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The insect immune response has a number of structural and functional similarities to the innate immune
response of mammals. The objective of the work presented here was to establish the mechanism by which insect
hemocytes produce superoxide and to ascertain whether the proteins involved in superoxide production are
similar to those involved in the NADPH oxidase-induced superoxide production in human neutrophils.
Hemocytes of the greater wax moth (Galleria mellonella) were shown to be capable of phagocytosing bacterial
and fungal cells. The kinetics of phagocytosis and microbial killing were similar in the insect hemocytes and
human neutrophils. Superoxide production and microbial Kkilling by both cell types were inhibited in the
presence of the NADPH oxidase inhibitor diphenyleneiodonium chloride. Immunoblotting of G. mellonella
hemocytes with antibodies raised against human neutrophil phox proteins revealed the presence of proteins
homologous to gp91P"°%, p67°"°*, p47°"°*, and the GTP-binding protein rac 2. A protein equivalent to p40P"°*
was not detected in insect hemocytes. Immunofluorescence analysis localized insect 47-kDa and 67-kDa
proteins throughout the cytosol and in the perinuclear region. Hemocyte 67-kDa and 47-kDa proteins were
immunoprecipitated and analyzed by matrix-assisted laser desorption ionization—time of flight analysis. The
results revealed that the hemocyte 67-kDa and 47-kDa proteins contained peptides matching those of p67°"°*
and p47°"°* of human neutrophils. The results presented here indicate that insect hemocytes phagocytose and
kill bacterial and fungal cells by a mechanism similar to the mechanism used by human neutrophils via the
production of superoxide. We identified proteins homologous to a number of proteins essential for superoxide
production in human neutrophils and demonstrated that significant regions of the 67-kDa and 47-kDa insect

proteins are identical to regions of the p67°"** and p47°"°* proteins of neutrophils.

Neutrophils play a pivotal role in the innate immune response
of mammals by phagocytosing and destroying invading micro-
organisms (39). Serum-opsonized microbes can be killed within
the confines of the phagocytic vacuole, a process which is
dependent upon the generation of reactive oxygen species
(ROS) (55), predominantly superoxide (O, ) and hydrogen
peroxide (H,O,) (2). In addition to the dismutation products
of O, ", this anion has also been shown to be indirectly respon-
sible for the activation of cationic granule enzymes, such as
elastase and cathepsin G, which then participate in the destruc-
tion of the microbes (55).

The NADPH oxidase complex of neutrophils is a highly
regulated multicomponent system, and the absence of this sys-
tem or an abnormality in it results in disease, such as chronic
granulomatous disease (CGD) (33), which is characterized by
a profound predisposition to infection. The plasma membrane
and the membrane of the specific granules of neutrophils con-
tain a flavocytochrome b (flavocytochrome bssg), which is in-
corporated into the membrane of the phagocytic vacuole (59).
Flavocytochrome b is a heterodimer composed of gp91P"** and
p22P°* (phox indicates phagocyte oxidase) at a molar ratio of
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1:1 (68). gp91P"°* contains NADPH and flavin adenine dinu-
cleotide binding sites in its soluble cytosolic domain (61). The
activated flavocytochrome bssg works as the catalytic redox
center, where electrons are transferred from NADPH to mo-
lecular oxygen to generate O, . A number of homologues of
this protein have been discovered, including Nox1 to Nox5 (10,
45), p138Tox in thyroid (23), renox in the kidney (30), and
rbohA in plants (35). p22P"°* is required for gp91P"°* stability
and appears to bind soluble cytosolic activating factors (64).
These factors include p67P"°*, p47P*°* and the small GTP-
binding protein rac in the GTP-bound form, which together
with amphiphiles such as sodium dodecyl sulfate (SDS) and
membranes or pure flavocytochrome induce electron transport
in vitro, in what is known as the “cell-free system” (13). An-
other protein, p40P"* (69), also binds strongly to p67P"°x,
p40P°* becomes phosphorylated when the NADPH oxidase is
activated; however, the role of this phox protein is controver-
sial since both stimulatory (66) and inhibitory effects (17) on
the oxidase have been observed. These cytosolic proteins in-
teract with each other (28, 29, 70), with rac (19, 20), and with
the flavocytochrome (15, 16, 21) through a number of Src
homology 3 (SH3), proline-rich, tetratricopeptide repeat, and
PC motifs (53).

The immune system of insects exhibits a high degree of
structural and functional similarity with the innate immune
system of mammals (41, 57, 67). The insect hemolymph con-
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tains hemocytes, which function in a manner similar to that of
phagocytes of humans (54). At least six types of hemocytes
have been identified in insects such as Galleria mellonella (the
greater wax moth) (7), and plasmatocytes and granulocytes are
the most abundant phagocytic cell types. NADPH oxidase and
NO synthase pathways have been observed in the self-defense
system of Mytilus galloprovincialis (1), and production of ROS
has also been detected in hemocytes; evidence of both O,
(32) and its dismutation product, H,O,, has been found in
plasmatocytes of Drosophila melanogaster larvae (51) and G.
mellonella (62).

Similarities between vertebrate and invertebrate immune
cells extend to the signal transduction pathways that trigger
their activation. In phagocytic cells of vertebrates there are two
pathways leading to NADPH oxidase activation, and these
pathways are Ca®" and protein kinase C (PKC) dependent or
independent and are activated by phorbol-12-myristate-13-ac-
etate (PMA) and concanavalin-coated particles, respectively
(18, 72). In bivalve mollusks, phorbol esters have been shown
to stimulate the hemocyte NADPH oxidase pathway directly at
the level of PKC (3), whereas laminarin has been reported to
interact with beta-1,3-glucan-binding proteins on the hemocyte
surface in arthropods and mollusks and to activate the whole
oxidase pathway (63).

