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Role of FBP17 in the Podosome and Phagocytic Cup Formation
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FIGURE 1. FBP17 is a component of podosomes and phagocytic cups. A and B, schematic drawings of podosomes (A) and a phagocytic cup (B) in macrophages.
C, podosomes in macrophages were visualized by F-actin staining using Alexa Fluor 568-phalloidin. D, macrophages incubated with IgG-opsonized latex beads
formed phagocytic cups to ingest the beads. A phase contrast image of a macrophage forming phagocytic cups (left panel). Black arrows indicate the latex beads
ingested by the macrophage. Phagocytic cups were visualized by F-actin staining using Alexa Fluor 568-phalloidin (right panel). White arrows indicate the phagocytic
cups. The baris 10 um. E, the domain organization of FBP17. HR1, protein kinase C-related kinase homology region 1., FBP17 interacts directly with WASP and WIP via
its SH3 domain. GST and the GST-FBP17 SH3 domain fusion protein (GST-FSH3) were purified from bacteria extracts. Purified proteins were subjected to SDS-PAGE and
stained with Coomassie Brilliant Blue (fanes 1 and 2). HEK293 cells were transfected with the cDNAs of Myc-tagged control protein (Myc-PDZ-GEF), Myc-WASP,
FLAG-PDZ-GEF, or FLAG-WIP, and the expression of those proteins were analyzed by immunoblotting (lanes 3-6). Lysates from the HEK293 transfected cells were
incubated with the affinity matrices of GST alone or GST-FSH3. Pull-down samples were analyzed by immunoblotting using anti-Myc antibody {lanes 7-10) and
anti-FLAG antibodly (lanes 11-14). G, FBP17 binds WASP, WIP, and dynamin-2. WASP was immunoprecipitated (P) from the lysates of PMA-differentiated THP-1 cells
with anti-WASP or a control IgG (left panel, lanes 1-9). The WASP immunoprecipitates and total lysates were analyzed by immunoblotting (WB) for WASP (lanes 1-3),
WIP (lanes 4-6), and FBP17 (lanes 7-9). Dynamin was also immunoprecipitated from the THP-1 cell lysates with an anti-dynamin polyclonal antibody. The dynamin
immunoprecipitates and total lysates were analyzed by immunoblotting for dynamin-2 (fanes 10-12) and FBP17 (lanes 13-15). H and /, confocal laser scanning
micrographs of PMA-differentiated THP-1 cells. H, THP-1 cells transfected with FLAG-tagged FBP17 cDNA (FBP17) were double-stained with an anti-FLAG monoclonal
antibody (left panel) and phalloidin (center panel) to visualize the F-actin in podosomes. Yellow indicates co-localization of FBP17 (green) and F-actin, podosomes (red)
(right panel). |, THP-1 cells transfected with FLAG-FBP17 cDNA were incubated with |gG-opsonized latex beads and double-stained with anti-FLAG antibody and
phalloidin. Phagocytic cups were visualized by F-actin staining (center panel). Yellow indicates co-localization of FBP17 {green) and F-actin, phagocytic cups {red) (right
panel). The baris 10 um.

siRNAs-transfected cells, and analyzed the expression level of fected with a scrambled control siRNA based on the immuno-
FBP17 by immunoblotting. THP-1 cells transfected with the blots (Fig. 24, lanes 1 and 2) but expressed the same level of
siRNA for FBP17 expressed ~40% less FBP17 than cells trans-  B-actin (Fig. 24, lanes 3 and 4). The transfection efficiency of
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FIGURE 2. The importance of FBP17 in the formation of podosomes and phagocytic cups. A, expression of FBP17 was reduced by transfection of siRNA.
THP-1 cells were transfected with siRNA for FBP17 (siFBP; /anes 2 and 4) or its scrambled control siRNA (siC; fanes 7 and 3). Lysates prepared from total
transfected cells were analyzed by immunoblotting for FBP17 (lanes 1 and 2) and B-actin (lanes 3 and 4). B and C, effects of FBP17 siRNA on the formation of
podosomes and phagocytic cups in macrophages. Human primary monocytes were co-transfected with siFBP (closed bars) or siC {open bars) and an FITC-
conjugated control siRNA and then differentiated into macrophages with M-CSF-1. FITC-positive transfected cells were examined for the formation of podo-
somes (B) or phagocytic cups (C), and the percentage of cells with podosomes or phagocytic cups was scored. D and E, effects of FBP17 siRNA on the functions
of podosomes and phagocytic cups. Macrophages co-transfected with siFBP (closed bars) or siC (open bars) and the FITC-conjugated control siRNA were
assayed for macrophage migration (D) or phagocytosis of igG-opsonized latex beads (F). Data represent the mean * S.D. of triplicate experiments. F~/, immu-
nofluorescence micrographs of a representative cell from each experiment. Cells transfected with siC (F) and siFBP (G) were stained with Alexa Fluor 568-
phalloidin. Cells transfected with siC {H) or siFBP (/) were incubated with igG-opsonized latex beads and then stained with phalloidin. The left and right panels

