Protein assays. The amounts of soluble protein in PMN lysates
were determined using a modification of the bicinchoninic acid (BCA)
protein assay (10). The standard BCA protein reagent was prepared
according to the manufacturer’s instructions (Pierce Chemical Co.,
Rockford, IL). The assay was performed in triplicate in 96-well micro-
titer plates by adding 200 ul of BCA reagent to 5 ul of PMN lysate or
hen egg lysozyme standard (Sigma Chemical Co.), and incubating at
60°C for 30 min. The plates were read on an enzyme immunoassay
reader at 540 nm and protein concentrations calculated by linear re-
gression.

Results

AU-PAGE and SDS-PAGE profiles of whole PMN extracts
and PMN granule extracts revealed qualitative abnormalities
in three classes of patients: myeloperoxidase deficiency, SGD,
and CHS. As expected, the characteristic myeloperoxidase
bands were absent in the extracts of PMN from a patient with a
deficiency of this enzyme, and the specific granule marker
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lactoferrin was absent from extracts of PMN of both patients
with SGD. More remarkably, PMN from two of two patients
with SGD also appeared to be markedly deficient in all three
defensins whereas PMN of three of three patients with CHS
appeared to lack neutrophil elastase. Representative examples
of screening electrophoretograms are shown in Fig. 1. Com-
pared with extracts of whole PMN, granule extracts yielded
less complex patterns, making them particularly suitable as
qualitative screening tools for the detection of granule defects.
Others also noted (11) an apparent deficiency of all azurophil
granule proteins in the granule-enriched fraction of CHS neu-
trophils (G) which was thought to reflect the insufficient recov-
ery of these morphologically abnormal granules by the con-
ventional granule enrichment procedures. Accordingly, we
used whole PMN extracts rather than granule extracts for the
subsequent studies.

We quantified the immunoreactive defensin content, and
elastase and cathepsin G enzymatic activities in whole PMN
extracts (Fig. 2). PMN of the two SGD patients contained only
10 and 9%, respectively, of the mean defensin content of nor-
mal PMN, and had the lowest defensin content of all 50
donors tested (P < 0.001). In both SGD patients, elastase (55
and 96%) and cathepsin G (32 and 85%) activities were rela-
tively preserved, as was the acid-extractable protein content
(67 and 104%, see Table I). Conversely, the PMN of the three
patients with CHS showed severely diminished elastase (3, 12,
and 12%) and cathepsin G (3, 11, and 13%) activity, ranking
the lowest of 40 donors tested for each enzyme (P = 0.0001),
but their defensin content was relatively preserved (36, 47, and
103%), as was their acid-extractable protein content (90, 90,
and 82%, see Table I). The enzyme activity of mixtures of CHS
and normal PMN extracts was additive for both elastase and
cathepsin G (data not shown) indicating that the low elastase
and cathepsin G activity of CHS PMN was not due to a pro-
tease inhibitor.

Western blots of PMN extracts from SGD patients, CHS
patients, and normal controls (Figs. 3 and 4) confirmed these

Figure 1. Representative screening electro-
phoretograms (AU-PAGE) of PMN ex-
tracts from normal controls and patients.
Each subject’s whole PMN extract (W) and
granule extract (G) are analyzed in adja-
cent lanes. Controls in this case include
three patients with CGD and one normal
subject. Purified major granule proteins
migrate as indicated by arrows: MPO,
myeloperoxidase; LF, lactoferrin; EL, elas-
tase; DEF, the three human defensins,
HNP-1,2, and 3; LYS, lysozyme. The ex-
tract of SGD neutrophils (SGD 1 in Table
I) shows normal lysozyme and myeloper-
oxidase bands, a somewhat diminished
elastase band, and missing lactoferrin and
defensin bands. The extract of whole CHS
neutrophils (W) shows normal lysozyme
and lactoferrin bands, somewhat dimin-
ished myeloperoxidase and defensin bands,
and absent elastase bands (sample CHS 1
in Table I). The paucity of all azurophil
granule proteins in the conventionally
granule-enriched fraction (G) of CHS neu-
trophils was noted previously by West (11).
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Figure 2. The content of defensins, elastase and cathepsin G in PMN
of individual patients and normal controls. The measurements are
expressed relative to the mean of normal controls for each protein. O,
normal; A, CGD; e, SGD; a, CHS; *, Jobs’ syndrome; o, other.

quantitative defects but, with one exception, detected no ab-
normally migrating immunoreactive elastase, cathepsin G, or
defensins. An additional protein band not present in any of the
other patients or controls and cross-reactive with elastase was
seen in PMN extracts of one of the SGD patients (case 2,
reference 3). The properties of this abnormal protein are under
investigation.

As a group, PMN of patients with CGD did not differ from
normal controls (NL) in their content of defensins, elastase, or
cathepsin G (95% confidence interval for the difference of
means, CGD-NL.: elastase, —18 to +20%; cathepsin G, —32 to
+7%; defensins, —17 to +29%). Although only a few could be
tested, patients with hyperimmunoglobulinemia E-recurrent
infection (Job’s syndrome) did not manifest deficiencies of any
of the three proteins studied (Fig. 2).

Table I. Protein Content of PMN Extracts

NaOAc/CETAB
Patient groups HOAC extract* extractt
Hg

Normal 406 (n = 11) 45+3 (n = 15)
CGD 4016 (n = 14) 477 (n = 17)
Other PMN defects 39+5(n = 8) 4015 (n = 9)
Individual CHS and SGD patients

SGD 1 Not done 31

SGD 2 44 44

CHS 1 38 38

CHS 2 49 47

CHS 3 34 35

* Protein content of 5% acetic acid extract per 10° whole PMN
(meanzSD, » = number of patients).

