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ABSTRACT. Granulocytes play a pivotal role in natural immunity. Under inflammatory conditions, granulocytes are universally primed by
several agents, such as endotoxins and inflammatory cytokines. Primed granulocytes exert potent adhesiveness, chemotaxis, phagocy-
tosis and reactive oxygen species (ROS) production, effectively eliminating invading agents. Reactivity against priming agents is known
to vary with species; however, there have been few reports on the effects of priming agents on canine granulocytes. In the present study,
we assayed the priming effects of lipopolysaccharide (LPS), recombinant canine tumor necrosis factor-a (rcTNF-o) and recombinant
canine granulocyte macrophage colony-stimulating factor (rcGM-CSF) on canine granulocyte function in vitro. Isolated recombinant
canine were primed with various concentrations of LPS, rcTNF-a and rcGM-CSF, and CD11b expression was assayed. Furthermore,
actin polymerization, phagocytosis and ROS production were then assayed at primer concentrations where enhancement of CD11b
expression was observed. LPS did not enhance canine granulocyte function. Phagocytosis and actin polymerization were not enhanced
by priming agents; however, rcTNF-a and rcGM-CSF enhanced CD11b expression and ROS production in canine granulocytes. These
results suggest that priming effects are mainly reflected in CD11b expression and ROS production, with rcGM-CSF and rcTNF-a having

a priming effect similar to that observed in humans.
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Granulocytes, including neutrophils, are attracted to skin
wounds by chemotactic mediators released by thrombosis
and microorganisms [11]. Upon migration to skin wounds
or sites of infection, granulocytes are primed by inflamma-
tory cytokines and products of microorganisms. Primed
granulocytes immediately initiate inflammatory responses,
such as releasing reactive oxygen species (ROS) and phago-
cytosis. Thus, the inflammatory response by primed granu-
locytes contributes to protecting surgical patients from
infection at surgical sites. At the same time, primed granu-
locytes are also involved in sepsis and septic shock, which
represent an intense systemic inflammatory response syn-
drome (SIRS) [9, 20].

The development of SIRS may be the result of granulo-
cytes being excessively primed by an imbalance in the
endogenous production of cytokines. Thus, primed granu-
locytes are of interest in various clinical conditions and peri-
operative immunity. It is therefore important to collect
knowledge on the priming of canine granulocytes in veteri-
nary medicine. However, the reactivity of granulocytes
against priming agents in vitro is known to vary with spe-
cies[18, 22,25, 31]. Data on the priming of canine granulo-
cytes is lacking and it has only been reported with regard to
complement fragment 5a and interleukin-8 [4]. We deemed
it necessary to confirm the effects of priming agents that are
usually observed in inflammatory conditions on canine
granulocytes in vitro.
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In the present study, we aimed to investigate the priming
conditions of canine granulocytes. We tested the priming
effects of LPS, recombinant canine GM-CSF (rcGM-CSF)
and recombinant canine TNF-a (rcTNF-a)) on canine gran-
ulocytes by focusing on expression of CD11b, which com-
poses complement receptor 3 (CR3). Furthermore, we
tested phagocytosis, actin polymerization and oxidative
burst, all of which are initiated by CR3 recognition of invad-
ing agents.

MATERIALS AND METHODS

Granulocyte isolation: Granulocytes were isolated from
the venous blood of healthy beagle dogs. Heparinized blood
was mixed 4:1 with phosphate-buffered saline lacking Ca**
and Mg?* (PBS(-)) (Sigma Chemical, St. Louis, MO,
U.S.A)), and containing 6.0% Dextran T-500 (Wako Pure
Chemical Industries, Osaka, Japan), and was incubated for
40 min at room temperature to sediment erythrocytes. The
leukocyte-rich supernatant was mixed with the same quan-
tity of PBS(—) and layered onto 15 m/ of Histopaque-1077
(Sigma Chemical), followed by centrifugation at 400 x g for
30 min in order to separate granulocytes from peripheral
blood mononuclear cells (PBMCs). Following aspiration of
the PBMCs layer and remaining supernatant, erythrocytes
were lysed with NH,Cl lysis buffer (pH 7.4) for 10 min and
were centrifuged 400 x g for 5 min. This yielded a prepara-
tion that was >90% granulocytes and >99% viable, as deter-
mined by trypan blue assay.