are phase contrast and immunofluorescence micrographs, respectively. The bar is 10 um.

THP-1 cells was estimated to be 40 —50% from the expression of
green fluorescent protein (GFP) used as a transfection con-
trol. Therefore, the decrease in FBP17 expression indicates
that FBP17 was efficiently knocked down in most transfected
cells.

Human primary monocytes were co-transfected with the
FBP17 siRNAs and a FITC-conjugated control siRNA as a
transfection marker. After differentiation of the monocytes
into macrophages with M-CSF-1, FITC-positive cells were
examined for the formation of podosomes and phagocytic cups.
To quantify their formation, we scored the percentage of cells
with podosomes or phagocytic cups among FITC-positive cells.
When the expression of FBP17 was knocked down, the forma-
tion of both podosomes and phagocytic cups in macrophages
was significantly reduced (p < 0.01; Fig. 2, B and C). These
results suggest that FBP17 is necessary for the formation of
podosomes and phagocytic cups. A representative cell from
each experiment is shown in Fig. 2, Fand G, for podosomes and
in Fig. 2, H and I, for phagocytic cups. We then assayed macro-
phage migration as a podosome function and phagocytosis as a
phagocytic cup function. When expression of FBP17 was
knocked down, macrophage migration through a gelatin filter
toward a chemoattractant was significantly reduced in cells
transfected with FBP17 siRNA (p < 0.02; Fig. 2D). Phagocytosis
of [gG-opsonized latex beads was also reduced (Fig. 2E). These
results suggest that FBP17 is essential for chemotaxis and phag-
ocytosis because of its role in forming podosomes and phago-
cytic cups, respectively.
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FBP17 Recruits the WASP-WIP Complex to the Plasma
Membrane—Recent biochemical analyses revealed that FBP17
binds to a membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate (PI1(4,5)P,), through its EFC/F-BAR domain and
to N-WASP and dynamin via its SH3 domain (18, 21, 24). We
have shown that although WASP and WIP are cytosolic pro-
teins, the WASP-WIP complex localizes at podosomes and
phagocytic cups (4, 16). We then examined whether FBP17
recruits the WASP-WIP complex to the plasma membrane in
macrophages. We focused on the roles of the EFC and SH3
domains of FBP17 and constructed three FBP17 mutants for
the recruitment experiments: a Lys-33 to Glu (K33E) substitu-
tion, a Lys-166 to Ala (K166A) substitution, and an SH3 domain
deletion (dSH3). Both substitution mutations in the EFC
domain (K33E and K166A) significantly reduce membrane
binding and deformation (22), and the dSH3 mutant does not
bind to WASP and WIP because the SH3 domain is the binding
site of WASP and WIP (Fig. 1F). We co-transfected HEK293
cells with the FLAG-tagged FBP17 constructs, WASP, and
WIP. A C-terminal fragment (1146 —1429 amino acids) of PDZ-
GDP exchange factor (PDZ-GEF) was used as a negative control
for FBP17 because this fragment is stable in the cytosol and
does not interact with any WASP-related proteins (4, 16, 25).
We confirmed the expression of FBP17 and its mutants in cells
by immunoblotting (supplemental Fig. 2) and immunoprecipi-
tated FLAG-tagged proteins from lysates of the transfected
cells with anti-FLAG antibody (Fig. 34, lanes 1-5). WASP and
WIP were detected in the immunoprecipitates from cells
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FIGURE 3. FBP17 recruits WASP, WIP, and dynamin-2 to the plasma mem-
brane. A, HEK293 cells were co-transfected with ¢cDNAs of the indicated
FLAG-tagged proteins, Myc-tagged WASP, and HA-tagged WIP. The FLAG-
tagged proteins were immunoprecipitated (/P) from lysates of the transfected
cells with an anti-FLAG antibody followed by immunoblotting (WB) using
antibodies to FLAG (Jlanes 1-5), WASP {lanes 6-10), and WIP (lanes 11-15).
B-F, transfected HEK293 cells expressing FLAG-tagged proteins, Myc-WASP,
and HA-WIP were double-stained with an anti-FLAG antibody and anti-WASP
antibody. B-F, cells expressing FLAG-PDZ-GEF (B), FLAG-FBP17 (C), the FLAG-
tagged FBP17 mutant with the K33E missense mutation (D), K166A (), and
the SH3-deleted FBP17 mutant dSH3 {F). The bar is 10 um.

