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Fig. 5. Association between SR-A and lipid rafts in B. abortus internalization. Macrophages infected with or without the wild type or virB4 mutant were lysed
in 1% Triton X-100 lysis buffer, and the whole lysates were fractionated by sucrose density gradient ultracentrifugation. Individual fractions, indicated at the
bottom, were analyzed for the presence of SR-A (A} or raft-associated GPl-anchored protein CD48 (B) by immunoblotting.

m the signaling pathway in B. abormus infection into
macrophages.

3. Discussion

In this study, we showed that SR-A interacts with cell
surface components of B. abortus, such as LPS, which was
mediated by lipid raft microdomains on macrophage plasma
membrane, and that the interaction contributes to
establishing B. abortus infection in mice, Hsp60, a member
of the GroEL family of chaperonins, of B. aborfus can
interact with the cellular prion protein (PrP°) on mouse
bone marrow-derived macrophages [18]. PrP° tail-like
formation aggregates during bacterial internalization into
the macrophages and PrP® is selectively included in
macropinosomes containing B. abortus. PrP¢ deficiency
inhibits intracellular replication of B. abortus, but not
bacterial intemalization [18]. These results suggested to us
that signal tramsduction induced by interaction between
bacterial Hsp60 and PrP© on macrophages contributes to
form replicative phagosomes and that other receptors for
bacterial internalization are on the macrophage suiface.
The Niemann-Pick type Cl gene (NPCl) regulates

internalization and intracellular replication of B. abortus
and also contributes to bactenal proliferation in mice [211.
Macrophages from NPCl-deficient mice do not support
internalization and intracellular replication of B. abortus. In
NPCi-deficient mice macrophages, lipid raft-associated
molecules, such as cholesterol, GM1 ganglioside, and
GPl-anchored proteins, accumulate only in intracellular
vesicles [21]. In contrast, these molecules are present in
both the plasma membrane and intracellular vesicles of
macrophages from PrP®-deficient mice as well as macro-
phages from parent mice (unpublished data). Therefore,
lipid raft-associated molecules on the plasma membrane are
essential for internalization of B. abortus and we examined
if SR-A has a role as a receptor of B. abortus.

Macrophage scavenger receptors are implicated in the
deposition of cholesterol in arterial walls during
atherogenesis through receptor-mediated endocytosis of
chemically modified low density lipoproteins (LDL)
[22-25]). These receptors have a wide spectrum of
biological roles in not only atherogenesis, but also host
defense against pathogens and the removal and clearance of
various arrays of negatively charged macromolecules,
because of the broad ligand-binding capacity. The scaven-
ger receptors are classified into class A (type I and type 11
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macrophage receptors (SR-A), and macrophage receptor
with collagenous stmetire (MARCO)); class B (CD36 and
SR-BI); class C (dSR-CI); class D (CD68/marcosialin);
class B (lectin-like oxidized low-density lipoprotein
receptor 1 (LOX-1)); class F (scavenger receptor expressed
by endothelial cells (SREC)); and Fc receptor (FeyRII-B2)
(for reviews see Refs. [26,27]). SR-A is a homotrimeric
membrane protein of mononuclear phagocytes [28] that
mediate phagocytosis of apoptotic thymocytes [17],
endocytosis of modified lipoproteins [28], and adhesion of
macrophages to surfaces coated with serum proteins [16],
ghicose-modified basement membrane proteins [29], and
B-amyloid fibrils [30]. The fact that macrophage scavenger
receptors bind bacterial cell wall components, such as LPS
from Gram-negative bacteria [14] or lipoteichoic acid from
Gram-positive bacteria [31) and that SR-A-deficient mice
show increased susceptibility to infection with Listeria
monocytogenes [13,32], Staphylococcus aureus [33} and
LPS-mediated shock [34], suggests that these receptors
function in the absence of serum opsonins in host defense
against bacterial infections. In contrast, SR-A-deficient
mice in this study showed a decreased susceptibility to
infection with B. abortus. The decreased susceptibility
should be caused by the inhibition of bacterial internali-
zation and intraceflular replication in macrophages.
Although SR-A is a pattern recognition molecule, which
recognizes conserved motifs on pathogen surfaces directly
{26) and which contributes to innate immunity, B. abortus
uses these host defense mechanisms to survive in
macrophages.

The soluble lipid A moiety of LPS has been implicated
previously as an SR-A ligand and is the best candidate
molecule to recognize SR-A {14]. In this study, the
internalization of B. abortus was inhibited by LPS extracted
from smooth and rough B. abortus, suggesting that lipid A
of B, abortus may be candidate molecules for SR-A
recognition. As LPS of Brucella suis has an important role
in the lipid raft-associated infection pathway in
macrophages [15], LPS of B. abortus should be important
factor in their infection in macrophages. Our results also
showed that internalization of B. abortus was inhibited by
LPS from 8. enterica serover Typhimurium. Although we
do not know if SR-A contributes to the infection of
S. enterica serover Typhimurivm, LPS of B. gbortus and
S. enterica sexover Typhimurivm should share binding sites
for SR-A. SR-A deficiency inhibits internalization of
Neisseria meningitidis into bone marrow-derived
macrophages (35]. Interestingly, LPS is not the ligand for
SR-A on N. meningitidis [35). Therefore, other ligands may
exist on the B. abortus surface. '

We next investigated if interaction between B. abortus
and SR-A initiates signal transduction into macrophages for
replicative phagosome formation. As lipid rafts regulate
bacterial internalization and intraceflular replication in
macrophages [7], we expected that SR-A would be
contained in lipid rafts on macrophages infected with

the wild type strain. We used DRMs from macrophages
infected with the wild lype strain or the virB4 mutant 1o
clarify the hypothesis, because DRMs do not artificially
create domains from previous homogeneous bilayers or
recruit non-raft proteins and lipids into rafts during DRM
isolation, and DRMSs reflect at least a subset of raft-sorting
properties in the membrane [19]. As expected, SR-A was
contained in lipid rafts on macrophages infected with the
wild type strain, but not in lipid rafts on macrophages

‘infected with virB4 or uninfected macrophages.

These results were consistent with our previous results
that internalization of the virB4 mutant shows non-raft
pathways in macrophages [7,18]. Thus, SR-A contributes to
internalization of both the wild type strain and the virB4
mutant. However, signal transduction to form replicative
phagosomes was induced by only internalization of the wild
type strain, which was mediated by lipid rafts.

Signal transduction mediated by SR-A remains
unknown. But a signal transduction molecule mediated by
SR-A, the Src family protein-tyrosine kinase Lyn, was
reported recently [36,37]. The Lyn molecule is associated
physically or functionally with SR-A and CD40 [37,38],
which have important roles in the development of
atherosclerosis [13,39], but their roles in bacterial infection
are still unclear. As Lyn is activated in lipid rafts through
cell surface receptors and induces signal transduction [40],
signal transduction to form replicative phagosomes of
B. abortus through SR-A may need Lyn and an environment
of lipid rafts. Lipid rafts are increasingly being recognized
as a gateway for intracellular pathogens [41]. Our study
showed that lipid rafts and the type IV secretion system of
B. abortus regulates downstream of signals from the cell
surface receptor, which decides the intraceliular fate of
B, abortus.

4, Materiais and methods
4.1. Bacterial strains and mice

All B. abortus derivatives were from 544 (ATCC23448)
smooth virulent B. abrotus biovar 1 strains. Ba3598
(544AvirB4), complemented strain Ba603 (Ba598
virB4 + ) and rough B. abortus strain 45/20 were used in
this study [42]. BALB/c mice, C57BL/6J, and SR-A
knockout mice were described previously [13].

4.2, Cell culture

Bone marrow-derived macrophages from female
BALB/c, C57BL/6], and SR-A knockout mice were
prepared by the method described previously [43].
After culturing in L-cell conditioned medium, the
macrophages were replated for use by lifting cells in
phosphate-buffered saline (PBS) on ice for 5~ 10 min, were
harvested by centrifugation, and were resuspended in RPMI
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1640 containing 10% fetal bovine serum (FBS). The
macrophages were seeded (2-3 X 10° or 1-2% 10% in
24-well (2-3 % 10° in each well) or 6-well (1-2 % 10° in
each well) tissue culture plates for all assays.

4.3. Isolation of LPS

The crude smooth or rough LPS were prepared by the
method described previously [44]. To isolate the crude
smooth LPS from wild type strain, the bacteria were grown
in 500 ml of Brucella broth at 37 °C for 18 h. Bacteria were
collected by centrifugation, were dried with acetone and
were extracted with hot phenol—water. To isolate the crude
rough LPS of strain 45/20, bacteria were grown in 500 ml of
brucella broth at 37 °C for 18 h. Bacteria were collected by
centrifugation, were dried with acetone and protein was
extracted with 2.5% NaC! at 4 °C with stirring for 3 days
[45]. The supernatant fluids were separated from the
bacterial cells by centrifugation at 8000g for 30 min at
4°C. The bacterial cells were then washed with PBS,
were dried in acetone, and then were extracted with
chloroform—petrolesm ether—phenol. All smooth and
rough LPS samples were treated with nuclease and pronase
(Sigma), and were purified further by dialysis as described
previously [44]. The amount of protein contamination of the
smooth and rough LPS samples was determined by the
Lowry method [46], and was less than 3%. Nucleic acids
were estimated by the ratio of absorbance at 280/260 nm
after hydrolysis of the material with 0.001N NaOH [44], and
was less than 1%. The concentration of LPS was
estimated by the method described previously {47,48).
The LPS of E. coli serotype O111:B4 and §. enterica
serovar Typhimurium was obtained from Sigma.