Purified granulocyte sediments were resuspended in
Hanks’ Balanced Salt Solution lacking Ca?" and Mg**
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(HBSS(-)) (GIBCO, Grand Island, NY, U.S.A.), and con-
taining 10% autologous plasma buffered with 10 mM
HEPES (pH 7.4) in order to assess expression of integrin
(CD11b), phagocytosis and actin polymerization. To assess
ROS production, granulocytes were resuspended in HBSS
(—) containing 1% Fetal Bovine Serum (FBS) (Sanko-Jyun-
yaku, Tokyo, Japan) buffered with 10 mM HEPES (pH 7.4).

Granulocyte priming: For CD11b expression assay, sus-
pended granulocytes were pre-treated with 1, 10 or 100 ng/
m/ LPS (from E.coli; Sigma Chemical), 0.5, 5 or 50 ng/m/
recombinant canine GM-CSF (rcGM-CSF; R&D Systems,
Minneapolis, MN, U.S.A.), or 1, 10 or 100 ng/m/ recombi-
nant canine TNF-a (rcTNF-a; R&D Systems, Minneapolis,
MN, U.S.A.) at 37°C under 5% CO, for 30 min. PBS treat-
ment was used as a control. The concentrations selected
were those frequently reported in human studies [6, 7, 13].
For phagocytosis, actin polymerization and oxidative burst
assay, suspended granulocytes were pre-treated with con-
centrations of priming agent at which CD11b up-regulation
was observed (LPS, 10 ng/m/; rcGM-CSF, 5 ng/m/; rcTNF-
o, 10 ng/m/) at 37°C under 5% CO, for 30 min. PBS treat-
ment was used as a control.

CD11b expression assay: Granulocytes were incubated
with primary monoclonal antibody at 4°C for 40 min. Mon-
oclonal antibodies against mouse anti-dog CD11b (AbD
Serotec, Kidlington, UK) were used. To detect these
marker-positive cells, cells were incubated with R. phyco-
erythrin (RPE)-labeled goat anti-mouse IgG1 (AbD Serotec,
Kidlington, UK) at 4°C for 40 min. After washing cells with
PBS(-), samples were analyzed by flow cytometry using
Expo 2000 software (Beckman-Coulter, Fullerton, CA,
U.S.A.). The granulocyte population was gated from resid-
ual PBMCs based on their forward and side scatter charac-
teristics on dot plots. The geometric mean fluorescent
intensity (MFI) on histogram analysis was calculated as an
expression index and is given as a percentage vs. control
samples (100%).

Phagocytosis assay: Phagocytosis was evaluated by the
microassay method, as reported previously, with slight
modification [19]. Samples incubated with either PBS(-) or
priming agent were incubated at 37°C for 30 min together
with fluorescence beads (Fluoresbrite carboxy YG 1.0
micron microspheres; Polysciences, Warrington, PA,
U.S.A.). Immediately after incubation, samples were placed
on ice for 10 min. After cooling, samples were centrifuged
at 400 x g for 5 min with 3 mM EDTA-2Na. Precipitated
granulocytes were used for flow cytometric analysis using
an Epics flow cytometer (Beckman-Coulter). The number
of phagocytic cells was determined by comparison with
background signals using histogram analysis, and was
expressed as a percentage of control samples (100%).

Actin polymerization assay: Chemotactic potential was
determined based on the amount of polymerized actin [24,
32]. Fallodin conjugates polymerized actin, and chemoat-
tractants induce an overall increase in polymerized actin,
resulting in increased MFI of FITC-phalloidin [12, 15, 21].
Granulocytes were re-suspended in PBS(—) containing 90%

methanol and were incubated for 15 min. After washing
with PBS(-), cells were incubated with 10 g/ of FITC-
labeled Fallodin (Phalloidin-Fluorescein isothiocyanate;
Sigma Chemical) for 15 min. Samples were analyzed by the
same method as described for the CD11b expression assay.