The similarities between the oxidative burst pathways of
insect hemocytes and mammalian neutrophils raise the possi-
bility that the complexes that generate the ROS might also
contain homologous components. Recent reports have pro-
vided evidence for the involvement of proteins homologous to
human neutrophil p47°"* and p67°"* (5, 31), which support
superoxide generation by the NADPH oxidase NOX and are
termed NOXO1 and NOXAL. In addition, both phox proteins
have been detected immunologically in cultured plant cells and
possibly participate in the soybean cell oxidative burst (24).
Thus, an examination of whether membrane and cytosolic phox
proteins are present in insect hemocytes would provide a strin-
gent test of the homology between the insect and mammal
oxidase complexes. Most immunological data for insects are
data for D. melanogaster; however, in G. mellonella, various
immunorelevant protein molecules have been described, and
this system is being increasingly used as a model for assessing
the virulence of a range of microorganisms (41). Larvae of G.
mellonella have been used to evaluate the pathogenicity of
lipopolysaccharide-deficient mutants of Pseudomonas aerugi-
nosa (22), and there is a good correlation between the viru-
lence of P. aeruginosa in Galleria larvae and the virulence of
P. aeruginosa in mice (40). Larvae of G. mellonella have been
employed to differentiate between pathogenic and nonpatho-
genic fungi (56) and yeasts (11), and a strong correlation be-
tween the virulence of Candida albicans mutants in insects and
the virulence of C. albicans mutants in mice has been estab-
lished (8).

Given the increased use of insects for evaluating microbial
virulence (8, 11, 22, 40, 41, 56) and the need to reduce the
number of vertebrates used in such testing (4), it is essential to
demonstrate that insects are a valid alternative to the use of
mammals (41). In the work presented here we compared the
abilities of hemocytes of G. mellonella and human neutrophils
to engulf and kill bacterial and fungal cells. Using immunolog-
ical and matrix-assisted laser desorption ionization—time of
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flight (MALDI-TOF) analyses, we observed the presence of
both p47P"°* and p67P"°* proteins in insect hemocytes, which
may participate in the oxidative burst of these hemocytes. This
finding further strengthens the similarities between the oxida-
tive burst pathways in the two cell types and supports the use
of G. mellonella as an alternative to mammals in in vivo patho-
genicity assays.

MATERIALS AND METHODS

Chemicals. All chemicals and reagents were the highest purity and were
purchased from Sigma Aldrich Chemical Co. Ltd., Dorset, United Kingdom,
unless indicated otherwise.

Microbial strains and culture conditions. Staphylococcus aureus (originally
isolated from a wound infection in St. James’s Hospital, Dublin, Ireland) was
cultured in Luria-Bertani (LB) broth (Difco Laboratories, Sparks, Md.) at 37°C
and 200 rpm in an orbital incubator. Stocks were maintained on LB agar (2%
[wt/vol] agar [Difco Laboratories]). C. albicans MEN (a kind gift from D. Kerr-
ridge, Cambridge, United Kingdom) was cultured in YEPD broth (2% [wt/vol]
glucose, 2% [wt/vol] Bacto peptone [Difco Laboratories], 1% [wt/vol] yeast
extract [Oxoid Ltd., Basingstoke, England]) at 30°C and 200 rpm in an orbital
shaker. Stocks were maintained on YEPD agar plates (YEPD broth supple-
mented with 2% [wt/vol] agar).

Preparation of human neutrophils and insect hemocytes. Normal human
neutrophils were separated from blood collected in 10-ml heparinized vacuum
tubes (BD Vacutainer Systems, Plymouth, United Kingdom) by dextran sedi-
mentation and Ficoll-Hypaque (Axis-Shield PoC AS, Oslo, Norway) centrifuga-
tion (58). Residual erythrocytes were removed by hypotonic lysis in water to
obtain a suspension containing 95% neutrophils. The cells were resuspended in
phosphate-buffered saline (PBS) (pH 7.4) containing 5 mM glucose and used
immediately.

Insect hemocytes were harvested from sixth-instar larvae of G. mellonella
(Mealworm Company, Sheffield, United Kingdom). Larvae were stored in wood
shavings in the dark at 15°C, and insects weighing between 0.2 and 0.4 g were
selected. Larval hemolymph (three or four larvae gave 1 ml) was bled into 9 ml
of insect physiological saline (IPS) (65) containing 10 mM EDTA and 30 mM
sodium citrate as anticoagulants. A population consisting of 100% hemocytes
was pelleted by centrifugation at 500 X g for 5 min in a Beckman GS-6 centrifuge
at room temperature. The cells were washed once in IPS and finally resuspended
in PBS containing 5 mM glucose.

In vitro phagocytosis of C. albicans by human neutrophils and insect hemo-
cytes. C. albicans was opsonized using human blood plasma (55) or cell-free
hemolymph diluted 1/10 in IPS (1). Phagocytosis was measured by incubating 1 X
107 neutrophils or 1 X 107 hemocytes with 2 X 10° C. albicans cells in a rapidly
stirred chamber of a Clark type oxygen electrode at 37°C (60). An aliquot was
removed immediately after addition of the yeast cells (time zero) and after 15,
30, 45, or 60 min of incubation. The percentages of viable neutrophils and
hemocytes before and after phagocytosis were ascertained by the trypan blue
exclusion method, and an approximately 8% reduction in viability was observed
over 60 min of incubation for both cell types. Three hundred neutrophils or
hemocytes were examined microscopically, and the number of phagocytosing
cells was ascertained. The mean * standard error number of internalized yeast
cells per neutrophil or hemocyte was determined.