4.4. Determination of efficiency of bacterial internalization
and intracellular growth in macrophages

Bacterial internalization and intracellular growth assay in
macrophages was done by using the method described
previously [49]. Briefly, B. abortus strains were deposited
onto mouse bone marrow-derived macrophages grown on
24-well tissue culture plates filled with RPMI 1640 and 10%
FBS at a multiplicity of infection of 20, and were
centrifuged at 150g for 10min at room temperature.
To analyze the bacterial uptake efficiency, macrophages
were washed once with medium after 30 min incubation at
37°C and then were incubated with RPMI 1640 and
gentamicin (30 wg/ml) for 30 min. The macrophages were
then washed three times with PBS and then were lysed with
distilled water. Colony forming units (CFU) were measured
by serial dilutions on brucella agar plates. For intracellular
growth efficiency, macrophages were incubated at 37 °C for
30 min, were washed once with medium, were incubated
with RPMI 1640 and gentamicin (30 j.g/ml), and then were
incubated for 2, 24, and 48 h. The macrophages were then
washed three times with PBS and then were lysed with

distilled water. The CFU were measured by serial dilutions
on Brucelia agar plates. The percentage protection was
calculated by dividing the number of bacteria surviving the
assay by the number of bacteria in the infectious inoculum,
by viable counts. Macrophages were preincubated for
30 min with antibodies for SR-A as described [13]; 10 pg/
ml of 2F8, 100 pg/ml of polyinosinic acid (polyl) or
polycytidylic acid {polyC) (Sigma), and 100 pg/ml of LPS
from smooth wild type B. abortus and rough strain 45/20,
E. coli 0111:B4, and §. enterica serovar Typhimurium,
respectively, After the treatments, the macrophages were
washed with PBS and were measured for viability by trypan
blue staining. The viability of macrophages was not affected
by these treatments.

4.5, Opsonization

Bacteria (2—3 X 10”/ml) were opsonized by incubation
in PBS containing a 1:1000 dilution of anti-B. abortus
polyclonal rabbit serum for 30 min at room temperature.
Bacteria were washed twice with PBS before addition to
macrophages. Opsonized bacteria were deposited onto
macrophages at a multiplicity of infection of two.

~ This opsonization procedure resulted in a greater than 10-

fold enhancement in the amount of internalized bacteria [7].

4.6. Isolation of lipid rafts

Lipid rafts were isolated by modified sucrose density
gradient ultracentrifugation as described [40]. Briefly,
macrophages (2 x 107) were infected with B. abortus
strains as described in Section 4.5, and were incubated at
37 °C for 15 min [7]. Infected macrophages were harvested,
and were lysed with 1 mi of the cold lysis buffer (1% Triton
X-100, 20 mM Tris—HCI, pH 8.0, 140 mM NaCl, 2 mM
EDTA, 1 mM Na;VO,, 1 mM PMSF, 0.5 U/ml} aprotinin
and 0.5 U/ml leupeptin) on ice. After 15 min, the lysate was
homogenized by passing it 10 times through a 27-gange
needle and was adjusted to 40% (wt/vol) sucrose by adding
an equal amount of 80% sucrose. Sucrose solutions were
prepared by mixing the appropriate amount of the gradient
buffer (25 mM Tris—HCl, pH 7.5, 125 mM NaCl, 2 mM
EDTA) and 80% sucrose. The gradient was formed by
adding of 1 ml of 80% sucrose to the boitom of the tube, and
then by 2 ml of 40% sucrose (containing the cell lysate),
6 m! of 30% sucrose and 2.5 ml of 5% sucrose. The sotutions
were then centrifuged at 200,000g for 12 h at 4 °C by using a
SW41 Ti rotor (Beckman Instruments). Eleven fractions
were collected from the top of the gradient and equivalent
portions of each fraction were analyzed by SDS-PAGE and
immunoblotting. Fractions 1-3 (15-30% sucrose)
contained detergent-insoluble lipid rafts, which
were confirmed by immunoblotting with antibody for
raft-associated protein CD48 [7].
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4.7. Virulence in mice

The virulence was measured by quantifying the survival
of the strains in the spleen after 10 or 20 days. Groups of five
mice were infected intraperitoneally with approximately
10° CFU of brucellae in 0.1 ml saline. At 10 or 20 days
after infection, their spleens were removed and were
homogenized in saline. Tissue homogenates were serially
diluted with PBS and were plated on Brucella agar to count
the number of CFU in each spleen.

Acknowledgements

We wish to thank Drs A R. Ghosh and Hyeng-il Cheun
for critical reading of the manuscript and Drs Motohiro
Horiuchi and Naotaka Ishiguro for valuable discussion.
This work was supported, in part, by grants from The 21st
Century COE Program (A-1), Japan Society for the
Promotion of Science and grant from NOVARTIS
Foundation (Yapan) for the Promotion of Science.

References

[1] Acha P, Szylres B. Zoonoses and communicable diseases common
to man and animals. Washington, DC: Pan American Health
Organization; 1980. p. 28—45.

[2] Zavalz I, Nava A, Guerra J, Quiros C. Brucellosis. Infect Dis Chin
North Am 1994;8:225-41.

[3] Baldwin CL, Winter AJ. Macrophages and Brucella. Immunol Ser
1994;60:363~80.

[4] Sangari FJ, Aguerc J. Molecular basis of Brucella pathogenicity:
an update. Microbiclogia 1996;12:207-18.

[5] Comerci. DJ, Martinez-Lorenzo MIJ, Sieira R, Gorvel I, Ugalde
RA. Essential role of the VirB machinery in the maturation of the

Brucella abortus-containing vacuole. Cell Microbiol 2001;3: °

159-68.

[6] Pizarro-Cerda J, Moreno E, Sanguedolce V, Mege JL, Gorvel JP.
Virulent Brucella abortus prevents lysoseme fusion and is distributed
within auiophagosome-like compartments. Infect Immun 1998;66:
2387-92.

[7] Watarai M, Makino S-I, Fujii Y, Okamoto K, Shirahata T. Modulation
of Brucella-induced macropinocytosis by lipid rafts mediates
intracellular replication. Cell Microbiol 2002;4:341-56.

[8] Naroeni A, Porte F. Role of cholesterol and the ganglioside GM(1}
in entry and short-term survival of Brucella suis in murine
macrophages. Infect‘Immun 2002;70:1640—4.

[9]) Christie PJ, Vogel IP. Bacterial type IV secretion: conjugation
systems adapled to deliver effector molecules to host cells, Trends
Microbiol 2000;8:354—60.

{101 Delrue RM, Martinez-Lorenzo M, Lestrate P, Danese 1, Bielarz V,
Mertens P, De Bolle X, Tibor A, Gorvel JP, Letesson J1. Identification
of Brucella spp. genes involved in intracellvlar trafficking.
Cell Microbiol 2001:3:487-97.

{111 O’Caliaghan D, Cazevieille C, Allardet-Servent A, Boschiroli ML,
Bourg G, Foulongne V, Frutos P, Kulakov Y, Ramuz M. A
homologue of the Agrobacterium tumefaciens VirB and
Bordetella periussis Pt type IV secretion systems is essential for
intracellular survival of Brucella suis. Mol Microbiol 1999;33:
1210-2%

{12] Sieira R, Comerci DJ, Sanchez DO, Ugalde RA. A homologue of an
operon required in Briucella aboris for viralence and intracellular
multiplication. J Bacteriol 2000,182:4849-55.

[13] SuzukiH, KuriharaY, Takeya M, Kamada N, Katacka M, Jishaage K,
et al. A role for macrophage scavenger receptors in atherosclerosis
and susceplibility 1o infection. Nature 1997,386:292-6.

{14] Hampton RY, Golenbock DT, Pennman M, Krieger M, Raetz CR.
Recognition and plasma clearance of endotoxin by scavenger
receplors. Nature 1991;352:342-4.

[15] Porte F, Naroeni A, Ouahrani-Bettache S, Liautard JP. Role of the
Brucella suis lipopolysaccharide O antigen in phagosomal genesis and
in inhibitton of phagosome—lysosome fusion in murine macrophages.
infect Immun 2003:;71:1481-940.

[16]) Fraser I, Hughes D, Gordon §. Divalent cation-independent
macrophage adhesion inhibited by monoclonal antibody to murine
scavenger receptor. Nature 1993;364:343-6.

[17] Platt N, Suzoki H, Kurihara Y, Kodama T, Gordon S. Role for the
class A macrophage scavenger receptor in the phagocytosis of
apoptotic thymocytes in vitro. Proc Natl Acad Sci USA 1996;93:
12456-60.

(18] Watarai M, Kim S, Erdenebaatar J, Makino S-1, Horiuchi M,
Shirahata T, Sakaguchi S, Katamine S. Cellular prion protein
promotes Brucella infection into macrophages. J Exp Med 2003;
198:5-17.

{19] Brown DA, London E. Functions of lipid rafts in biological
membranes. Annn Rev Cell Biol 1998;14:111-36.

[20] Brown DA, Rose JK. Sorting of GPI-anchored proteins to glycolipid-
enriched membrane subdomains during transport to the apicai cell
surface. Cell 1992;68:533~44.

[21] Watarai M, Makino 8-I, Michikawa M, Yanagisawa K, Murakami S,
Shirahata T, Macrophage plasma membrane cholesterol contributes
o Brucella abortus infection of mice. Infect Immun 2002;70:
4318-23.

[22] Freeman M, Ashkenas J, Rees KIG, Kingsley DM, Copeland N,
Jenkins NA, Krieger M. An ancient, highly conserved family of
cysteine-rich protein domains revealed by cloning type I and type II
murine macrophage scavenger receptors. Proc Natl Acad Sci USA
1950;87:8810-4.

23] Kodama T, Freeman M, Rohrer L), Zabrewky J, Matsudaira P,
Krieger M. Type 1 macrophage scavenger receptor contains alpha-
helical and collagen-like coiled coils. Nature 199(;343:531-5.

1241 Matsumoto A, Naito M, Itakura H, Ikemoto 8, Asaoka H, Hayakawa [,
et al. Human macrophage scavenger receptors: primary siructure,
expression, and localization in atherosclerotic lesions. Proc Natl Acad
Sci USA 1990;87:9133-7.

[25] Rohrer LJ, Freeman M, Kodama K, Penman M, Krieger M. Coiled-
coil fibrous domains mediate ligand binding by macrophage
scavenger receptor type II. Nature 1990;343:570-2.

[26] Gordon S. Pattern recognition receptors: doubling up for the innate
immune response. Cell 2002:111:927-30.

[27] Peiser L, Mukhopadhyay S. Gordon S. Scavenger receptors in innate
immunity, Curr Opin Immunol 2002;14:123-8,

{28) Krieger M, Herz J. Structures and functions of multiligand
lipoprotein receptors: macrophage scavenger receptors and LDL
receptor-related protein (LRP). Annu Rev Biochem 1994;63:
601-37.

[291 Ef Khoury J, Thomas CA, Loike JD, Cao L, Siltverstein SC.
Macrophages adhere 10 glucose-modified basement membrane
collagen IV via their scavenger receptors. J Biol Chem 1994;269:
10197-200. ] .

