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Abstract

Actin-based motor protein requirements and nitric oxide (NO) pro-
duction are important features of macrophage activity during phago-
cytosis or microbicidal processes. Different classes of myosins contri-
bute directly or indirectly to phagocytosis by providing mechanical
force for phagosome closure or organelle movement. Recent data have
shown the presence of myosins IC, II, V and IXb in phagosomes of
bone marrow-derived murine macrophages. In our investigation we
demonstrated the presence of different classes of myosins in J774
macrophages. We also analyzed the effect of gamma interferon (IFN-
v), with or without calcium ionophore or cytochalasin B, on myosins
as well as on inducible nitric oxide synthase (iNOS) expression and
NO production. Myosins IC, I1, Va, VI and IXb were identified in J774
macrophages. There was an increase of myosin V expression in IFN-
v-treated cells. iNOS expression was increased by IFN-vy treatment,
while calcium ionophore and cytochalasin B had a negative influence
on both myosin and iNOS expression, which was decreased. The
increases in NO synthesis were reflected by increased iNOS expres-
sion. Macrophages activated by IFN-y released significant amounts of
NO when compared to control groups. In contrast, NO production by
calcium ionophore- and cytochalasin B-treated cells was similar to
that of control cells. These results suggest that [IFN-y is involved in
macrophage activation by stimulating protein production to permit
both phagocytosis and microbicidal activity.
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Activated macrophages are important ef-
fector cells in inflammatory processes and in
host defense against microorganisms. Elimi-
nation of foreign agents by these cells in-
volves phagocytosis and generation of reac-
tive oxygen species such as nitric oxide (NO).
NO is an inflammatory mediator directly
related to cell activation (1) that contributes
to the death or inhibition of different patho-
gens, as well as tumor cells. NO is derived
from a catalytic transformation of L-arginine

to citrulline by nitric oxide synthases (NOS).
There are three major isoforms of NOS: the
constitutively expressed neuronal NOS
(nNOS), the endothelially expressed NOS
(eNOS) and the inducible NOS (iNOS) (2).
Both nNOS and eNOS are regulated by the
calcium/calmodulin complex and iNOS is a
Ca?*-independent enzyme (3,4). However,
recent reports have suggested that calcium
regulates iNOS expression and NO synthesis
in macrophages (1,5,6). Although studies
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have been done in an attempt to address the
role of calcium in NO synthesis, this relation
remains unclear. Calcium ionophore A23187,
a mobile ion carrier that transports divalent
cations such as Ca?" and Mg?", reduces NO
release and iNOS expression by chondro-
cytes treated with IL-1 (7). However, it can
be used to increase NO synthesis in gamma
interferon (IFN-y)-treated murine peritoneal
macrophages, providing evidence that cal-
cium is linked to induction of NO synthesis
in macrophages (6).

Several studies have reported the effect
of different treatments on the regulation of
macrophage-like cells by measurement of
NO release or NOS expression (1,3,5,6,8,9).
Cytokines such as IFN-y are able to induce
the expression of NOS (3), and thus stimu-
late the microbicidal activity of macrophages.
Moreover, treatment with IFN-yin combina-
tion with lipopolysaccharide (LPS) results in
high levels of NO production by macro-
phages (6,10,11), including the J774 cell
line (3,11). There is, however, a regulatory
mechanism controlling this activation. Treat-
ment with IL-13 before the stimulus with
IFN-y plus LPS was found to inhibit the
release of NO when compared to stimulation
with [FN-yplus LPS without IL-13, suggest-
ing that the activation of NOS by IFN-y and
LPS is controlled by downregulating cyto-
kines (12). Production of NO by macro-
phages is also inhibited by treatment with
cytochalasins, drugs that inhibit actin fila-
ment polymerization (12).

In addition to having a microbicidal ac-
tivity, macrophages also destroy pathogens
after engulfment and enclosure in phago-
somes. To perform their phagocytic func-
tion, macrophages depend on a motility that
is conferred by the dynamic reorganization
of the cytoskeleton and the involvement of
various motor proteins based on microtu-
bules or actin filaments. Actin-based motor
proteins are called myosins and hydrolyze
ATP to produce mechanical force (13). More
than 13 structurally distinct classes have been
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identified in many cell types (14). Most of
them play important roles in cell motility,
vesicle transport, membrane traffic, and
phagocytosis. Myosin Il has been well char-
acterized as providing support in contractile
functions of actin filaments in the cells and
may aid vesicle budding from the trans-Golgi
networks. Myosins V and VI are implicated
in organelle movement and vesicle transport
in various organisms. Myosin I participates
in endocytic and exocytic membrane traffic
(14). In addition to these functions, there is
strong evidence that myosins contribute to
phagocytosis. In a recent study on erythro-
cytes phagocytosed by murine bone mar-
row-derived macrophages, four distinct
classes of myosins were identified (myosins
IC, 11, V and IXb) and located in phago-
somes. In addition, myosin IC has been im-
plicated in contractile activity during phago-
some formation (15). Therefore, it is pos-
sible that myosin production is increased
after activation to satisfy the protein require-
ment during cell motility.