In vitro Killing of S. aureus and C. albicans in neutrophils and hemocytes.
Neutrophils (1 X 107 cells) or hemocytes (1 X 107 cells) were incubated at 37°C
in PBS (600 1) in a rapidly stirred chamber. Serum-opsonized S. aureus (1 X 107
cells) or C. albicans (2 X 10° cells) was added, and killing was measured as
described previously (55) in the presence or absence of diphenyleneiodonium
chloride (DPI) (5 uM) (12). The percentages of viable cells before and after
PMA stimulation were routinely assessed, and the value was found to decrease
by approximately 10 and 2% for neutrophils and hemocytes, respectively. Every
15 min an aliquot (100 pl) was removed from the chamber and placed into
chilled LB broth for bacteria or into YEPD broth for yeast cells. The cell
suspensions were diluted and plated onto LB agar or YEPD agar plates as
appropriate. The results were calculated by determining the means *+ standard
errors from at least three experiments in which colony counts were determined
in triplicate for each sample, and the data were expressed as percentages of the
original number at time zero.

Oxygen consumption and cytochrome ¢ reduction. Oxygen consumption was
measured in a temperature-controlled (37°C) chamber that was attached to an
oxygen electrode to which sodium dithionate was added for calibration, assuming
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that the normal oxygen content of water is 230 nmol/ml (60). An aliquot of cells
(10° to 107 cells in 1 ml) was placed in the chamber and allowed to reach a steady
state of respiration. Cells were stimulated with PMA (1 pg/ml) in the presence
or absence of DPI (5 pM).

Production of superoxide by 2 X 10° hemocytes after stimulation with PMA
(1 pg/ml) was measured by determining the superoxide dismutase (SOD) (50 pg/
ml)-inhibitable reduction of cytochrome ¢ (2). Absorbance at 550 nm was re-
corded with a Beckman DU640 spectrophotometer over 30 min.

Electrophoresis and immunoblotting. Samples were run on SDS-polyacryl-
amide gel electrophoresis (PAGE) minigels (8 to 12.5% polyacrylamide), and
protein profiles were visualized by Coomassie blue staining. For Western blot-
ting, the protein was transferred to a nitrocellulose membrane using a semidry
blotter for 1 h at 1.4 mA/cm? Rabbit and goat polyclonal antisera raised against
human p40PhoX, p47PhoxX and p67Phx (69) were used at a dilution of 1/1,000 for
1 h. Antibodies to gp91P"°*, PKC 8 (Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif.), and rac 2 were used at a dilution of 1/1,000 and incubated for 16 h at 4°C.
The antibodies to rac 2 were specific and did not cross-react with rac 1 (Santa
Cruz Biotechnology). Horseradish peroxidase-conjugated donkey anti-rabbit im-
munoglobulin G (IgG) (1/5,000 dilution; Amersham Biosciences UK Ltd., Buck-
inghamshire, England) or rabbit anti-goat IgG (Calbiochem, Merck Biosciences
Ltd., Nottingham, United Kingdom) was used to detect reactive bands with the
enhanced chemiluminescence system (Pierce Biotechnology, Inc., Rockford,
1IL).

Fractionation and immunoprecipitation of hemocytes and neutrophils. Di-
isopropyl fluorophosphate (1 mM) was added to pelleted hemocytes and neu-
trophils (1 X 10® cells) and incubated on ice for 10 min. The cells were resus-
pended in 200 pl of break buffer [10 mM KCI, 3 mM NaCl, 4 mM MgCl,, 10 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES); pH 7.2] (55) containing
protease inhibitors (10 pg/ml leupeptin, pepstatin A, aprotinin, and N-oa-p-tosyl-
L-lysine chloromethylketone hydrochloride [TLCK]), sonicated (Bandelin Sono-
puls; Bandelin Electronics, Germany) three times for 5 s, and centrifuged at 200
X g for 10 min at 4°C. The postnuclear supernatant (PNS) was layered on top of
a discontinuous sucrose gradient (17% and 34% [wt/wt] sucrose) and centrifuged
at 50,000 X g for 10 min at 4°C. The cytosolic fraction was removed from above
the 17% (wt/wt) sucrose layer, and membranes were recovered from the top of
the 34% (wt/wt) sucrose layer. Proteins in these different fractions were sepa-
rated by SDS-PAGE and Western blotted.

For immunoprecipitation, prechilled 2X solubilization buffer (2% [vol/vol]
Triton X-100, 300 mM NaCl, 2% [wt/vol] sodium deoxycholate, and 0.2% [wt/
vol] SDS in break buffer with protease inhibitors [10 pwg/ml leupeptin, pepstatin
A, aprotinin, and TLCK]) was added to the PNS of 2 x 10® cells at a ratio of 1:1.
Primary antibody raised against the relevant proteins was added for 1 h on ice,
and this was followed by incubation with reconstituted protein A-Sepharose
beads overnight at 4°C. The protein A-Sepharose was washed three times in
prechilled 1X solubilization buffer containing protease inhibitors and then boiled
for 3 min in a minimum volume of 2X Laemmli sample buffer (44). Immuno-
precipitates were subjected to SDS-PAGE and stained with Coomassie blue to
visualize proteins intended for MALDI-TOF mass spectrometric (MS) analysis.

Immunofluorescence microscopy. Immunofluorescence microscopy was per-
formed as described previously (34). In brief, hemocytes were collected from
Galleria larvae in IPS and allowed to adhere to methanol-cleaned glass cover-
slips. The cells were fixed with 4% paraformaldehyde for 10 min and washed in
PBS. Then the cells were permeabilized with 0.2% (vol/vol) Triton X-100 in PBS
for 10 min, washed in PBS, and blocked with 10 mM NaBH, for 1 h. After
washing with PBS, the cells were incubated with primary antibody against human
p47Phox or p67PR* overnight at 4°C. The slides were washed in PBS and incu-
bated with fluorescein goat anti-rabbit IgG secondary antibody (Stratech Scien-
tific Ltd., Cambridgshire, England) for 1 h. The controls for this experiment
included cells alone and cells exposed only to secondary antibody.