{30} El khoury J, Hickman SE, Thomas CA, Cao L, Silverstein SC, Loike
JD. Scavenger receptor-mediated adhesion of microglia to beta-
amyloid fibrils. Nature 1996;382:716-9,

[31] Dunne DW, Resnick D, Greenberg J, Krieger M, Joiner KA. The type
I macrophage scavenger receptor binds to gram-positive bacteria and
recognizes lipoteichoic acid. Proc Natl Acad Sci USA 1994;91:
1863-7,

— 259 —



S: Kim et al. / Microbial Pathogenesis 37 (2004) 11-19 19

{32] tshiguro T, Naito M, Yamamoto T, Hasegawa G, Gejyo F, Mitsuyama
M, Suzuki H, Kodama T. Role of macrophage scavenger receptors in
response to Listeriz monocytogenes infection in mice. Am J Pathol
2001;158:179-88.

[33] Thomas CA,LiY, Kodama T, Suzuki H, Silversteir SC, El Khoury J.
Protection from lethal gram-positive infection by macrophage
scavenger receptor-dependent phagocytosis. J Exp Med 2000;191:
147-355.

[34] Haworth R, Platt N, Keshav S, Hughes D, Darley E, Suzuki H,
Kurihara Y, Kodama T, Gordon S. The macrophage scavenger
receptor type A is expressed by activated macrophages and
protects the host against lethal endotoxic shock. J Exp Med 1997,
186:1431-9.

[35] Peiser L, de Winther MPJI, Makepeace K, Hollinshead M, Coull P,
Plested J, Kodama T, Moxon ER, Gordon S. The class A macrophage
scavenger receptor is a major pattern recognition receptor for
Neisseria meningitidis which is independent of lipopolysaccharide
and not tequired for secretory responses. Infect Immun 2002;70:
5346-54.

I36F Miki S, Horikawa K, ' Nishizumi H. Suemura M, Sato B,
Yamamoto M, Takatsu K, Yamamoto T, Miki Y. Reduction of
atherosclerosis despite hypercholesterolemia in lyn-deficient mice
fed a high-fat diet. Genes Cells 2001:6:37~42.

137] Miki S, Tsukada S, Nakamura Y. Aimoto S, Hojo H, Saio B,
Yamamoto M, Miki Y. Functional and possible physical association
of scavenger Teceptor with cytoplasmic tyrosine kinase Lyn in
monocytic THP-1-derived macrophages. FEBS Lett 1996;399:241-4.

B38F Nishizumi H, Tanivchi I, Yamanashi Y, Kitamura D, [lic D, Mori S,
Watanabe T, Yamamoto T. Impaired proliferation of peripheral B
cells and indication of autoimmune disease in lyn-deficient mice.
Immunity 1995;3:549-60.

139] Mach F, Schonbeck U, Sukhova GX, Atkinson E, Libby P. Reduction
of atherosclerosis in mice by inhibition of CD40 signalling. Nature
1998;394:200-3.

[40] Kovarova M, Tolar P, Arudchandran R, Draberova L, Rivera J,
Drabber P. Structure—function analysis of Lyn kinase association with
lipid rafts and initiation of early signaling events after Fcepsilon
receptor 1 aggregation. Mol Cell Biol 2001;21:8318-28.

[41] Duncan MI, Shin }-S. Abraham SN. Microbial entry through
caveolae: variations on a theme. Cell Microbiol 2002;4:783-91.

[42] Watarai M, Makino S-1, Shirahata T. Ar essential virnlence protein of
Brucella abortus, VirB4, requires an intact nucleoside triphosphate-
binding domain. Microbiology 2002;148:1439-46.

[43] Watarai M, Derre 1, Kirby J, Growney JD, Dietrich WF, Isberg RR.

Legioneila pnewnophila is internalized by a macropinoeytotic uptake

pathway controlled by the Dot/Icm system and the mouse LgnJ locus.

J Exp Med 2001;194:1081-95.

Moreno E, Pitt MW, Jones LM, Schurig GG, Berman DT. Purification

and characterization of smooth and rough lipopolysaccharides from

Brucella abortus. ] Bacteriol 1979;138:361-9.

[45]) Jones LM, Diaz R, Taylor AG. Characterization of allergens prepared
from smooth and rough strains of Brucella melitensis. Br ] Exp Pathol
1973:54:492—-508.

[46] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-

" ment with the Folin phenol reagent. J Biol Chem [951;193:265-75.

[47) Aragon V, Diaz R, Moreno E, Moriyon L. Characterization of Brucella
abortus and Brucella melitensis native haptens as outer membrane
O-type polysaccharides independent from the smooth lipopolysac-
charide. J Bacteriol 1996;178:1070-9.

[48] Karkhanis YD, Zeltner JY, Jackson }J, Carle DJ. A new and
improved microassay to determine 2-keto-3-deoxyoctonate in lipo-
polysaccharide of Gram-negative bacteria. Anal Biochem 1978;85:
595-601.

[49] Kim S, Watarai M, Kondo Y, Erdenebaatar J, Makino S-1, Shirahata
T. Isolation and characterization of mini-Tn5Km?2 insertion mutants
of Brucella abormus deficient in internalization and intracellular
growth in HeLa cells, Infect Immun 2003;71:3020-7,

[44

—

- 260 —



FEMS Microbiology Letters 234 (2004) 289-295

FEMS

MICROBIOLOGY
Letters

www. fems-microbiclogy.org

Brucella abortus nicotinamidase (PncA) contributes to its
intracellular replication and infectivity in mice

Suk Kim 2, Daisuke Kurokawa *, Kenta Watanabe *, Sou-ichi Makino b
Toshikazu Shirahata ®, Masahisa Watarai *”

3 Departiment of Applied Veterinary Science, Obitiro University of Agriculture and Veterinary Medicine, Inada-cho,
Obiiiro-shi, Hokkaido 080-85335, Japan
b Research Center for Animal Hygine and Food Safety, Obihiro University of Agriculture and Veterinary Medicine, Inada-cho,
Obihiro-shi, Hokkatdo 080-8535, Japan

Received 4 February 2004; received in revised form 3 March 2004; accepted 24 March 2004

First published online 10 April 2004

Abstract

Brucella spp. are facultative intracellular pathogens that have the ability to survive and multiply in professional and non-pro-
fessional phagocytes, and cause abortion in domestic animals and undulant fever in humans. The mechanism and factors of vir-
ulence are not fully understood. Nicotinamidase/pyrazinamidase mutant {prncA mutant) of Brucella abortus failed to replicate in
HeLa cells, and showed a lower rate of intracellular replication than that of wild-type strain in macrophages. Addition of nicotinic
acid, but not nicotinamide, into medium supported intracellular replication of pncd mutant in HeLa cells and macrophages. The
pncA mutant was not co-localizing with either late endosomes or lysosomes. The B. abortus virB4 mutant was completely cleared
from the spleens of mice after 4 weeks, while the pncA mutant showed a 1.5-log reduction of the number of bacteria isolated from
spleens after 10 weeks, Although pncA mutant showed reduced virulence in mice and defective intracellular replication, its ability to
confer protection against the virulent B. aborfus strain 544 was fully retained. These results suggest that PncA does not contribute to
intracellular trafficking of B. abortus, but contributes to utilization of nutrients required for intracellular growth. Our results indicate

that detailed characterizations of the pncA mutant may help the improvement of currently available live vaccines.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Brucellosis is a major bacterial zoonosis that causes a
serious debilitating disease in humans and abortion and
sterility in domestic animals. The etiologic agents of
brucellosis are Brucella spp., small gram-negative and
facultative intracellular pathogens that can multiply
within professional and non-professional phagocytes
[1,2]. In contrast to other intracellular pathogens, Bru-
cella species do not produce exotoxins, antiphagocytic
capsules or thick cell walls, resistant forms or fimbriae

* Corresponding author. Tel: +81-155-49-5387; fax: +81-155-49-
5389.
E-mail address: watarai@obihiro.ac.jp (M. Watarai).

and do not show antigenic variation [3]. A key aspect of
the virulence of Brucella is its ability to proliferate
within professional and non-professional phagocytic
host cells, thereby successfully bypasses the bactericidal
effects of phagocytes, and their virulence and chronic
infections are thought to be due to their ability to avoid
the killing mechanisms within host cells [4,5). The mo-
lecular mechanisms and genetic basis for intracellular
survival and replication, however, are not understood
completely. Some studies with non-professional phago-
cytes have shown that Brucella invades host cells and is
contained within early endosome-like vacuoles. These
vacuoles rapidly fuse with early autophagosomes that
acquire vacuolar Ht-ATPase and lysosome-associated
membrane proteins (LAMP), mature into a late auto-

0378-1097/522.00 © 2004 Federation of European Microbiological Societies. Published by Elsevier B.Y. AH rights reserved,
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phagosome, inhibit fusion with lysosome and finally
become a replicating vacuole normally associated with
the endoplasmic reticulum [4,6-8). The genetic basis of
Brucella virulence is still poorly understood. The VirB
type IV secretion system of Brucella has been identified
recently [9]. This operon is composed of 13 open reading
frames (ORFs) that share homology with other bacterial
type IV secretion systems in the intracellular trafficking
of pathogens. Bacteria with deletion or polar and non-
polar mutations of these ORFs were not able to repli-
cate and survive within phagocytes [10,11]. Thus, the
VirB proteins of B. abortus are thought to be constitu-
ents of the secretion apparatus.

A preliminary characterization of Brucella abortus
pncd (nicotinamidase) mutant showed that it had reduced
intracellular growth within HeLa cells [12], suggesting
that this nicotinamidase might be a virulence-associated
factor. In this study, we examined the virulence of B
abortus pncA mutant in mice and their intracellular rep-
lication in macrophages. The protection induced in mice
by a B. abortus prncA mutant against a challenge with the

© virulent strain B. abortus 544 was also evaluated.

2. Materials and methods
2.1. Bacterial strains and media

All bacteria! strains employed in this study are the
derivatives from B. abortus 544 (ATCC23448), a smooth
virulent B. abertus biovar 1 strain. Isogenic mutants of B.
abortus 544 pncA::Tn SKm2 and AvirB4 were described
previously [11,12]. All these strains were maintained as
frozen glycerol stocks and were cultured in Brucella
broth (Becton Dickinson, Sparks, MD) or Brucella broth
containing 1.5% agar. Kanamycin {30 pug/ml) and am-
picillin (100 pug/mly were used when necessary.