# Protein content of 0.1 M sodium acetate/0.2% CETAB extract per
10° whole PMN (mean=+SD, n = number of patients).
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Figure 3. Western blots of CHS, SGD, and control whole PMN ex-
tracts. Top, reacted with anti-elastase antibody, bottom, anti—-defen-
sin antibody. The controls included normal controls (» = 3) and pa-
tients with CGD (n = 3). Each lane contains extract from 3 X 10°
PMN (anti-elastase) or 1 X 10° PMN (anti-defensins). The protein
contents of CHS PMN extracts (35-49 ug/10° cell equivalents), SGD
PMN extracts (31-44 ug/10¢ cell equivalents) and control PMN ex-
tracts (28-50 ug/10° cell equivalents) were similar.

Discussion
CHS. Although our observations of cathepsin G and elastase

deficiency in CHS patients are novel, they are in agreement
with previous reports (12) of diminished neutral protease ac-

CATHEPSIN G

CHS 1 CHS2 CHS3 NL1 NL2

Figure 4. Western blots of CHS and normal PMN extracts probed
with anti~cathepsin G antibody. Each lane contains extract of 5

X 10° whole PMN. The protein contents of CHS PMN extracts
(35-49 ug/10¢ cell equivalents) were similar to the two concurrently
processed normal PMN extracts (31 and 50 ug/10° cell equivalents).
The enzymatically active forms of cathepsin G migrate in the two
prominent cathodal bands (at the bottom of the strip) seen in lanes
NL I and NL 2.



tivity in CHS PMN and in the PMN of beige mice (an animal
model of CHS). More recent studies in beige mice, using spe-
cific enzymatic substrates, determined that both elastase and
cathepsin G enzymatic activities were deficient (13). In this
study, we observed the same type of dual deficiency in human
CHS PMN, and were able to show by Western blotting for
elastase and cathepsin G that the enzymatic deficiency paral-
leled a deficiency of the respective immunioreactive proteins.
Although we did not detect aberrant forms of elastase or ca-
thepsin G, such altered proteins could be unstable, present in
very small amounts, or nonreactive with our antisera.. -

The azurophil granule proteins myeloperoxidase and beta-
glucuronidase have been reported to be normal (14) or mildly
diminished (15) in CHS neutrophils, and lysozyme (murami-
dase activity) was also' normal (14). The finding of normal
acid-extractable protein content and preserved defensin con-
tent in CHS neutrophils confirms the relative selectivity of the
elastase and cathepsin G defects. The recent measurements of
normal elastase and cathepsin G content in the bone marrow
of beige mice (16) suggest that CHS may be a disorder of
regulation of protein synthesis, protein processing, or granule
assembly rather than a primary lesion in elastase and cathepsin
G genes.

SGD. Although the SGD neutrophils were reported to
contain norrhal amounts of the azurophil granule protéins,
myeloperoxidase and beta-glucuronidase, and lysozyme (17),
previous studies of SGD neutrophils also contained indica-
tions of an azurophil granule defect. On sucrose or Percoll
density gradients the azurophil granules sedimented as a single
band of lighter density rather than the usual two bands (17,
18). The denser azurophil granules are ordinarily especially
rich in defensins (19), which constitute almost half their total
protein. Our observation that defensins are deficient in the
PMN of these patients thus may explain the anomalous sedi-
mentation pattern of their granulés. Future studies should clar-
ify whether the PMN of SGD patients lack the morphologi-
cally distinct defensin-rich subpopulation of azurophil gran-
ules.

During normal maturation of azurophil granules, vicinal
glycol groups in the granule matrix become masked so that
they no longer stain with periodate-thiocarbohydrazide-silver
proteinate stain (20). In SGD neutrophil’s azurophil granules,
this masking does not take place (20), consistent with the
present demonstration that a triad of major azurophil granule
proteins is missing in these PMN.

CHS and SGD: disorders of microbicidal/cytotoxic effector
proteins of neutrophils. The azurophil granules of PMN are
thought to function as specialized lysosomes containing pro-
teins with digestive, microbicidal, and tytotoxic properties (21,
22). During phagocytosis azurophil granules fuse to phago-
somes, release their contents onto the ingested target (23), and
are thought to contribute to its destruction. Potential microbi-
cidal effectors include several azurophil granule proteins with
known antimicrobial activity in vitro: lysozyme, cathepsin G,
bactericidal/permeability-increasing protein, CAP 37, defen-
sins, and to a lesser extent, elastase (reviewed in references 24
and 25). Cathepsin G (26), elastase (27), and defensins (28) are
also cytotoxic to certain mammalian cells and could contrib-
ute to tissue injury in vivo. In this report, we described two
conditions in which there is a sévere deficiency of either de-
fensins (in SGD), or elastase and cathepsin G (CHS). In both
of these conditions there is a previously unexplained defect in

postphagocytic killing of bacteria (17, 29-32) despite a gener-
ally normal oxidative burst (17, 30, 31, 33). The profound
deficiency of microbicidal/cytotoxic proteins in these dis-
orders may contribute to the observed microbicidal defect in
vitro and to the frequent bacterial infections characteristic of
both conditions. Further studies of the ability of these defec-
tive neutrophils to kill various microbes and injure tissues may
help clarify the role of &lastase, cathepsin G, and defensins in
these processes.
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