MALDI-TOF mass spectrometry. Mass spectrometry of trypsin-digested pro-
teins was performed using an Ettan MALDI-TOF spectrometer (Amersham
Biosciences, Freiburg, Germany). All 1.5-ml tubes were siliconized with Sigma-
cote, and all reagents were high-performance liquid chromatography grade. For
peptide analysis, Coomassie blue-stained protein bands were excised from an
SDS-PAGE gel and diced finely, before they were incubated with a minimum
volume of acetonitrile (Romil Ltd., Cambridge, United Kingdom) for 5 to 10
min. The acetonitrile was replaced with 100 mM NH,HCO3, and the preparation
was incubated for 5 min, after which an equal volume of acetonitrile-100 mM
NH,HCO; (1:1) was added for 15 min. The gel fragments were dried in a vacuum
centrifuge (Heto-Holten, Jouan Nordic A/S). Dithiothreitol (10 mM) in 100 mM
NH,HCOj; (100 pl) was added, and each sample was incubated for 1 h at 37°C,
after which the supernatant was removed and the gel pieces were washed twice
(10 min each) with 75 ul of 100 mM NH4HCOj5; the final supernatant was
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FIG. 1. Kinetics of phagocytosis by neutrophils and hemocytes: in
vitro phagocytosis of serum- or hemolymph-opsonized C. albicans (2 X
10° cells) by neutrophils (1 X 107 cells) (A) and hemocytes (1 X 107
cells) (B). The scale on the right y axis indicates the number of inter-
nalized yeast cells per 100 phagocytic cells. Over 60 min, the number
of phagocytosing neutrophils (bars) or internalized Candida cells (O)
was not significantly different from the number of hemocytes (bars)
(P = 0.374 and P = 0.26). Similar results were obtained in two inde-
pendent experiments. The data are means *+ standard errors for three
determinations.

discarded. Todoacetamide (50 mM) in 100 mM NH,HCO; (100 pl) was added
and incubated at 37°C for 20 min in the dark, before the preparation was washed
once with 100 mM NH,HCO; and once with acetonitrile-100 mM NH,HCO;,
(1:1). Gel pieces were dried for 30 min in a vacuum centrifuge. Sufficient diges-
tion buffer (1 wg trypsin, 20 pl 50 mM NH,HCO;, 5 mM CaCl,) was added to
cover the gel pieces, which were incubated overnight at 37°C. Samples were
centrifuged at 12,000 X g for 10 min, and the supernatant was removed. Residual
peptides were extracted from the gel pieces by adding 50 pl extraction buffer (1%
[vol/vol] trifluoroacteic acid, 60% [vol/vol] acetonitrile) and incubating the prep-
aration for 30 min at 37°C before centrifugation and removal of the supernatant.
All supernatants were combined, and the preparation was concentrated to 50 .l
in a vacuum centrifuge. Samples were mixed at a 1:1 ratio with a saturated
solution of a-cyano-4-a-cyano-4-hydroxycinnaminic acid in 0.25% (vol/vol) trif-
luoroacteic acid-50% (vol/vol) acetonitrile, and 0.3 to 0.5 pl was applied to a
MALDI target slide for MALDI-TOF MS analysis. The sequence for neutrophil
p47PhoX and p67PPOX was obtained from the National Center for Biotechnology
Information website (http://www.ncbi.nlm.nih.gov), and the theoretical peptide
masses were determined by using MS Digest (http:/prospector.ucsf.edu/ucsthtml4
.0/msdigest.htm).

Statistical analysis. Statistical comparisons were made with Student’s ¢ test
using the Sigma Stat statistical analysis package, version 1.00 (SPSS Inc., Chi-
cago, Ill.). A P value of <0.05 was considered significant.

RESULTS

In vitro phagocytosis by human neutrophils or insect hemo-
cytes. Phagocytosis and internalization of microbes by neutro-
phils involve the formation of filopodia that contract and sur-
round and engulf the microorganism. The rates of phagocytosis
of C. albicans by human neutrophils and insect hemocytes were
compared (Fig. 1). Neutrophils internalized serum-opsonized
C. albicans in vitro, and 18% = 0.88% of the neutrophils had
phagocytosed cells after 30 min of incubation. After 1 h, 72%
+ 2.3% of the neutrophils were observed to have phagocytosed
cells. The mean number of Candida cells internalized per neu-
trophil remained constant over time (1.25 Candida cells per
neutrophil) at a Candida cell/neutrophil ratio of 1:5. Hemo-
cytes phagocytosed hemolymph-opsonized C. albicans, and
21.6% = 2.0% of the hemocytes had phagocytosed cells after
30 min and 66.85% = 2.8% of the hemocytes had phagocy-
tosed cells after 60 min. No significant differences in the rates
of internalization were observed between neutrophils and he-
mocytes (P = 0.26), and the mean number of Candida cells
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FIG. 2. Kinetics of bacterial and fungal killing by human neutro-
phils and insect hemocytes. Serum- or hemolymph-opsonized S. aureus
cells (1 X 107 cells) (A and B) or C. albicans cells (2 X 10° cells) (C and
D) were exposed to 1 X 107 neutrophils (A and C) or hemocytes of
G. mellonella (B and D). Killing was also measured in the presence (CJ
and m) and in the absence (A and A) of DPI (5 nM) added 3 min prior
to initiation of phagocytosis. Microbial survival is expressed as a per-
centage of the control at time zero, and the data are means * standard
errors. The data are from a representative experiment performed in
triplicate.