PSK pncA (pneA™) was constructed by cloning a PCR
fragment into Kpnl/Sacl-cleaved pBBR 1MCS-4[13}. The
1195-bp Kpnl-Sacl PCR fragment spanned a site located
393 nucleotides upstream of the 5 end of pncA to a po-
sition 48 nucleotides downstream from the 3-end [14) and
was amplified using the primers 5-GGTACCGCATC-
TGCGGCACCTGCAAGG-3 (Kpnl site underlined)
and 5-GAGCTCAACCCGAACTGGCAGAACGAG-
3 (Sacl site underlined).

2.2. Cell culture

HeLa cells were grown at 37 °C in a 5% CO» atmo-
sphere in eagle minimum essential medium (MEM)
(Sigma, St. Louis, MO) containing 10% fetal bovine
serum (FBS). Bone marrow-derived macrophages from
female BALB/c mice were prepared by the method de-
scribed previously [15]. After culture in L-cell condi-
tioned mediwm, macrophages were harvested and

resuspended in RPMI 1640 {(Sigma) containing 10%
FBS. The HeLa cells or macrophages weve seeded (2-
3 x 10% per well) in 24-well tissue culture plates one day
before infection for all assays.

2.3. Comparative growth of the muranis in minimal
medium

Growth of the pned mutant in minimal media, RPMI
1640, which contains no nicotinic acid and 1 pg/ml
nicotinamide, was assessed according to the modified
method described previously [16,17). Briefly, 2-3 x 10'°
colony forming units (CFU) of B. aborfus wild-type,
pncA mutant and complemented strain were pelleted at
8000 rpm for 15 min and resuspended to 2-3 x 107
CFU/ml in RPMI 1640 with (0.3 mM nicotinic acid or
0.3 mM nicotinamide, and then were incubated at 37 °C
for 0, 6, 24 and 48 h with shaking. To measure the CFU
of brucellae, equal portions were withdrawn from each
culture, serially diluted into PBS, and spread on the
surface of brucella plates to determine the number of
viable cells at intervals of up to 48 h.

2.4. Intracellular growth of the mutants in cultured Heln
cells and macrophages

Bacterial infection and intracellular survival assay
were done by using the modified method described
previously [12]. Briefly, HeLa cells or mouse bone
marrow-derived macrophages were grown on 24-well
microtiter plates in MEM or RPM1 1640 with 10% FBS.
Cells were infected with B. abortus strains at a multi-
plicity of infection (MOI) of 20 by centrifugation at 150g
for 10 min at room temperature, To determine the effect
of disruption of nicotinamidase in vivo, HeLa cells or
macrophages were preincubated for 30 min with the
nicotinic acid (0.1 mM)} and nicotinamide (0.1 mM) [16],
and infected with bacteria as above,

After centrifugation, infected cells were incubated at 37
°C in a 5% CO; for 30 min, washed twice with 0.5 ml of
sterile PBS and cultured in the media containing genta-
micin (30 pg/mt) in the presence or absence of 0.1 mM
nicotinic acid or nicotinamide for 2, 24 and 48 h. Serial
dilutions of the infected cells lysed with distilled water were
plated onto Brucella plates for determination of CFU.

2.5. LAMP-] staining

LAMP-! staining was performed as described previ-
ously {15]. Briefly, infected macrophages were fixed in 4%
periodate-lysine-paraformaldehyde (PLP)-sucrose for 1
h at 37 °C. All antibody-probing steps were for 1 h at 37
°C. Samples were washed three times in PBS for 5 min and
then were permeabilized at —20 °C in methanol for 10 s.
After incubating three times for 5 min with a blocking
buffer (2% goat serum in PBS), the samples were stained
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with anti-LAMP-1 rat monoclonal antibody 1D4B, which
was obtained from the Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of
Medicine and the Department of Biology, University of
Towa, diluted 1:100 in blocking buffer. After washing three
times for 5 min in blocking buffer, the samples were
stained with Texas red-goat anti-rat IgG (Molecular
Probes, Inc.). Then the samples were stained with anti-B.
abortus polyclonal rabbit serum [11] and fluorescein iso-
thiocyanate (FITC)-conjugated pgoat anti-rabbit IgG
(Molecular Probes, Inc.) in blocking buffer to identify the
bacteria, and then they were placed in mounting medium
and were visualized by fluorescence microscopy. One
hundred bacteria within macrophages were selected ran-
domly and the LAMP-1-positive bacteria were counted.

2.6. Virulence determination in mice

Six-week-old female BALB/c mice were infected in-
traperitoneally with approximately 10* CFU of brucel-
lae in 0.1 ml saline. Groups of five mice were infected
with each strain. At each week post-infection, mice were
sacrificed by decapitation and their spleens were re-
moved, weighed and homogenized in saline. Tissue ho-
mogenates were serially diluted with PBS and were
plated on Brucella agar to count the number of CFU in
each spleen to assess the virulence of each strain.

2.7. Vaccination against challenge infection with a viru-
lent strain :

Six-week-old BALB/c mice were vaccinated with 10*
CFU of B. abortus S19 or pncd4 mutant. Each group
consisted of five mice. At 8 weeks postvaccination, mice
were challenged intraperitoneally with approximately
10* CFU of a virulent strain, B. abortus 544. Two weeks
after the challenge, the numbers of viable B. abortus 544
in the spleens and the weights of the spleens were de-
termined as described [11].

3. Results
3.1. Effect of disruption of pncA in vitro and in vivo

Brucella wild-type and complemented strain showed
almaost the same growth yield but pncd mutant showed a
different growth comparing to that of wild-type in
RPMI 1640, RPMI 1640 with nicotinic acid or nico-
tinamide {Fig. 1A, B and C). In the media with nico-
tinamide, two strains with intact pncd showed almost
the same growth yield but pncA mutant did not grow
(Fig. 1A and C). In the media with nicotinic acid,
growth of pned mutant was restored (Fig. 1B).

As survival and multiplication in professional and
non-professional phagocytic host cells is an important
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Fig. 1. Bacterial growth of wild-type and pre4 mutants under minimal
medium condition. Wild-type B. aborius, prcA mutant (pred-) and
complemented strain (pneA+) were grown in RPMI 1640 (A), RPMI
1640 with nicotinic acid (B} or nicotinamide (C} as described in Section 2.
The numbers of viable bacteria at each time point were determined by
making serial dilutions in PBS and plating on Brucella plates. Data
points and error bars represent the mean CFU of triplicate samples from
a typical experiment (performed at least four times) and their standard
deviation.

virulence mechanism of Brucella, we examined the in-
tracellular replication of Brucella strains in Hela cells
and mouse bone marrow-derived macrophages. The
pncA mutant failed to replicate in HeLa cells, and
displayed a lower rate of intracellular replication in
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macrophages than the wild-type strain and comple-
mented strain (Fig. 2A and B). To further analyze the
effect of disruption of nicotinamidase, cells were prein-
cubated in the media supplemented with nicotinic acid or
nicotinamide and then infected with Brucella strains. In
the presence of nicotinic acid, pncA mutant was able to
replicate inside the cells as well as wild-type (Fig. 2C and
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D). In the medinm with nicotinamide, the pred mutant,
which was unable to convert nicotinamide to nicotinic
acid, showed a reduced ratio of intracellular replication
in HeLa cells and macrophages as compared to that in
other two strains (Fig. 2E and F). Nicotinamide deami-
dase is known to be released into medium from HeLa
cells and macrophages and converts nicotinamide into
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Fig. 2. Intracellular replication of wild-type and pned mutants within HeLa cells and mouse bone marrow-derived macrophages. HeLa cells (A),
macrophages (B), nicetinic acid (C and D) or nicotinamide (E and F) added HeLa cells or macrophages were infected with wild-type 8. aboriws, pncA
mutant {pred-) and complemented strain (pneA+) as described in Section 2. At different times of incubation, the cells were lysed, and the numbers of
viable intracellular bacteria were determined. Data points and error bars represent the mean CFU of triplicate samples from a typica) experiment

(performed at least four times) and their standard deviation.
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nicotinic acid for NAD synthesis [18,19]. Therefore, it is
likely that by internalizing little amounts of nicotinic
acid, pned mutant was able to replicate to some extent in
medium with nicotinamide.

Phagosomes containing virulent B. abortus are
reluctant to fuse with lysosomes, whereas dead B.
abortus phagosomes co-localize with endocytic com-
partments in the early stage of infection in macrophages
[20]. To test the ability of B. abortus to target properly
within macrophages early in infection, interaction of the
mutants with the endocytic pathway was quantified by
immunofluorescence localization of LAMP-1, a mem-
brane protein of late endosomes and lysosomes [21]. As
expected, most phagosomes containing the wild-type
and complemented strain did not co-localize with the
LAMP-1 (15.24+2.3% or 13.8+4.2% positive). Inter-
estingly, pnc4 mutation did not affect LAMP-1 acqui-
sition (17.2%4.8% positive} (Fig. 3). It suggests that
both wild-type strain and pncd mutant are not co-lo-
calizing with either late endosomes or lysosomes.

3.2. B. abortus pncA mutant has rediiced virulence in mice

To assess whether the reduced in vitro virulence of
picA mutant as determined by the replication within
Hel a cells and macrophags correlates with a virulence in
the host, mice were infected with wild-type B. abortus,
pncA and vir B4 mutant. As bacterial growth in spleen and
liver are same level [22,23], only bacterial growth in spleen

wild-type

LAMP-1

Bacteria

Fig. 3. Localization of pncA mutant and late endosomal and lysosomal
marker LAMP-1 in bone marrow-derived macrophages by immuno-
fluorescence microscopy. Macrophages were infected with wild-type or
prcA mutant for 1 h, fixed and stained for LAMP-1 and intracellular
bacteria. .
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Fig. 4. Kinetics of bacterial growth in infected mice. Mice were infected
intraperitoneally with wild-type B. abortus, pncd or virB4 mutant (164
CFU/0.1 ml}). Recovery of viable bacteria from the spleen (A) and the
weights of spleens (B) of infected mice at 1-10 weeks postinfection are
shown. Error bars indicate standard deviation.

was checked in this study. Two weeks after infection,
many bacteria were recovered from the spleen of mice
infected with the wild-type strain (6.7 x 10° CFU/spleen),
but fewer bacteria were recovered from mice infected with
pncA mutant (4.2 x 10* CFU/spleen) (Fig. 4A). Bacteria
were stilf recovered from the spleen of mice infected with
wild-type strain at 10 weeks after infection (6.8 x 103
CFU/spleen), while fewer bacteria were recovered from
mice infected with pnc4 mutant (7.8 x 102 CFU/spleen).
In contrast, vir B4 mutant was ¢leared to the undetectable
level in the spleen at four weeks after infection (Fig. 4A).