Preparation of serum-opsonized zymosan (sOZ): Zymo-
san (Zymosan A from S. cerevisiae; Sigma Chemical) was
boiled in ultra-pure water for 60 min, and was washed with
sterilized ultra-pure water. After centrifugation, zymosan
pellets were resuspended in fresh autologous serum at a con-
centration of 10 mg/m/ and were incubated for 60 min at
37°C. After incubation, the suspension was washed twice
with HBSS(-) and re-suspended in HBSS(-) at a concentra-
tion of 10 mg/ml.

Oxidative burst assay: Luminol-dependent chemilumi-
nescence (CL) assays were performed using previously
established methods with slight modifications [10, 27].
HBSS(-) with 0.5 mM CacCl, and 1 mM MgCl, containing 5
x 10° granulocytes, 10 #M luminol (Fluka Chemika Bio-
chemika, Buchs, Switzerland) and 50 pg/m/ horseradish
peroxidase (Sigma Chemical) were prepared in each well of
a 96-well microplate (Sumilon, Tokyo, Japan). The suspen-
sion (315 ul) was incubated for 5 min at 37°C. After incuba-
tion, granulocytes were activated by adding 35 w/ sOZ (10
mg/m/), and CL (RLU/sec) was measured at 37°C every 0.2
seconds with a luminometer (Dynex Technologies, London,
UK). The response was recorded over a period of 30 min.
CL response was indicated by peak time (PT; seconds),
which corresponds to the mean time from the recognition of
sOZ to the maximum release of ROS from granulocytes, and
area under the CL curve (AUC) given as a percentage vs.
control samples (100%), which corresponds to the total
ROS produced.

Statistical analysis: All data are expressed as means + SE.
Statistically significant differences obtained from one-way
ANOVA analysis were further tested by Dunnett’s test for
post-hoc pairwise comparisons. P values of less than 0.05
were considered statistically significant.

RESULTS

Table 1 shows the MFI of CD11b expression. The MFI
of CD11b expression after priming with various concentra-
tions of LPS (100 ng/ml, 128.1 = 24.6%; 10 ng/ml, 114.4 +
19.2%; 1 ng/ml, 95.3 £ 4.5%) was not significantly different
than that in Controls. In contrast, the MFI of CD11b expres-
sion after priming with various concentrations of rcGM-
CSF (50 ng/ml, 163.3 £22.4%; 5 ng/ml, 159.3 £20.9%; 0.5
ng/ml, 159.7 £ 21.6%) and various concentrations of
rcTNF-a (100 ng/ml, 180.0 + 23.7%; 10 ng/m/, 170.8 £
23.7%; 1 ng/ml, 144.3 + 14.8%) was significantly higher
than that in Controls (100%).

Figure 1 shows the proportion of FITC fluorescence-pos-
itive granulocytes, which indicates phagocytic rate. The
phagocytic rate of granulocytes primed with 10 ng/m/ LPS
(90.1 £ 12.3%), 5 ng/ml/ rcGM-CSF (90.0 £ 25.8%) and 10
ng/m/ rcTNF-o (89.7 £ 18.9%) was not significantly differ-
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Table 1.  Effects of priming agents on canine granulocyte CD11b expression. (n=7)
Control rcGM-CSF (ng/m/) rcTNF-a (ng/ml) LPS (ng/ml)
50 5 0.5 100 10 1 100 10 1
MFI (%) 100 163.37 1594 159.70  178.07 170.8" 1443" 128.1 1144 953
SE - 224 209 21.6 23.7 19.7 14.8 24.6 192 45

MFI: Mean fluorescence intensity. Data for priming agents was calculated as percentage vs. Controls (mean
values + SE). All concentrations of rcGM-CSF and r¢cTNF-a up-regulated CD11b expression. In contrast,

LPS did not significantly up-regulate CD11b expression at any concentration.

+: Significant difference vs. Controls (P<0.05).
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Fig. 1.  Effects of priming agents on canine granulocyte phago-
cytosis (n=12). Data for priming agents was calculated as per-
centage vs. Controls (mean values = SE). Priming agents did
not enhance phagocytosis in canine granulocytes.
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Fig. 2.  Effects of priming agents on canine granulocyte polymer-
ized actin filaments (n=12). MFI: Mean fluorescence intensity.
Data for priming agents was calculated as percentage vs. Con-
trols (mean values £+ SE). All priming agents tended to enhance
actin polymerization.

ent when compared to Controls (100%).