internalized by hemocytes remained constant (1.18 Candida
cells per hemocyte) at a hemocyte/Candida cell ratio of 1:1.
In vitro Kkilling assays. In order to determine whether hu-
man neutrophils and insect phagocytes kill internalized mi-
crobes in similar ways, the microbicidal activities of purified
neutrophils and hemocytes were determined in vitro. The ki-
netics of bacterial and fungal killing are shown in Fig. 2 for a
ratio of neutrophils or hemocytes to bacterial cells of 1:1 or for
a ratio of neutrophils or hemocytes to yeast cells of 5:1. Killing
of S. aureus by neutrophils occurred quickly, and over 60% =
3.9% of the bacteria were killed after 15 min (Fig. 2A), as
previously described (55). Bacterial killing by hemocytes oc-
curred more slowly; 19% = 5.5% of the bacteria were killed
after 15 min, and 38.3% = 3.5% of the bacteria were still alive
after 30 min (Fig. 2B). Interestingly, there was a difference in
the patterns of killing of S. aureus and C. albicans. At 15 min
hemocytes killed C. albicans well and S. aureus weakly, while
the opposite was observed for neutrophils (Fig. 2C and D).
After 15 min of incubation hemocytes had killed 68.7% =
7.0% of the yeast cells, and only 6.6% of the cells remained
viable after 60 min. Killing of C. albicans by neutrophils was
slower, and less than 50% of the cells were killed after 30 min.
The addition of DPI (an inhibitor of NADPH oxidase [12])
greatly impaired the abilities of both neutrophils and hemo-
cytes to kill S. aureus and C. albicans. Killing of S. aureus by
neutrophils and hemocytes was reduced by 54% (P = 0.001)
and 34% (P < 0.001), respectively, and killing of C. albicans by
neutrophils and hemocytes was reduced by 46% (P = 0.002)
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and 35% (P = 0.013), respectively, at 60 min compared to the
control. These observations confirm the finding that oxidase
activity is required by both neutrophils and hemocytes to de-
stroy bacteria (Fig. 2A and B) and yeast cells (Fig. 2C and D).
However, the observation that killing by cells treated with DPI
was impaired rather than totally inhibited confirms the conclu-
sion that both oxidase activity and nonoxidative granule pro-
tease action are necessary for generation of sufficient microbi-
cidal activity to control yeast and staphylococcal infections in
vitro (55).

DPI inhibits oxygen consumption and cytochrome ¢ reduc-
tion by insect hemocytes. Since DPI has been used to docu-
ment similarity between the oxidative burst complexes of neutro-
phils and other cell types (1), the effect on oxygen consumption
and superoxide production by insect hemocytes was examined.
The characteristics of the burst of oxygen consumption by
neutrophils and hemocytes after addition of PMA (1 pg/ml)
are summarized in Fig. 3. After addition of PMA to neutro-
phils (1 X 107 cells/ml), there was a lag of about 60 s before
oxygen consumption commenced, after which it rapidly in-
creased until it reached a linear rate after about 120 s. The lag
in oxygen consumption increased to about 150 s for hemocytes
(1 X 107 cells/ml) or neutrophils (1 X 10° cells/ml), and 70 uM
oxygen was consumed after 600 s. Oxygen consumption by both
cell types was inhibited in the presence of DPI (5 pM) when it
was added 3 min prior to the stimulus.

The basis of the proposal that stimulated neutrophils gen-
erate O, is the observation that these cells reduce cyto-
chrome ¢ in solution and that this reduction is inhibited by
SOD (2). Incubation of hemocytes with cytochrome ¢ and
PMA was found to lead to reduction of the cytochrome, and
the O,  production was 0.25 = 0.03 wM/min/10° hemocytes
(Fig. 4). The O, production was reduced to nearly control
values when 5 puM DPI or 50 pg/ml SOD was added to the
hemocyte suspension. These decreases in O, generation were
statistically significant (for DPI, P = 0.003; for SOD, P =
0.005) compared to the O, generation of PMA-activated cells.

Western blot analysis of insect hemocyte NADPH oxidase
proteins. Immunoblot analysis was performed to characterize

0 60 120 180 240 300 360 420 480 540 600
Time (sec)

FIG. 3. Inhibition of the hemocyte oxidative burst by DPI. The rate
of oxygen consumption by neutrophils (1 X 107 cells [@] or 1 X 10°
cells [A]) was compared to the rate of oxygen consumption by insect
hemocytes (1 X 107 cells) (OJ) after stimulation with PMA (1 wg/ml).
Oxygen consumption by neutrophils (1 X 10° cells) (O) and hemocytes
(1 X 107 cells) (m) was also measured in the presence of DPI (5 uM)
added 3 min prior to elicitation. The data are means of three trials
carried out on separate days.
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FIG. 4. Effect of an NADPH oxidase inhibitor on in vitro PMA-
stimulated generation of O, in hemocytes of G. mellonella. The pro-
duction of O, by unstimulated hemocytes (1 X 10° cells/ml) (Control)
and PMA (1 pg/ml)-activated cells was measured using the reduced
cytochrome ¢ assay. Production of O, by hemocytes was inhibited in
the presence of DPI (5 puM) and scavenged in the presence of SOD

(50 pg/ml).

the components of the insect hemocyte NADPH oxidase sys-
tem. Human neutrophil membranes and cytosol fractions (Fig.
5A) were employed. Hemocyte membranes were not observed
on the conventional 17% and 34% (wt/wt) sucrose gradient,
and therefore, total hemocyte PNS, containing a mixture of
cellular membranes and cytosol, was employed. By Western
blotting, rabbit polyclonal antibodies against human p40P"°x,
p47PROx p67Pox (69), and gp91PP°* proteins were used to iden-
tify the relevant proteins in hemocyte lysate. In the neutrophil
fraction, gp91P"** migrated on SDS-PAGE gels as a broad
band, an electrophoretic property characteristic of glycopro-
tein (38), at an apparent molecular mass of 90 kDa (Fig. 5B).
Using antibodies to human gp91P"°* an immunoreactive band
was detected in the insect hemocyte PNS at a molecular mass
of about 77 kDa, possibly suggesting that this antibody recog-
nizes a region of gp91P"* that has remained constant, although
the mass of the protein in humans and the mass of the protein
in insects are different.