Wild-type strain induced splenomegaly as a conse-
quence of host inflammatory response, but prcAd mutant
induced a reduced response compared to that of the

. wild-type strain (Fig. 4B). Splenomegaly was not ob-

served at all in mice infected with virB4 mutant.
3.3. Effect of vaccination with B. abortus pncA mutant

One of the drawbacks of the vaccine strain B. aborius
519 is that it displays some degree of virulence causing
aboriion in pregnani cows [24]. In order to determine if
the less pathogenic pncA mutant remains immunogenic,
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Fig. 5. Protection against B. abortus 544 in mice vaccinated with pned
mutant or B. abortus §19. Mice were inoculated intraperitoneally with
10* CFU of pnc4 mutant or strain S19. Eight weeks postvaccination,
mice were challenged with B. aborius 544, Two weeks later, mice were
killed and the numnbers of viable Brucelle recavered from the splegns
(A} and the weights of the spleens (B) were determined as described in
Section 2. Error bars indicate standard deviation.
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experiment of protection was carried out in mice. It was
shown that vaccination with B. abortfus pneA mutant
protected mice against a challenge with the virulent
strain B. abortus 544 to the same extent as B. aborius
S19 {Fig. 5). This indicated that pncd mutant with a
reduced virulence and an impaired ability for intracel-
lular multiplication completely retained the ability to
induce the protective immunity in mice.

4, Discussion

The prcA gene encoding nicotinamidase/pyrazinami-
dase is an enzyme involved in the production of NAD.
Sabnonella emterica serovar Typhimurium and Esche-
richia coli use PncA in the preferred exogenous pathway
for NAD synthesis [25]. In the less preferred endogenous
pathway, NadB, NadA, NadC catalyse the conversion
of aspartate to nicotinate p-ribonucleotide. The genome
of Brucella melitensis and Brucella suis contains PncA
and PncB, NadD and NadE, but not NadB, NadA or
NadC [14]. Likewise, B. abortus may rely upon a single
pathway for NAD synthesis. B. abortus lacking pncA
was able to survive and grow in vitro because Brucella
broth contains nicotinamide, nicotinic acid, NAD and
NADP. One or more of these compounds may permit
the growth of prncA mutant at the same rate as wild-type
strain. It is also possible that PncA participates in other
pathways required for survival and growth in vivo. Asa
recent study reported that plasmid-encoded PncA con-
tributed to infectivity of Borrelia burgdorferi in mice
[16], PncA may have important roles for virulence of
intracellular pathogens. Our results in this study indicate
that both wild-type strain and prncd mutant prevent
phagosome-lysosome fusion after uptake by macro-
phages. Thus, PncA does not contribute to intraceilular
trafficking of B, abortus, but contribute to utilization of
nutrients required for intracellular growth.

PncA is involved in the conversion of pyrazinamide
to pyrazinoic acid. Pyrazinamide is an important antit-
uberculosis drug and mutation of prcd is a major
mechanism of pyrazinamide resistance in Mycobacte-
rivm tuberculosis [26]. Unlike most antibacterial agents,
pyrazinamide, despite its remarkable in vivo activity,
has no activity against M. tuberculosis in in vitro except
at an acidic pH [27]. Presumably, pyrazinamidase would
act under acidic environment. Vacuole acidification in
phagocytic cells to pHs between 4.0 and 4.5 has been
shown to be essential for intracellular survival during
early infection by B. swuis [28]. Pyrazinamidase may
participate in the resistance of Brucelle spp. to the acidic
condition of the phagosome.

B. abortus virB mutant was cleared from the infected
mice faster than wild-type strain. On the other hand,
pncA mutant did not replicate in mouse spleen, but it was
not cleared from the infected mice soon. These results

indicate that virB genes have important roles in resis-
tance to clearance by host immunity. Our results showed
that the pirc4 mutant protected mice against a challenge
with the pathogenic B. agborius strain 544 to the same
extent as attained by the B. abortus vaccine strain S19.
The decreased virulence with retention of the capacity to
confer immunity suggests that detailed characterizations
of the prc4 mutant may improve current live vaccines.
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Antimicrobial peptides such as defensins are erucial
for host defense at mucosal surfaces. We reported pre-
viously that Salmonella enteritidis flagellin (F1iC) in-
duced human g-defensin-2 (hBD-2) mRNA expression in
Caco-2 cells via NF-«B activation (Ogushi, K., Wada, A.,
Niidome, T., Mori, N., Oishi, K., Nagatake, T., Takahashi,
A.,, Asakura, H., Makino, 8., Hojo, H., Nakahara, Y.,
Ohsaki, M., Hatakeyama, T., Aoyagi, H., Kurazono, H.,
Moss, J., and Hirayama, T. (2001) J. Biol. Chem. 276,
30521-30526). In this study, we examined the role of
ganglioside as co-receptors with Toll-like receptor 5
(TLRS5} on FliC induction of hBD-2 expression in Caco-2
cells. Exogenous gangliosides suppressed FliC induec-
tion of hBD-2 promoter activity and binding of F1iC to
Caco-2 cells. Incorporation of exogenous ganglioside
GD1a into Caco-2 cell membranes increased the effect of
FLC on hBD-2 promoter activity. In support of a role
for endogenous gangliosides, incubation of Caco-2 cells
with DL-threo-2-hexadecanoylamino-3-morpholino-1-phe-
nylpropanol, a glucosylceramide synthase inhibitor, re-
duced FliC induction of hBD-2 promoter activity. GD1a-
loaded CHO-Kl-expressing TLR5 cells had a higher
potential for hBD-2 induction following FLiC stimulation
than GDla-loaded CHO-K1 cells not expressing TLRS5.
FHC increased phosphorylation of mitogen-activated pro-
tein kinase, p88, and ERK1/2. Exogenous gangliosides
GD1a, GD1b, and GT1b each suppressed FIiC induction of
p38 and ERK1/2 phosphorylation. Furthermore, FliC did
not enhance luciferase activity in Caco-2 cells transfected
with a plasmid containing a mutated activator protein
1-binding site. These results suggest that gangliosides act
as co-receptors with TLR5 for FliC and promote hBD-2
expression via mitogen-activated protein kinase.

Antimicrobial peptides play an important role in host de-
fense against bacteria, fungi, and viruses (1, 2). Defensins are
antimicrobial cationic peptides that are stabilized by three
intramolecular disulfide bonds. In humans, the defensin family

consists of a- and B-defensins, with positions of the conserved
cysteines defining type. Six a-defensins (HD*-1 to HD-6) have
been reported. HD-1, HD-2, HD-3, and HD-4 were found in
granulocytes (3), whereas HD-5 and HD-6 were identified in
the Paneth cells of small intestinal crypts (4, 5) and in female
reproductive tissue (6). Six B-defensing (hBD-1 tc hBD-6) have
also been described. HE281, identified as a splicing variant of
the human EP2 gene, also contains the -deéfensin-specific cys-
teine motif (7). hBD-1 was purified from plasma (8) and de-
tected in several epithelial tissues (9). hBD-2 was purified from
skin and shown to be expressed in the lung, trachea, and uterus
(10). hBD-3 was purified from psoriatic scales and detected in
several organs (e.g. skin and tonsil) (11). hBD-4 was strongly
expressed in the testis and gastric antrum (12). hBD-5, hBD-6,
and HE2p1 were specifically expressed in the epididymis (13).
Although hBD-1 was expressed constitutively, hBD-2, hBD-3,
and hBD-4 were induced following bacterial infections (10-12,
14, 15}

In addition to their antimicrobial activity, hBD-2 and murine
B-defensins can potentially function as chemokines for imma-
ture dendritic cells and memory T cells through interaction
with chemokine receptor CCR6 (16, 17). Recently, it was re-
ported that murine B-defensin 2 is a ligand for Toll-like recep-
tor (TLR) 4 on immature dendritic cells (18). TLRs function as
pattern recognition molecules for various microbial compo-
nents and endogenous ligands and mediate activation of the
innate immune response (19, 20}, Thus, induction of hBD-2
may also affect inflammatory reactions.

Salmonelle is a Gram-negative bacterium that causes gas-
troenteritis and enteric fever in humans, Salmonella infection
of cultured intestinal epithelial cells resulted in hBD-2 indue-
tion (15). However, the signaling pathways involved in hBD-2
induction in Caco-2 cells, a human colon carcinoma line, by
Salmonella are still unelear. From our previous work to eval-
uate the role of hBD-2 in Salmonellu enteritidis infection, we
concluded that S. enteritidis flagellin (FIiC) increased hBD-2
promoter activity and mRNA levels in Caco-2 cells via NF-«<B
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activation (21). Other studies demonstrated that the flagellin of
Salmonella dublin (22) or Salimonelle typhimurium (23) in-
duced nitric-oxide synthase and I1-8 secretion, respectively.

It has been demonstrated that TLR5 is a receptor for flagel-
lin of Gram-negative, as well as Gram-positive, bacteria (24).
After binding of FIC to TLR5 (24, 25), myeloid differentiation
factor 88 was involved in NF-«B activation, resulting in IL-6
expression (24). We reported recently that S. enteritidis FIiC
increased intracellular Ca®* concentration via activation of
phospholipase C, leading to translocation of NF-«B to the nu-
cleus and increased hBD-2 promoter activity (26). However, the
signal transduction pathways involved in hBD-2 induction by
FliC are still unclear.

Gangliosides, sialic acid-containing glycosphingolipids, are
ubiquitous components of eukaryotic cell membranes that have
been identified as receptors for bacterial toxins and viruses
{27-30). Although TLR5 was determined to he a FliC receptor,
gangliosides such as GM1, GD1a, and asialo-GM1 also bound
Pseudomonas aeruginosa flagellin (31). In particular, asialo-
GM1, serving as a P. aeruginosa flagellin receptor, was critical
for flagellin-dependent signaling in epithelial cells (32). Re-
cently, Yuet al. (33) reported that induction of p38 MAP kinase
phosphorylation by S. typhimurium flagellin was mediated by
activation of TLR5 rather than through asialo-GMI1.

In this study, to evaluate signal transduction pathways used
by FliC, we examined the effect of gangliosides and TLR5 on
FliC induction of hBD-2 expression in Caco-2 cells, focusing on
the potential role of complex gangliosides as TLR co-receptors.