The main objective of the present study
was to analyze the effect of IFN-y in the
presence or absence of calcium ionophore or
cytochalasin B on myosins and iNOS ex-
pression and NO release.

J774 murine macrophages were obtained
from the American Type Culture Collection
(Rockville, MD, USA) and were cultured in
Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-in-
activated FBS, 2 mM L-glutamine, 100 pg/
ml penicillin and 100 U/ml streptomycin, in
a humidified 37°C/5% CO, incubator, for 10
days in 25-cm? flasks. On day 11, cells were
added to 96-well plates at a concentration of
5 x 107 cells/200 pl (9) in the same medium.

After 24 h, the culture medium of each
well was replaced with 200 pl of fresh medi-
um containing one of the following prepara-
tions: a) 5% conditioned medium from L1210
mouse leukemia cells (Rio de Janeiro Cell
Bank, Rio de Janeiro, RJ, Brazil) transfected
to produce murine IFN-y; the concentration
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of IFN-v in the conditioned medium corre-
sponded to 2 U/ml when compared to a
standard curve of murine recombinant [FN-y,
b) 10 uM cytochalasin B (Sigma Chemical
Co., St. Louis, MO, USA), ¢) 5 uM calcium
ionophore (Sigma), d) [FN-y plus cytochala-
sin B or IFN-y plus calcium ionophore, or ¢)
medium alone, followed by incubation for
24 hat 37°C/5% CO,. For NO measurement,
aliquots of 50 pl from wells of each of the
above treatments, as well as a blank and
standards with different concentrations of
Na,NO;, were mixed with an equal volume
(50 ul) of Greiss reagent (6). NO production
was measured at 570 nm using a microplate
reader (Titertek Multiskan Plus; Flow Labo-
ratories International A.S., Lugano, Switzer-
land). DMEM medium was used as blank
and diluent to reduce interference.

J774 monolayers were washed with PBS
to eliminate excess FBS and homogenized
using a micro-extraction protocol (16). After
the addition of 15 pl of ice-cold lysis buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% Triton
X-100, 0.25% sodium deoxycholate, 1 pg/
ml leupeptin, and 1 mM PMSF, pH 8.0),
cells were scraped and transferred to
Eppendorf tubes and kept on ice for 1 h to
complete cell lysis. Aliquots of 5 pl from
each lysate were diluted to 50 pl with water
for protein estimation by the Bradford method
(Bio-Rad Laboratories, Hercules, CA, USA).
A mass of 15 ug of total protein from each
cell extract was separated by electrophoresis
on a 5-22% gradient minigel (SDS-PAGE)
under reducing conditions and transferred to
nitrocellulose membranes. Nitrocellulose
sheets were then incubated with monoclonal
antibodies against iNOS (Transduction Labo-
ratories, Lexington, KY, USA) or myosin I1
(Biomedical Technologies, Stoughton, MA,
USA), or with affinity-purified rabbit poly-
clonal antibodies produced against human
myosin IC, chicken brain myosin Va, pig
myosin VI and human myosin I1Xb (a gift
from M.S. Mooseker, Yale University). An-
tibody reactivity was assessed following in-

cubation with horseradish peroxidase-labeled
secondary antibodies using a chemilumines-
cent detection system (ECL; Amersham,
Arlington Heights, IL, USA). Densitometric
analysis was carried out using the Image
Master VSD® videodocumentation system
and software (1996, version 2.0; Pharmacia
Biotech Inc., San Francisco, CA, USA). Re-
sults were analyzed statistically by the Bartlett
test, using the Graphpad Instat TM software
(Copyright® 1990-1993, v.2.02).

Myosins IC, 1I, Va, VI and IXb were
identified in J774 cells with the respective
single 130-, 200-, 190-, 145- and 230-kDa
bands being recognized by the cited antibod-
ies using previously described methods (13-
15). As shown in Figure 1A, this cell line
presents a large number of myosins of differ-
ent classes. These findings are consistent
with a recent study in which myosins IC, II,
V and IXb were identified in murine medul-
lar macrophages (15). Our results also dem-
onstrate that a single cell type can present
numerous myosins. This agrees with Bement
et al. (17), who documented the expression
of at least a dozen myosins within a given
vertebrate cell type. There was no evidence
of degradation products, probably due to the
method of preparation of a homogenate from
fresh cells and to the use of protease inhibi-
tors.