Figure 2 shows the amount of polymerized actin. The
amount of polymerized actin after priming with 10 ng/m/
LPS (108.9 £ 19.6%), 5 ng/m/ rcGM-CSF (112.7 £ 41.7%)
and 10 ng/m/ rcTNF-a (122.3 £ 29.4%) was not signifi-
cantly different than that in Controls (100%); thus, these
agents did not affect actin polymerization.

Figure 3 shows the AUC for CL for 30 min, which indi-
cates total ROS production induced by sOZ. The production
of ROS in granulocytes primed with 10 ng/m/ LPS (109.8 +
12.4%) and 10 ng/m/ r¢TNF-a. (108.1 £ 14.9%) was not sig-
nificantly different from that in Controls. In contrast, gran-
ulocytes primed with 5 ng/m/ rcGM-CSF (127.0 + 18.5%)
showed significantly higher ROS production relative to
Controls (100%), and vs. priming with 10 ng/m/ LPS and 10
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Fig. 3. Effects of priming agents on ROS production in canine
granulocytes stimulated with sOZ (n=12). AUC: Area under CL
curve, which corresponds to total ROS production. Data for
priming agents was calculated as percentage vs. Controls (mean
values = SE). rcGM-CSF enhanced ROS production in canine
granulocytes with sOZ. In contrast, rcTNF-a and LPS did not
affect ROS production. f: Significant difference vs. Controls
(P<0.05).
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Fig. 4.  Effects of priming agents on peak time of canine granu-
locytes stimulated with sOZ (n=12). PT: Peak Time. Data for
priming agents was calculated as percentage vs. controls (mean
values £ SE). All priming agents reduced PT vs. Controls.
T: Significant difference vs. Controls (P<0.05).

ng/ml rcTNF-a.

Figure 4 shows PT, which represents the reaction rate of
granulocytes against SOZ. The PT of granulocytes primed
with 10 ng/m/ LPS (82.8 £ 12.3%), 10 ng/m/ rcTNF-a. (69.1
1+ 9.6%) and 5 ng/m/ rcGM-CSF (65.8 + 8.3%) was signifi-
cantly shorter when compared to Controls (100%).

DISCUSSION

Granulocytes play an important role in the first line of



58 K. MAEDA ET AL.

host defense against invading agents, and in perioperative
patients, granulocyte priming is essential for protection
against infection at surgical sites. Furthermore, it is known
that excessively primed granulocytes are pivotal cellular
mediators in the pathogenesis of systemic inflammatory
response syndrome (SIRS), adult respiratory distress syn-
drome (ARDS), and post-injury multiple organ failure
(MOF) [23, 26]. The study of canine granulocyte priming
may thus provide insight into regulating these clinical con-
ditions and perioperative immunity.

It is known that there are species-specific differences in
reactivity to priming agents. Thus, the reactivity of canine
granulocytes differs from that of other species. However,
information is lacking about the priming effects of inflam-
matory agents on canine granulocytes. In the present study,
we aimed to investigate the priming effects of LPS and
inflammatory cytokines, such as TNF-a and GM-CSF, on
canine granulocytes.

CD11b plays a prominent role in mediating granulocyte
adherence, as it is required for the attachment of granulo-
cytes to vascular endothelium [1]. CD11b also regulates
phagocytosis, as well as actin polymerization and oxidative
burst; thus, CD11b expression is recognized as a good
maker of cell activity [8, 17, 30]. In the present study, 100
and 10 ng/m/ LPS only slightly up-regulated CD11b expres-
sion, while 1 ng/m/ LPS showed no changes. These results
suggest that LPS weakly potentiates canine granulocyte
adherence. In contrast, rcGM-CSF and rcTNF-a signifi-
cantly up-regulated CD11b expression when compared with
Controls, which suggests that these agents potentiate canine
granulocyte adherence.