MATERIALS AND METHODS

Antibodies and Reagents—Ganglioside mixture was obtained from
IsoSep AB; GM1, asialo-GM1, GM2, GM3, GD1a, GD1b, GD3, and
GT1b were from Wako; anti-GD1a, GD1b, and GT1b antibodies were
from Seikagaku Corp.; anti-astalo-GM1 antibody was from Wako. DL-
threo-PPMP hydrochloride was from Wako. FITC-labeled goat anti-
rabbit IgG was from BIOSOURCE International, Ine.; anti-phospho-
p38 and phospho-ERK1/2 antibodies were from Cell Signaling
Technology, Inc.; horseradish peroxidase-conjugated anti-rabbit IgG or
meouse IgG antibodies were from DAKO; horseradish peroxidase-conju-
gated anti-V5 antibody was from Invitrogen; and transfection reagent
(DAC-30) was from Eurogentec. Plasmid encoding V5-tagged TLRS
(pEF6V5/HIS TOPQ::TLR5) {24) was a gift from Dr. Kelly D. Smith and
Dr. Alan Aderem. Helicobacter pylori vacuolating cytotoxin (VacA) was
purified as described previously {34).

Cell Culture—Caco-2 (human colon carcinoma cells) and Chinese
hamster ovary (CHQ) cells were grown in DMEM (Sigma) supple-
mented with 10% FCS. CHO-K1, which do not synthesize complex
gangliosides (35), were grown in Ham’s F-12 medjum (JWAKI, Asahi
Techno Glass) supplemented with 10% FCS.

Transfection and Luciferase Assay—Transfection and luciferase as-
says were performed as described previously (21) with the following
modifications. To assess hBD-2 prometer activity, Caco-2 cells were
seeded in 24-well culture plates (0.5 or 1.0 X 10°% cells in 1 ml of DMEM
per well) and incubated at 37 °C for 24 h. 2.5 pg of the hBD-2 promoter
linked to a luciferase reporter gene (pGL3-2110 or pGL3-938) or a
mutated hBD-2 promoter construct (pGL3-938/NF-xBmt or pGL3-938/
AP1lmt) were incubated with 0.5 pg of an internal control Renilla
luciferase "expression vector {(pRL-TK) and 10 pl of 3.2 mM dendritic
pely-(L-lysine) (KG6) (36) in 250 pl of FCS-{ree DMEM at reom temper-
ature for 15 min before addition to Caco-2 cells, After incubation at
37 °C for 3 h, 1 ml of DMEM was added, followed by incubation at 37 °C
for 24 h.

To initiate experiments, the medium was replaced with 200 ul of
fresh FCS-free DMEM, and 50 ul of the sample to be assayed were
added. After incubation at 37 °C for 3 or 6 h, cells were washed with 1
ml of PBS and lysed by adding 300 ul of lysis buffer (Toyo Ink Co.}. After
15 min at room temperature, the lysate was centrifuged (18,000 X g, 5
min, 4 °C). Luciferase activity of the supernatant, measured using a
luminometer (Berthold), was expressed relative to the activity of an
internal control Reailla luciferase.

To assess the effects of TLRS expression and GDla loading on FHC
induction of hBD-2 promoter activity, CHO-K1 cells were seeded in
24-well culture plates (1.0 X 107 cells per well) and incubated at 37 °C

Gangliosides Serve as Co-receptors for S. enteritidis FliC

for 24 h. 1.5 ug of pGL3-2110 were incubated with 0.5 pg of pRL-TK, 1
pg of TLRS expression vector {pEF6VS/HIS TOPO:TLRS), and 5 ul of
DAC-30 (2.5 pg) in 250 ul of FCS-free medium at room temperature for
20 min bhefore addition to cells. After incubationn at 37 °C for 4 h,
CHO-K1 cells were incubated without or with GDla (50 pg/ml) in
FCS-free medium at 37 °C for 24 h, At the end of incubation, cells were
washed with medinm and then incubated with the indicated concentra-
tions of FIiC at 37 °C for 6 h. hBD-2 promoter activity was determined
by the luciferase reporter gene assay.

Isolation of Flagellin from Bueterial Cells—S8. enteritidis FliC and
P. geruginosa flagellin were prepared as previously described (21) with
the following modifications. S. enteritidis, and P. ceruginosa grown in 2
liters of tryptic soy broth at 37 °C for 16 h were pelleted by eentrifuga-
tion (5,000 X g, 4 °C, 30 min} and dispersed in 40 ml of PBS, which was
adjusted to pH 2 with 1 M HC] and maintained at that pH with constant
stirring at room tempetaturc for 30 min. After centrifugation
(100,000 X g, 4 °C, 1 h), the pH of the supernatant containing soluble
monomeric flagellin was adjusted to 7.2 with 1 M NaOH, and solid
(NH,),80, was added to 65% saturation. After incubation overnight at
4 °C, the mixture was centrifuged (15,000 X g, 4°C, 15 min). The
precipitate was dissalved in distilled water, dialyzed against distilled
water, then heated at 65 °C for 15 min, placed on ice, and centrifuged
(100,000 % g, 4°C, 1 h). To the supernatant, which contained depoly-
merized FIC, solid (NH,),80, was added to 65% saturation. After
incubation overnight at 4 °C, the mixture was centrifuged at 15,000 X
g at4 °C for 15 min. The precipitate was dissolved in distilled water and
dialyzed against PBS.

Effect of Exogenous Ganglioside on FLiC Induction of hBD-2 Promoter
Activity—Caco-2 cells, transfected with luciferase reporter gene, were
incubated with FliC {100 ng/ml) and the indicated concentration of
ganglioside at 37 °C for 3 or 6 h. hBD-2 promoter activity was deter-
mined using the luciferase reporter gene assay.

Effect of Anti-ganglioside Antibodies on FUiC Induction of hBD-2
Promoter Activity—Caco-2 cells were seeded in 24-well culture plates
(5 X 10* cefls per well) and incubated at 37 °C for 24 h before transfec-
tion with luciferase reporter gene as described above and incubation
with the indicated concentration of anti-GD1a, -GD1b, or -GT1b anti-
bodies at 37 °C for 1 h followed by incubation with F1iC (100 ng/ml) at
37 °C for 6 h, hBD-2 promoter activity was determined using the lucif-
erase reporter gene assay.

Flow Cytometric Analysis—Caco-2 cells (1 x 107 cells) were har-

" vested in TNE (40 mm Tris-HCI, pH 7.5, 150 mM NaCl, and 1 mum

EDTA), washed twice with PBS, and suspended in 1 ml of PBS. SBamples

© {90 u) were incubated at 4 °C for 1 h with FIC, 0, 10, or 100 pg/ml FLiC,

or with FIiC (100 gg/m]) plus 100 up GD1a. After two washes with PBS
containing 2% BSA, cells were incubated {4 °C, 1 h) with anti-FIiC
antibody diluted 1:100 with PBS (21), washed twice with PBS contain-
ing 2% BSA, and incubated at 4 °C for 30 min with FITC-labeled goat
anti-rabbit IgG (1:100). After three washes with PBS containing 2%
BSA, samples (10,000 cells) were analyzed by flow cytometry (BD
Pharmingen Immunocytometry system) with excitation at 488 nm and
emission at 530 nm.

Proteolytic Digestion of FliC—Protection against tryptic digestion of
FGF-2 by gangliosides has been reported (37). 8. enteritidis FHC (3 pg),
VacA (3 pg), or P, aeruginosa flagellin (3 pg) was incubated in 50 mM
Trig-HCl, pH 7.5, with or without the indicated amount of ganglioside
at 37 °C for 5 min, followed by addition of trypsin (Sigma), 60 ngin a
final volume of 100 pul, and incubation at 37 °C for 3 h, before addition
of an equal volume of SDS sample buffer (0.1 M Tris-HCL, pH 6.8, 4%
SDS, 20% glycerol, 0.1% (w/v) bromphenol blue, 50 mu dithiothreitol),
and heating at 95 °C for 5 min. Samples were subjected to SDS-PAGE
in 10% gels, which were stained with Coomassie Brilliant Blue.

Inhibition of Ganglioside Synthesis and Incorporation of Exegencus
GD1a into Caco-2 Cell Membranes—Caco-2 cells were seeded in 24-well
culture plates (5 X 10* cells per well), incubated for 24 h at 37 °C, and
then further incubated (37 °C, 48 h) without or with 5 uM PPMP (38,
39). pGL3-2110-transfected Caco-2 cells were incubated with GD1a (50
pg/ml) in FCS-free medium without or with 5 uv PPMP for 24 h at
37 °C {39, 40), before washing with DMEM and incubation (37 °C, 3 h)
with the indicated concentration of FIiC without or with 5 pm PPMP.
hBD-2 promoter activity was determined by the luciferase reporter
gene assay. )

Western Blotting Analysis—Caco-2 cells were sceded in 8-well cul-
ture plates (3 X 10° cells per well). After 24 h, the mediun was replaced
with FCS-free DMEM, and the cells were incubated at 37 °C for 24 h.
FIC (10 pug/ml) was added, and after 30 min at 37 °C, cells were washed
with PBS and lysed in 300 ul of SDS sample buffer (62.5 mM Tris-HCI,
pH 6.8, 2% (w/v} SDS, 10% glycerol, 0.1% (w/v) bromphenol blue, 50 mm
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Fic. 1. Effect of added ganglioside
on FliC induction of hBD-2 promoter
activity in Caco-2 cells. A, pGL3-2110-
transfected Caco-2 cells were incubated
(87 °C, 6 h) with FiiC (100 ng/ml) plus the
indicated concentration of ganglioside
mixture dissolved in Me,SO (final concen-
tration of Me,SO is 1%) before assay of
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dithiothreitol, 1 mM NagVO,). Proteins were separated by SDS-PAGE in
10% gels and transferred to polyvinylidine difluoride membranes,
which were washed with TBS (20 mu™ Tris-HCI, 133 mm NaCl, 1 mu
NagVO,) at reom temperature for 5 min, and then incubated with 5%
(wiv) milk powder in TBS-T (20 muM Tris-HCI, 133 mM NaCl, 0.1%
Tween 20, 1 mM NagVQ,) at room temperature for 1 h. Membranes were
washed with TBS-T, followed by incubation in a 1:1,000 dilution of
anti-phospho-p38 or -phospho-ERK1/2 antibodies overnight at 4 °C.
After washing in TBS-T, membranes were incubated with herseradish
peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG (1:4,000 dilu-
tion) at room temperature for 1 h and then washed in TBS-T, followed
by incubation for & min in TBS before detection by ECL system (Am-
ersham Biosciences).