Immunoblots of iNOS and myosins are
shown in Figure 1B and the corresponding
protein densitometric analysis is shown in
Table 1. While the amount of iNOS was
increased in the [IFN-y-treated group (66.8%),
little expression of this protein was detected
(2%) in calcium ionophore- and cytochala-
sin B-treated cells. iNOS expression was
also reduced in groups treated with [FN-y
simultaneously with calcium ionophore
(~11%) or cytochalasin B (~7%). In myosin
immunoblots we observed that myosin V
expression was particularly increased in IFN-
v-treated cells (61%) when compared to con-
trol cells (5%). Calcium ionophore or cy-
tochalasin B had a negative influence on
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protein expression for most of the myosins.  (2.77 = 0.48 pM) (P<0.05). In contrast, NO
However, myosin V was not found to be  production by calcium ionophore- and cy-
inhibited by cytochalasin B. NO production  tochalasin B-treated cells (2.23 = 1.14 uM
was positively correlated with iNOS expres-  and 1.68 + 0.69 pM) was similar to control
sion (Figure 1C). Macrophages activated by  (P<0.05) (Figure 1C). The production of NO
IFN-yreleased significantlevelsof NO(11.24  was also decreased by calcium ionophore
+1.07 uM) when compared to control groups  plus [FN-ytreatment (3.83 + 0.71 uM) when
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Figure 1 - Effect of IFN-y, calcium ionophore (Cal) and cytochalasin B (CytoB) on nitric oxide (NO) production, and on
inducible NO synthase (iINOS) and myosin expression. J774 macrophages (5 x 102 cells/ml) were cultured with IFN-
v, alone or with CytoB or with A23187 calcium ionophore. NO production was measured by the method of Greiss
in macrophage supernatants. iINOS and myosin expression was determined from cell lysates by Western blotting.
A, Western blot of J774 lysates to determine the presence of myosins IC, I, Va, VI and IXb. Antibodies specifically
recognized myosin heavy chains (hc). B, Western blot of treated macrophage lysates stained with monoclonal anti-
iINOS and anti-myosin Il antibodies, and with affinity-purified rabbit anti-myosin I, Va and VI. Lane 1 represents
control (medium only) cell lysates. Lanes 2-6 represent lysates from cells treated with IFN-y, Cal, CytoB, IFN-y + Cal
and IFN-y + CytoB. iINOS 130: Region of 130 kDa recognized by specific monoclonal antibody, IC hc 130: 130-kDa
heavy chain of myosin IC, Il hc 200: 200-kDa heavy chain of myosin Il, Va hc 190: 190-kDa heavy chain of myosin Va,
VI hc 145: 145-kDa heavy chain of myosin VI, and IXb hc 230: 230-kDa heavy chain of myosin IXb. C, NO production
by treated macrophages. Three samples from each treatment were processed in duplicate (N = 6).

Table 1 - Densitometric analyses from Western blotting of inducible nitric oxide synthase (INOS) and myosins
IC, Il, Va and VI after stimulatory or inhibitory treatment.

Control: DMEM culture cells, IFN-y: 5% of conditioned medium from L1210 cell-treated macrophages, Cal: 5
mM calcium ionophore-treated cells, CytoB: 10 uM cytochalasin B-treated cells, IFN-y + Cal: simultaneous
treatment with IFN-y and Cal, IFN-y + CytoB: simultaneous treatment with IFN-y and CytoB.

Protein percentage from immunoblotting (%)

Control IFN-y Cal CytoB IFN-y + Cal IFN-y + CytoB
iINOS 10.93 66.80 2.09 2.04 10.83 7.32
IC 22.74 36.01 6.27 9.18 13.27 12.45
Il 24.67 22.71 9.55 13.98 14.29 14.80
Va 5.97 61.12 4.26 16.24 2.53 9.89
Vi 21.47 29.65 11.04 18.51 8.33 10.94
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compared to IFN-y-treated groups (P<0.05).
The same was observed in groups treated
with cytochalasin B plus IFN-y (2.58 + 0.43
uM) (P<0.01). To confirm that the inhibition
of iNOS and myosin expression was really
due to calcium ionophore or cytochalasin B
treatment and not to decreased viability, a
dose-dependent assay was devised. J774 mac-
rophages were incubated with different con-
centrations of calcium ionophore (1.25, 2.5,
5.0 and 10.0 pM) or cytochalasin B (2.5, 5.0,
10.0 and 20.0 uM). Both treatments resulted
in 70-80% cell viability, similar to that of
control, confirming the specificity of our
results.

Elimination of microorganisms by mac-
rophages depends both on phagocytosis and
release of toxic agents, such as reactive oxy-
gen and nitrogen intermediates. The present
results suggest that [IFN-yis involved in J774
macrophage activation by stimulating either
iNOS induction or the production of some
myosins to support both processes. This is
supported by the observation that myosin
expression, mainly myosin V, is increased
by IFN-v, as observed for iNOS. Myosin V is
one of the myosins implicated in vesicle and
organelle transport and its expression in J774
macrophages is sensitive to IFN-y, suggest-
ing that macrophage activation probably in-
creases myosin V production. Furthermore,
the cytochalasin B-treated groups showed an
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