On Western blots for the essential cytosolic components of
the NADPH oxidase, p67°"* and p47P"°* stained a single band
in samples of human neutrophil cytosol, which migrated like
immunoreactive bands in insect hemocyte PNS (Fig. 5C and
D). These results indicate that immunologically related pro-
teins having the same molecular masses as p47P"* and p67°°
are present in insect phagocytic cells. Only one of the phox pro-
teins, p40P"°* was not detected in the insect hemocytes (Fig.
SE).

Another cytosolic component which is required to comple-
ment p47°"°* and p67°"°* and membranes in the cell-free assay
is the small GTP-binding protein rac. rac 2 is expressed pre-
dominantly in myeloid cells and is the physiologically active
molecule in neutrophils (42). Using polyclonal antibodies spe-
cific to rac 2, a single band (Fig. 5F) was detected within neu-
trophil cytosol and insect hemocyte PNS, again indicating the
presence of an immunologically related protein.

Activation of the NADPH oxidase is associated with phos-
phorylation of p47P"* p67PP°* and p40P"**, A number of
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kinases have been implicated in the activation of the oxidase,
including PKC (14, 25). Using rabbit polyclonal antibodies to
PKC 3, we successfully identified this kinase in cytosol of hu-
man neutrophils and PNS of insect hemocytes as an immuno-
reactive band at 80 kDa (Fig. 5G).

To further strengthen the evidence that O, production in
insect phagocytes is associated with proteins which are homol-
ogous to components of the NADPH oxidase complex of hu-
man neutrophils, fluorescence microscopy was used to deter-
mine the distribution of p47P™°* and p67°"* in hemocytes.
Cells that had attached to a glass coverslip and spread were ex-
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FIG. 5. Immunoblotting of hemocytes of G. mellonella with anti-
bodies to human neutrophil phox proteins. (A) Coomassie blue-stained
SDS-PAGE gel (12.5% polyacrylamide) of neutrophil cytosol (lane 1)
and membranes (lane 2). The protein profile of neutrophil PNS (lane
3) was compared to the protein profile of PNS of insect hemocytes
(lane 4). The positions of molecular weight markers are indicated on
the left. (B) Electrophoretically separated neutrophil membrane pro-
teins and insect hemocyte PNS transferred to nitrocellulose and
probed with rabbit antiserum to gp91P"°*, The results show that there
was an immunoreactive band at 90 kDa for neutrophil membranes and
aband at 77 kDa for insect hemocyte PNS. (C to G) Neutrophil cytosol
and insect hemocyte PNS probed with rabbit antisera to p67°P"* (C),
p47Phox (D), p40PP* (E), rac 2 (F), and PKC & (G). The results re-
vealed immunologically related proteins having the same molecular
mass for all probed proteins except p40P"°*, which was not detected in
insect hemocytes.
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FIG. 6. Distribution of p47°"* and p67°"°* homologues in un-
stimulated hemocytes: distribution of 47-kDa (A) and 67-kDa (B) in-
sect proteins in hemocytes adhering to glass slides. The distribution of
the proteins was predominantly perinuclear (indicated by an arrow)
and throughout the cytosol. (magnification, X400).

amined. The phox proteins were located predominantly through-
out the cytosol of the cell and in the perinuclear region (Fig. 6).
A similar distribution of p47°P"* and p67°"* in unstimulated
neutrophils has been described previously (34).

INFECT. IMMUN.

Immunoprecipitation of p47°"* and p67°"** from hemo-
cytes and neutrophils. To determine the identities of the im-
munoreactive bands identified by Western blotting, immuno-
precipitation was performed using rabbit polyclonal antibodies
to p67PP°* and p47P"°*, Coomassie blue-stained gels are shown
in Fig. 7A, in which insect proteins having molecular masses
equivalent to those of p47P"** and p67°"* are visible. Proteins
were transferred to a nitrocellulose membrane and probed
with goat polyclonal antibodies to the relevant proteins. Figure
7B shows that both neutrophils and hemocytes gave positive
signals with goat antibodies raised against p47P"°* and p67P"x,
Protein bands from the immunoprecipitation were cut from
the gel and analyzed by MALDI-TOF MS.

MALDI-TOF analysis of insect proteins. The immunopre-
cipitated bands that were cross-reactive with the relevant an-
tibodies for human neutrophil p47°P"°* and p67°"°* were ex-
cised from the Coomassie blue-stained gels and digested with
trypsin for MALDI-TOF analysis. In the MALDI-TOF spec-
trum, peptides were observed that had monoisotopic (m/z tol-
erance, <1 Da) values very similar to those of a theoretical
digest of p47P"** and p67°"* of human neutrophils.