To assess TLRS expression, CHO or CHO-K1 cells transfected with
TLR5 expression vector were washed with PBS and lysed in 200 pl of
8DS sample buffer. Proteing were resolved by SDS-PAGE in 10% gels
and transferred to polyvinylidine difluoride membranes, which were
washed with TBS at room temperature for 5 min, and then incubated
with 5% (w/v) milk powder in TBS-T at room temperature for 1 h.
Membranes were washed with TBS-T, followed by incubation in a
1:2,000 dilution of horseradish peroxidase-conjugated anti-V5 antibody
at room temperature for 1 h, ther washed in TBS-T, followed by incu-
bation for 5 min in TBS before detection by ECL system.

RESULTS

Effect of Exogenous Gangliosides on FIiC Induction of RBD-2
Promoter Activity in Caco-2 Cells—The hBD-2 promoter was
coupled to luciferase, and activity was quantified in pGL3-
2110-transfected Caco-2 cells incubated with FliC (100 ng/ml)
and various amounts of ganglioside mixtures, Gangliosides
inhibited hBD-2 promoter activity in a concentration-depend-
ent manner (Fig. 14). To determine the specificity of ganglio-
side inhibition, several gangliosides were tested in the lucifer-
ase reporter gene assay. Asialo-GM1 and GM3 had no effect,
whereas GM1, GM2, and GD3 were weakly inhibitory, and
GD1a, GD1b, and GT1b strongly inhibited FIiC action (Fig.
1B). To examine further the inhibitory effects of GD1a, GD1b,
and GT1b, we used the luciferase reporter gene assay. Ganglio-
sides GD1a, GD1h, and GT1b each inhibited FliC inducticn of
hBD-2 promoter activity in a concentration-dependent manner
(Fig. 1C}, with more than 90% inhibition at 10 pm. These

04 1 10
Ganglioside (M)

S dao

results showed that exogenous ganglicsides suppress FlLiC ac-
tion when added to Caco-2 cell culture medium.

Effects of Anti-ganglioside Antibodies on FIiC Induction of
hBD-2 Promoter Activity in Caco-2 Cells—To confirm the role of
FIiC inferaction with gangliesides on signal transduction, gan-
gliosides on the cell surface were masked by reaction with
anti-ganglioside antibody, and then FliC induction of hBD-2
promoter activity was evaluated with the luciferase assay. Af-
ter masking of native GD1a, GD1h, and GT1b on Caco-2 cells
by antibodies, FIiC induction of hBD-2 promoter activity was
inhibited in a concentration-dependent manner (Fig. 2). Anti-
asialo-GM1 and isotype control antibodies had no effects (data
not shown). These results suggested that native gangliosides
on Caco-2 cells are functionally important for FIiC induction of
signaling, leading to hBD-2 expression.

Exogenous GD1a Binds to FIiC and Prevents Binding of FliC
to Caco-2 Cells—Rusnati et al. (37) reported that gangliosides
directly bind to fibroblast growth factor 2 (FGF-2} and protect
it from tryptic digestion. Furthermore, they recently reported
(41) that GM1 acts as functional co-recepter for FGF-2. To
determine whether gangliosides directly bind to FliC, we de-
termined whether ganglioside interaction with FliC can pre-
vent its digestion by trypsin. GD1a protected FliC from tryptic
digestion in a concentration-dependent manner, but asialo-
GM1 had no effect (Fig. 3A), and GDla did not protect an
unrelated bacterial toxin VacA from tryptic digestion (Fig. 3B).
Both GD1a and asialo-GM1 had no effect on tryptic digestion of
P. geruginosa flagellin (Fig. 3C). '

We investigated the effect of exogenous GD1a on binding of
FliC to Caeo-2 cells using fluorescence-activated cell sorting.
FliC bound to Caco-2 cells in a concentration-dependent man-
ner, and exogenous GD1a suppressed FliC binding to Caco-2
cells (Fig. 4), consistent with the notion that exogenous GDla
directly interacts with FHC and prevents binding of FliC to
Caco-2 cells.

Effects of Ganglioside Depletion and GDIa Loading on FLiC
Induction of hBD-2 Promoter Activity in Caco-2 Cells—To con-
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Fic. 2. Effect of anti-ganglioside antibodies on FliC induction
of hBD-2 promoter activity in Caco-2 cells, pGL3-2110-transfected
Caco-2 cells were incubated (37 °C, 1+h) first with the indicated concen-
tration of a mixture of equal amounts (each 5, 10, and 20 pg/ml) of
anti-GD1a, -GD1b, and -GT1lb antibodies and then without {PBS) or
with FliC {100 ng/ml) before assay of luciferase activity. Data are
means * 5.D. of values from three separate experiments with assays in
duplicate. #, p < 0.05 versus values without anti-ganglioside antibedy.

A

asialo
GD1a GM1

Ganglioside(nmol) ¢ 0 1 5 10 10
Trypsin - + + + + &

-|—FliC

GDla(nmel) © O 10
Trypsin_ - + +

“— VacA

asialo
GD1a GM1

Ganglioside fnmol) 0 0
Trypsin - - + + +

-—- P. seruginosa flagetlin

FIG. 3. Protection of F1iC from tryptic digestion by ganglioside
GD1a. 3 ug of S. enteritidis FIiC (A), H. pylori VachA (B), or P. aerugi-
nosa flagellin (C) was incubated (37 °C, 3 h} with 60 ng of trypsin
without or with 1, 5, or 10 nmol of GDla or 10 nmol of asialo-GM1
befare separation of proteins by SDS-PAGE (10% gel) and staining with
Coomassie Brilliant Blue. Data are representative of three
experiments.

firm that native gangliosides in Caco-2 cells serve as a FliC
co-receptor, Caco-2 cells were incubated with 5 um PPMP, an
inhibitor of glucosylceramide synthase before stimulation with
FliC. FliC induction of hBD-2 promoter activity was reduced in
PPMP-treated Caco-2 cells. GD1a-loaded Caco-2 cells exhibited
greater hBD-2 expression by following FliC stimulation than
did untreated cells. Furthermore, incubation of ganglioside-
depleted cells with GD1a restored FliC responsiveness (Fig. 5).
These results also supported the hypothesis that ganglioside is
functionally important as a FIiC co-receptor.

Effects of TLR5 Expression and GDla Loading on FliC in-
duction of hBD-2 Promoter Activity in CHO-K1 Cells—To con-
firm further that the gangliosides serve as a FliC co-receptor,
we determined the effects of TLR5 expression and GD1a load-
ing on FLiC induetion of hBD-2 promoter activity in CHO-K1

Gangliosides Serve as Co-receptors for S. enteritidis FIiC

S
N-
2]
8 a bd e
8 &3 I
29
o]
10 10’ 102 168 107

Relative Fluorescance Intensity

Fic. 4. Effect of exogenous GD1a on binding of F1iC to Caco-2
cells. Caco-2 cells were incubated (4 °C, 1 h} with 0 (a), 10 (b}, 100
pg/ml FHC (¢), or 100 pg/ml FliC plus 100 um GDla (d) and then with
anti-FLiC antibody for 1 h, followed by 30 min with FITC-labeled goat
anti-rabbit IgG and FACScan analysis. Data are representative of three
experiments.
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&
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0 1t 10 102 103 104
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FiG. 5. Effects of PPMP and GD1a on FLiC induction of hBD-2
promoter activity in Caco-2 cells, Caco-2 cells were incubated
(37 °C, 48 h) without or with 5 um PPMP before transfection with
pGL3-2110 luciferase reporter gene and incubation (37 °C, 24 h) with-
out or with GD1a (50 ug/ml) and/or 5 uM PPMP as indicated. Cells were
then washed with DMEM and incubated (37 °C, 3 h) with the indicated
concentration of FLiC without or with 5 um PPMP before assay of
luciferase activity. Data are means * S.1), of values from three separate
experiments with assays in duplicate.

cells. First TLRS5 expression in cells was confirmed using West-
ern blotting analysis (Fig. 64). Both lines of TLR5-expressing
cells respond to FLC in a concentration-dependent manner
(Fig. 6, B and C). Induction of hBD-2 was increased by prior
loading of TLRb-expressed CHO-K1 cells with GDla, but
CHO-K1 cells not expressing TLR5 were unresponsive to FLiC
(Fig. 61). These results supported the hypothesis that ganglio-
sides serve as a co-receptor for FIiC.

Effects of Exogenous Gangliosides on FLiC Induction of MAP
Kinase Phosphorylation in Caco-2 Cells—To examine the effect
of ganglioside on MAP kinase phosphorylation, Caco-2 cells
were incubated with FliC plus gangliosides. p38 and ERK1/2
phosphorylation by FliC were significantly inhibited by the
presence of GD1a, GD1b, or GT1b (Fig. 7).

Effect of Mutation in the AP-1 Site of the hBD-2 Promoter on
Response of Caco-2 Cells to FIiC—To determine the importance of
AP-] for induction of hBD-2, we constructed pGL3-938/AP-1mt, a
plasmid having a mutated AP-1 site. FliC increased activity in
cells transfected with pGL3-938 but not pGL3-basic (empty vec-
tor), pGL3-938/NF-«Bmf, and pGL3-938/AP-1mt (Fig. 8). This
result suggested that AP-1 is also an important transeriptional
factor for hBD-2 induction in Caco-2 cells by FIC.
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Fic. 7. Effect of added ganglioside on FLiC induction of p38
and ERK1/2 phosphorylation in Caco-2 cells. Caco-2 cells were
incubated (37 °C, 30 min) with PBS (left panel} or F1iC (10 pg/ml, right
panel) with Me,SO {{ane 1), 10 uM of GD1a (ane 2), 10 uM of GD1b (lune
3, or 10 pm of GT1b (lane 4) before lysis and separation of proteins by
SDS-PAGE and immunoblotting with anti-phospho-p38 (A) and
phospho-ERK1/2 {B) antibodies. Data are representative of three
experiments.

DISCUSSION

Binding of P. aeruginosa flagellin to gangliosides such as
GM1, GD 14, and asialo-GM1 had been reported in 1998 (31). In
addition, asialo-GM1 on epithelial cells interacted with
P. aeruginosa flagellin, leading to activation of phospholipase
C, Ca®* mobilization, phosphorylation of ERK1/2, and activa-
tion of mucin transcription (32). We demonstrate here that
higher order gangliosides serve as a 8. enteritidis FliC co-
receptor and influence FliC induction of hBD-2 promoter activ-
ity in Caco-2 cells.