Granulocytes phagocytize invading agents via recogni-
tion of cell surface receptors, such as complement receptors
and Fc receptors. Complement receptors, particularly com-
plement receptor 3 (CR3), play a pivotal role in granulocyte
phagocytosis, and CD11b forms the a-chain of CR3 [1].
Kumaratilake et al. [14] reported that priming agents such as
TNF-o and GM-CSF up-regulate CD11b expression and
enhance phagocytosis of protozoa in humans. As described
above, rcTNF-a and rcGM-CSF up-regulated CD11b
expression, although the tested priming agents tended to
inhibit rather than enhance phagocytosis in canine granulo-
cytes. This apparent contradiction may be explained by the
aggregation of granulocytes. Lavkan ef al. [16] reported
that TNF-o and LPS increase human neutrophil aggrega-
tion. In the present study, canine granulocytes exposed to
these priming agents appear to aggregate, and thus could not
phagocytize the latex beads.

Granulocytes migrate to sites of bacterial ingress or tissue
damage through the process of chemotaxis [29]. Actin poly-
merization is necessary for morphological polarity and for
migration of neutrophils in response to chemotactic gradi-
ents [24, 32]; thus, actin polymerization is necessary in
chemotaxis. Kutuna et al. [15] reported that stimulation of
human neutrophils with TNF, GM-CSF and G-CSF results
in an overall decrease in polymerized actin, and it is con-
ceivable that cytokines partially contribute to accumulation

of neutrophils at inflammatory sites by preventing neutro-
phils from leaving. In the present study, actin polymeriza-
tion remained unchanged, and these results indicate that our
priming agents did not polymerize actin in canine granulo-
cytes. However, Berkow et al. [2] reported that TNF
induces a slight increase in polymerized actin content in
human neutrophils. The precise mechanisms for cytokine-
induced actin depolymerization in neutrophils remain to be
elucidated.

The oxidative burst is one of the most important defense
mechanisms against infectious diseases and can be stimu-
lated by chemoattractants [3, 5]. In the present study, PT
was reduced by all priming agents, suggesting that priming
agents enhance the responsiveness to sOZ in canine granu-
locytes. Priming agents tended to increase the ROS produc-
tion of canine granuloytes stimulated by sOZ; reGM-CSF
potently increased ROS production, consistent with the up-
regulation of CD11b. However, despite up-regulating
CD11b expression, rcTNF-o did not increase ROS produc-
tion, and this apparent contradiction may be explained by
the bilateral effects of TNF-a on granulocytes. Yamashita
et al. [28] reported that TNF-a exerts two separate effects in
neutrophils, stimulating effector functions while simulta-
neously inducing apoptosis, by introducing a priming signal
for enhanced oxygen radical production that is usually
masked by TNF-a-induced apoptotic processes. Thus,
TNF-a induces apoptotic processes, and this prevents an
overall increase in ROS production in canine granulocytes.

As described above, we investigated the effects of prim-
ing agents on CD11b expression, phagocytosis, actin poly-
merization and oxidative burst in canine granulocytes. We
tested priming agents at concentrations that have previously
been confirmed to show priming effects in humans. Dang et
al. reported that 500 nM (approximately 7.1 ng/m/) human
recombinant GM-CSF or 10 ng/m/ human recombinant
TNF-a prime human neutrophils [6, 7]. Under the present
concentrations (rcGM-CSF, 5 ng/ml/; rcTNF-o, 10 ng/ml),
no changes in phagocytosis or actin polymerization were
seen, but rcGM-CSF and rcTNF-a up-regulated CD11b
expression. Jinnouchi ef al. reported that 10 ng/m/ LPS
primed human neutrophils [13], but we found that LPS only
slightly up-regulated CD11b expression and did not
enhance ROS production, which contradicts previous
reports. As described above, LPS does not have a priming
effect on canine granulocytes; in fact, McClenahan et al.
[18] reported that LPS did not up-regulate CD11b expres-
sion in bovine granulocytes, which suggests that the effects
of LPS on granulocytes vary with species. Furthermore, the
priming effects of LPS may depend on inflammatory cytok-
ines produced by other white blood cells, such as mononu-
clear cells, and the direct priming effects are weaker than
those of the inflammatory cytokines tested.

In conclusion, we did not observe a significant priming
effect for LPS, suggesting that LPS does not prime canine
granulocytes. In contrast, we confirmed that rcGM-CSF
and rcTNF-a prime canine granulocytes, primarily by stim-
ulating CD11b expression in vitro. These results may help
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to study canine granulocyte function in the future. How-
ever, the present results apparently contradicted previous
reports on granulocytes from other species; thus, further
study of individual priming agents is needed.
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