In the tryptic digest of the insect protein band that was
immunoreactive with antibodies to p67°"%, 10 of 206 peptides
(5%) were identified that were similar to peptides of p67°" of
human neutrophils (Fig. 8A). This resulted in total protein
coverage of 26%. Four of these peptides were located in the
conserved domains of p67P"**, two peptides were located in the
first SH3 domain, and two other peptides were located in PB1
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FIG. 7. Immunoprecipitation of p67°"* and p47°"°* from human
neutrophils and hemocytes of G. mellonella. Postnuclear supernatants
were prepared from 2 X 10® neutrophils or hemocytes and solubilized
in buffer as described in the text. (A) Immunoprecipitation was carried
out using rabbit polyclonal sera against p67°"°* and p47P"%, the prep-
aration was resuspended in 60 pl of Laemmli sample buffer, and 25 pl
was analyzed by SDS-PAGE and Coomassie blue staining. The posi-
tions of immunoprecipitated p67°"°* and p47°"°* from neutrophils
(N) and hemocytes (H) are indicated by the arrows. (B) Immunopre-
cipitation preparations were Western blotted using goat polyclonal
sera against p67°"* and p47°P"°*, In two other experiments similar
immunoprecipitation results were obtained.
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p67rhox  M/Z Observed Start-end amino acid Amino acid Sequence Conserved Domain
882.371 239-246 ALEGEAHR SH3 domain 1
923.918 162-168 AMECVWK
950.873 103-110 GNQLIDYK
1165.282 346-355 LSVPMPYTLK
1505.699 343-355 EVKLSVPMPYLTK
1563.623 398-411 DSNELVPLSEDSMK PB1 domain
1626.337 233-246 TPEIFRALEGEAHR
1731.744 257-271 EELQVMPGNIVFVLK S5H3 domain1
2048.852 343-359 EVKLSVPMPYTLKVHYK
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1076.044 283-292 SGQDVSQAQR
1165.245 318-326 RLSQDAYRR
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FIG. 8. Matching peptides of hemocyte 67-kDa and 47-kDa proteins to human neutrophil phox proteins. (A) Matching peptides of hemocyte
67-kDa protein to human p67P"* that strongly reacted with both rabbit and goat anti-human p67P"°* in immunoprecipitation. (B) Regions of
p67°"°~ involved in protein-protein interactions with matching peptides of hemocyte 67-kDa proteins (indicated by arrows). (C) Matching peptides
of hemocyte 47-kDa protein to human p47°P"* that strongly reacted with both rabbit and goat anti-human p47°"°*, (D) Regions of p47°"* involved
in protein-protein interactions. Matching peptides of hemocyte 47-kDa protein to neutrophil p47°"* in the PX domain is indicated by an arrow.

and the second SH3 domain (Fig. 8B). Seven of 152 peptides
were obtained from the tryptic digest of the insect protein
immunoreactive with antibodies to p47°"%, yielding 16% pro-
tein coverage (Fig. 8C). One of the peptides identified was
found to lie at the start of the highly conserved PX domain of
p47P°* (Fig. 8D).

DISCUSSION

Insects are a very successful group of animals and have
colonized almost all habitats on the planet except the seas.
Their ability to colonize such a diverse range of environments
can be explained partially by their efficient immune response.
There is a strong structural and functional similarity between
the insect immune system and the innate immune system of
mammals (41, 57, 67). This has been exploited in recent years
by employing insects for assessing the virulence of a range of

pathogenic bacteria and fungi. Larvae of G. mellonella have
been used for evaluating the virulence of mutants of P. aerugi-
nosa (22) and for differentiating between pathogenic and non-
pathogenic yeast species (11). A strong correlation has been
established between the virulence of bacteria (40) and mutants
of C. albicans in G. mellonella and the virulence of these
organisms in mice (8). Since the immune response of insects is
similar to the innate immune response of mammals, insects
have been recognized as valid alternatives for in vivo testing of
microbial mutants and may be useful for assessing the efficacy
of new antifungal and antibacterial drugs (36).

Phagocytosis requires sequential signal transduction events,
and the receptors on the surface of hemolytic plasmatocytes
and granulocytes are similar to receptors on mammalian
phagocytes (67). Immunity-related proteins and mechanisms
that are similar in insects and mammals have been identified,
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and the similarities include the remarkable structural and func-
tional similarities between the systems mediating Drosophila
Toll and mammalian interleukin-1 receptor-mediated signal-
ing (47). A further area of defense where direct comparisons
can be drawn is in the synthesis of a broad range of antimicro-
bial peptides which play a crucial role in combating infection,
and similar classes of proteins have been found in vertebrates
and invertebrates (67).

The proposed toxic products of NADPH oxidase in neutro-
phils include superoxide, which quickly dismutates to form
hydrogen peroxide. The peroxide and superoxide can react to
produce hydroxyl radicals in the presence of metal ions, and
hydrogen peroxide can also serve as a substrate for myeloper-
oxidase-mediated oxidation of halides (37). There has been an
accumulation of evidence that ROS are produced in the he-
molymph and hemocytes of many insects. The in vitro gener-
ation of ROS by hemocytes was studied by electron spin res-
onance spectroscopy (62) and nitroblue tetrazolium reduction
(32). The ROS detected to date include nitric oxide, superox-
ide, and hydrogen peroxide, and the latter two ROS are re-
quired for the production of the highly reactive hydroxyl rad-
ical either through the Haber-Weiss reaction or Fenton’s
reaction (37). In this study the production of ROS by hemo-
cytes was further clarified and extended to include the quan-
tification of oxygen consumption and superoxide production by
activated hemocytes. Incubation of the hemocytes with PMA
(1 pg/ml) for 10 min resulted in a significant increase in the
consumption of oxygen (70 wM) compared to that in unacti-
vated control cells and cells exposed to DPI prior to stimula-
tion.

The process of phagocytosis in insect hemocytes is not fully
understood, but plasmatocytes and hemocytes have been
shown to have receptors similar to those of macrophages (27).
Several studies carried out with bivalve hemocytes have shown
the ability of these cells to phagocytose immediately after con-
tact with a variety of nonself materials, including bacteria (48,
52) and yeast cells (49). Another study carried out with the
same cell type demonstrated that phagocytosis is associated
with lysosomal NADPH oxidase activity of membranes (71). In
our study there was a remarkable similarity between the rates
of phagocytosis of opsonized C. albicans by neutrophils and
hemocytes (Fig. 1). Phagocytosis had a clear time-dependent
index, and the percentages of cells that phagocytosed opso-
nized yeast cells in 60 min were comparable for the two im-
mune cell types. Furthermore, significant reductions in super-
oxide production (Fig. 4) and microbial killing (Fig. 2) were
observed when the hemocytes were incubated with DPI. These
observations confirm the suggestion of previous workers (55)
that phagocytosis of foreign materials by hemocytes stimulates
the respiratory burst pathway involving NADPH oxidase activ-
ity and illustrate that superoxide production is necessary for
efficient microbial killing by both neutrophils and hemocytes.