F1iC induction of hBD-2 promoter activity in Caco-2 cells was
inhibited by exogenous gangliosides, GD1a, GD1b, and GT1b

(GM1) plus additional one or two sialic acids (Fig. 9). Because
exogenous GD1a protected FliC from tryptic digestion (Fig. 3A)
and suppressed binding of FliC te Caco-2 cells (Fig. 4), it
appesars that exogenous GDla directly interacts with FLC,
Moreover, these data are consistent with the inhibitory effects
of GD1a on FliC induction of hBD-2 promoter activity. In con-
trast to the 8. enteritidis FIiC, P. aeruginosa flagellin digestion
by trypsin was not inhibited by GD1a and asialo-GM1 {Fig. 3C),
suggesting that the sialic acids components of gangliosides
have an important role in FIiC binding and induction of pro-
moter activity. In agreement, anti-GDla, GD1b, and GT1b
antibodies partially blocked FliC induetion of hBD-2 promoter
activity (Fig. 2). Increasing the GDla content of Caco-2 cells
enhanced F1iC responsiveness; similarly, inhibition of ganglio-
side synthesis by treatment with PPMP decreased sensitivity
to FLiC, which was restored by GDla loading (Fig. 5). In addi-
tion, as shown in Fig. 6, GD1la loading of TLR5-expressing
CHO-K1 cells increased hBD-2 induction by FliC, whereas
GD1a-loaded CHO-K1 cells were not responsible to FIiC.
Glycosphingolipid, particularly gangliosides, sphingomyelin,
and glycosylphosphatidylinositol-anchored proteins exist in
glycosphingolipid-enriched microdomain (lipid rafts) in the
plasma membrane. Li et al. (42) provided a perspective on the
biological effect of gangliosides on cell proliferation. Depletion
of the gangliosides conceivably abolishes the formation of gly-
cosphingolipid clusters in the cell plasma membrane, and con-
sequently, this could be one mechanism leading to blocked
growth factor-induced proliferation. Conversely, preincubation
of the cells with gangliosides, which causes enrichment of gan-
gliosides (GD1a) in the plasma membrane and thereby poten-
tially enhances the formation of glycosphingolipid cluster, pro-
moted growth factor-induced proliferation ¢42) through
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enhancement of growth factor signaling and activation of Sre
kinase by gangliosides (43). In addition, by coupling to glyco-
sphingelipid, Escherichia coli P fimbriae utilize the TLR4-de-
pendent pathway to trigger cytokine responses, consistent with
the conclusion that the glycosphingolipid receptors for P fim-
briae recruit TLR4 as a co-receptor (44, 45). Thus, these results
supported our hypothesis that cell membrane gangliosides
such as GD1a, GD1b, and GT1b function as co-receptors for
FliC with TLR5.

TLRs can activate not only NF-xB signaling pathways but
also MAP kinase-dependent signaling. MAP kinase pathways
are thought to play a major role in the activation of gene
transcription by proinflammatory cytokines and antimicrobial
peptides. Hobbie et al. (46) showed that the inflammatory re-
sponse induced by S. typhimurium may be because of the
specific stimulation of MAP kinase signaling pathways, leading
to nuclear responses. In agreement, FLiC increased phospho-
rylation of MAP kinases, p38 and ERK1/2, whereas EX0genous
GD1a, GD1b, and GT1b blocked FliC induction of p38 and
ERK1/2 phosphorylation (Fig. 7). The promoter region of the
hBD-2 gene contains an AP-1-binding site as well as NF-«B-
binding sites. AP-1 is a homo- or heterodimer of proteins of the
Jun and Fos families, transcription factors activated by MAP
kinase pathways. Recently, Krisanaprakornkit et af. (47) re-
ported that MAP kinase pathways involving the AP-1 tran-
seription family are important for Fusobacterium nucleatum-
dependent hBD-2 induction in gingival epithelial cells. We had
reported that F1iC enhanced hBD-2 promoter activity in Caco-2
cells transfected with pGL3-938, containing the 5'-flanking
region of the hBD-2 gene (—938 to —1) linked to a luciferase
reporter but did not enhance activity with pGL3-938/NF-«xBmt
containing a mutated NF-«xB-binding site {21). We constructed
a reporter gene pGL3-938/AP-1mt with a mutated AP-1 site.
FliC increased luciferase activity in Caco-2 cells transfected

with pGL3-938 but not with pGL3-hasic {empty vector), PGL3—
938/NF-kBmt, and pGL3-938/AP-1mt (Fig. 8). These data sug-
gest that both NF-«B and AP-1 are important for hBD-2 induc-
tion by S. enteritidis FIiC in Caco-2 cells.

P. geruginosa can activate MAP kinase signaling pathways
through effects on intracellular Ca®" concentration (48). Gouy et
al. (49) showed that an inerease in intracellular Ca®™ concentra-
tion can be elicited by human Jurkat T cell line by using chelera
toxin B subunits to ligate ganglioside GM]1. It would appear that
GML1 may act as a cell activation molecule associated with uni-
dentified transmembrane protein(s) (49). We reported previously
(26) that FliC increased intracellular Ca®* concentrations, fol-
lowed by induction of hBD-2 expression via an NF-«kB-dependent
pathway. In this study, we reported that exogenous gangliosides
inhibited not only FiiC induction of hBD-2 promoter activity but
also MAP kinase phosphorylation. Endogenous gangliosides by
serving as co-receptors with TLR5 may inerease intracellular
Ca®* concentration and MAP kinase phosphorylation by FLC.
Moon et al. (50) showed that an Sre-dependent Raf-MEK1/2-ERK
signaling pathway is required for IL-1a-induced B-defensin 2 in
human middle ear epithelial cells. Hazeki e af. (51) also showed
that TLR regulates the function of paxillin through an Sre family-
dependent mechanism. FliC-initiated signals may activate re-
lated pathways because TLRs and the IL-1 receptor have homol-
ogous cytoplasmic domains and can induce expression. of some of
the same target genes.

In summary, we have shown that gangliosides such as GD1a,
GD1b, and GT1b act as co-receptors for FiC and promote
hBD-2 induction in Caco-2 cells. FliC can activate not only the
NF-«B pathway but also MAP kinase pathways followed by
enhancement of hBD-2 induction. Understanding the signaling
pathways used by FLC could lead to novel therapeutic strate-
gies for preventing the toxic effects of bacterial products.
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The efficacy and safety of micafungin (FK463), which is a new lipopeptide antifungal agent of the echinocandin class and is
active against both Aspergillus and Candida species, were investigated in patients with deep-seated mycosis in this study. 70
patients were treated with micafongin 12.5-150 mgfd intravenously for up to 56 d. The overall clinical response rates were 60%
(6/10) in invasive pulmonary aspergillosis, 67% (6/9) in chronic necrotizing pulmonary aspergillosis, 55% (12122) in pulmonary
aspergilloma, 100% (6/6} in candidemia, and 71% (5/7) in esophageal candidiasis. The response rates for patients with prior
antifungal treatment which was considered ineffective or toxic, were similar to rates for patients without prior treatment.
Mycological eradication was observed in patients infected with Aspergillus fumigatus, Aspergillus flavus, Aspergillus terreus,
Aspergillus niger, Candida albicans, Candida glabrata, or Candida krusei. Adverse events related to micafungin were reported in
21 patients (30%), and there was no dose-related occurrence of any adverse event. It is concluded that treatment with nticafungin
as monotherapy seems to be effective and safe in patients with deep-seated mycosis.

S. Kokno, Section of Molecular and Clinical Microbiology, Department of Microbiology and Immunology, Nagasaki University
Graduate School of Biomedical Sciences, 1-7-1, Sakamoto, Nagasaki 852-8501, Japan ( Tel. +81 95 849 7271, fax. +81 95 849

7285, e-mail. s-kokno@net.nagasaki-u.ac.jp)

INTRODUCTION

Recently, the incidence of systemic fungal infections has
continued to increase, as more patients have undergone
intensive chemotherapy or transplantation and have received
long-term treatment with immunosuppressive agents (1-4).
These therapies have successfully improved the survival of
patients, but have produced a greater number of immuno-
compromized hosts at risk of fungal infections over longer
periods (1). Systemic fungal infections are the most frequent
causes of serious morbidity and mortality among these
patients (2, 3, 5),.indicating the difficulty in treating fungal
infections. This may be explained by various factors,
including difficulties in making an early diagnosis, and
limited choices of antifungal therapy (2-6). Amphotericin
B (AMPH-B} is considered to be the standard for systemic
antifungal treatment. However, it is associated with signifi-
cant toxicity, including dose-limiting nephrotoxicity (7, 8).
Flucytosine is a pyrimidine class antifungal drug, but its
utility is limited by its narrow spectrum of activity, toxic
effects (nausea, bone marrow suppression, etc.), and the
rapid emergence of resistance’ (7). The azole antifungal
agents represent a recent advance in the management of
systemic fungal infections. However, miconazole, which is
the first azole drug, and is classified as an imidazole agent,
has no remarkable advantages of efficacy or safety in
comparison with other antifungal agents (7). As for triazole
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agents, fluconazole (FLCZ) and itraconazole (ITCZ) are
generally well tolerated, but FLCZ has low activity against
Aspergillus species (spp.), and its potential has been [imited
by the emergence of resistance of some Candida spp. (7).
ITCZ has a broad spectrum of activity against both
Aspergillus and Candida spp., but its gastrointestinal
absorption is often poor in severely ill patients (9). Vorico-
nazole is a new triazole agent with a broad-spectrum of
activity and with both oral and intravenous formulations,
but it sometimes causes reversible visual disturbance (10).
These azole agents have the potential for drug interactions,
as they alter hepatic metabolism via the cytochrome p-450
system (7, 11). Some new antifungal agents with a novel
mechanism of antifungal activity ‘have been developed
recently. Caspofungin is classified in the echinocandin
family. It has been investigated for efficacy and safety in
invasive aspergillosis and esophageal candidiasis (12, 13).
Micafungin (FK463) is a new semisynthetic lipopeptide
antifungal agent in the echinocandin class, the same class as
caspofungin. The echinocandin agents have a nove! mechan-
ism of action by interference with (1, 3)-p-D-glucan synth-
esis. Non-clinical studies of micafungin indicated its broad-
spectrum fungistatic activity against Aspergillus spp. and
fungicidal activity against Candida spp. (14). In vivo studies
have also demonstrated its antifungal activity in various
animal models of fungal infection (15-17). Micafungin was
well tolerated at doses ranging from 2.5 to 150 mg/d in
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