The functional similarities between hemocytes and phago-
cytic neutrophils prompted us to search for components of the
NADPH oxidase of neutrophils in insect hemocytes. In a pre-
vious investigation, the presence of p47P"°* and p67P"°* in
plant cells was examined (24), and the results indicated that
there was a direct correlation between the presence of the two
phox proteins and a quantitative oxidative burst. In our study
an immunological approach was taken, in which we probed

INFECT. IMMUN.

hemocyte cell lysates with polyclonal antibodies raised against
the human forms of gp91P"X, p40PPox p47Phox and p67°"ex,

In the immunoblots shown in Fig. 5 a strong broad band
for gp91P2°* in insect hemocytes is visible, but it migrated on
SDS gels at a lower molecular mass, approximately 70 kDa.
There are three main subgroups of the NADPH oxidase fam-
ilies (NOXs), and the gp91P"** subfamily consists of Noxl,
gp91PP°* Nox3, and Nox4, all of which have molecular masses
of approximately 65 kDa, a molecular mass similar to that of
the immunoreactive protein of insect hemocytes. If this protein
has a mechanism similar to that of gp91P"**, we would expect
that it would transport electrons across membranes, with oxy-
gen as the probable recipient, resulting in the formation of
superoxide.

p67P"** is a 59.7-kDa protein and is rich in motifs involved in
protein-protein interactions (Fig. 8A). This protein is abso-
lutely required to induce electron transport through flavocyto-
chrome, and a defect in the gene is known to give rise to the
autosomal form of CGD (33). As determined by Western blot-
ting (Fig. 5C) and immunoprecipitation (Fig. 7), the antibodies
raised against neutrophil p67°"** reacted with a protein that
was a similar size in the insect hemocyte lysates. MALDI-TOF
analysis of this protein gave rise to a number of peptides, some
of which fell within the two SH3 and PB1 domains of neutro-
phil p67°"°*, The importance of these domains is apparent, as
the C-terminal SH3 domain of p67°" is required for binding
to the proline-rich motif of p47P"* (28, 46) and p67°"** binds
to p40P™* through the PB1 domain (50). Peptides of these
binding motifs were found in the insect 67-kDa protein, and by
analogy with p67°"%, it would be expected that this protein has
the ability to interact with other proteins, although the main
binding partner, p40P"**, was not detected in the insect cell
lysate. The requirement for p40P"** in the neutrophil NADPH
oxidase remains obscure. Studies done in several different lab-
oratories have suggested both negative (17) and positive reg-
ulatory roles (66) and, more recently, a role in the transloca-
tion of p47°"** and p67 PP°* to the vacuolar membrane upon
activation (43).

Like p67PR°*, p47PRo* is essential for functional NADPH
oxidase activity and has previously been shown to be missing in
most cases of autosomal recessive CGD (33). p47°"°* has a
molecular mass of 44.6 kDa, and phosphorylation of this pro-
tein has been correlated with activation of the oxidase and
occurs at the C-terminal end, in which 9 or 10 serine phos-
phorylation sites have been identified by phosphopeptide se-
quencing and site-directed mutagenesis (26). Several kinases
are known to phosphorylate p47P"°* in vitro; among these
kinases is protein kinase C, which was successfully identified in
insect hemocytes lysate (Fig. 5G). The results of Western blot-
ting (Fig. 5D) and immunoprecipitation analyses (Fig. 7) re-
vealed the presence of a protein immunologically similar to
p47°"°* of neutrophils in the hemocytes of G. mellonella. As
determined by immunohistochemistry, the insect 47-kDa pro-
tein was found throughout the cytoplasm and the periphery of
the cell (Fig. 6). This distribution of p47°"* has previously
been observed in unactivated neutrophils, and a possible reg-
ulatory role for p47P"°* in the reorganization of the cytoskel-
eton accompanying superoxide generation has been suggested
(34). MALDI-TOF analysis of the insect 47-kDa protein gave
rise to a number of peptides which covered 16% of neutrophil
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p47P"°* (Fig. 8C and D), including a portion of the p47°"* PX
domain (involved in phosphoinositide binding).

The minimal requirement for in vitro cell-free oxidase ac-
tivity has been recognized as lipid-reconstituted cytochrome
(neutrophil membrane extract or recombinant), p47P"°%, p67P"~,
and rac (in the GTP-bound state) together with NADPH and
anionic amphiphiles such as arachidonic acid or SDS (9). rac
2 is the predominant form in neutrophils and was also found
in insect hemocytes (Fig. 5F). Therefore, in this study we
identified immunologically related proteins (gp91P2°*, p67P2ox,
p47P"°* and rac) for all the key proteins that are required in
the cell-free oxidase system.

The findings presented in this paper illustrate the similarities
at the cellular level between the human innate immune re-
sponse and the insect immune response. Given the critical role
of the innate immune response in protecting mammals from
microbial infection and the high degree of structural and func-
tional similarity between the mammalian and insect innate
immune responses, studying the insect response to infection
can provide data comparable to data which may be obtained
using mammals (41). Larvae of G. mellonella have been used to
evaluate the virulence of a range of bacteria and fungi, and
more recently other insect species such as D. melanogaster have
been used to evaluate the pathogenicity of Aspergillus species
(6). This work supports the validity of using insects to obtain
data comparable to the data obtained by using mammals for
assessing the virulence of microbial pathogens.
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