expressing the FLAG-tagged FBP17, K33E, and K166A con-
structs (Fig. 34, lanes 7-9 and 12~14) but not the FLAG-tagged
PDZ-GEF and dSH3 constructs (Fig. 34, lanes 6, 10, 11,and 15),
indicating that FBP17 and its mutants K33E and K166A form a
complex with WASP and WIP but that dSH3 not.

Next, cells expressing the FLAG-tagged proteins, WASP, and
WIP were examined under the immunofluorescence micro-
scope for the localization of the FLAG-tagged proteins and
WASP. WASP and WIP were localized in the cytosol in cells
transfected with only the WASP cDNA and only the WIP
¢DNA, respectively, as well as in cells expressing both WASP
and WIP (supplemental Fig. 3). In cells co-expressing FLAG-
PDZ-GEF (control) with WASP and WIP, both FLAG-PDZ-
GEF and WASP were cytosolic (Fig. 3B). In cells co-expressing
FLAG-FBP17 with WASP and WIP, FLAG-FBP17 localized at
the plasma membrane because its EFC domain binds to the
plasma membrane (Fig. 3C, left panel). In those cells, WASP
also localized at the plasma membrane (Fig. 3C, right panel),
indicating that FBP17 shifted the localization of WASP from
the cytosol to the plasma membrane (Fig. 3, B and C). To con-
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firm that the WASP-WIP complex was recruited to the plasma
membrane, cells co-expressing FLAG-FBP17 with WASP and
HA-tagged WIP were stained with an anti-FLAG monoclonal
antibody and an anti-WASP polyclonal antibody or an anti-HA
rat monoclonal antibody. Double staining revealed that both
WASP and WIP co-localized with FLAG-FBP17 at the plasma
membrane (supplemental Fig. 4, A and B). To further confirm
the localization of the FBP17 mutants, cells co-expressing the
FLAG-tagged FBP mutants, WASP, and WIP were stained with
anti-FLAG monoclonal antibody. The K33E and KI166A
mutants were cytosolic and the SH3-deleted FBP17 mutant
localized at the plasma membrane (supplemental Fig. 4C).

To determine the roles of the EFC and SH3 domains of
FBP17 in this recruitment, we examined the localization of the
FBP17 mutants and WASP in cells co-expressing the FBP
mutants with WASP and WIP. Membrane tubulation in cells
transfected with an FBP17 cDNA is an indicator of the mem-
brane binding and deformation activities of FBP17 (18, 22).
We detected in vivo membrane tubulation in cells expressing
FBP17 and dSH3 but not in cells expressing K33E and K166A
(supplemental Fig. 5). In cells co-expressing either FBP17
mutant (K33E or K166A) with WASP and WIP, both K33E and
K166A were cytosolic (Fig. 3, D and E, left panels), and WASP
was also cytosolic (Fig. 3, D and E, right panels). These results
indicate that K33E and K166A are unable to recruit WASP to
the plasma membrane, consistent with the inability of K33E
and K166A to bind and deform the plasma membrane (supple-
mental Fig. 5).

The SH3-deleted FBP17 mutant, dSH3, localized at the
plasma membrane (Fig. 3F, left panel) because its EFC domain
is intact. However, WASP was cytosolic in cells co-expressing
dSH3 with WASP and WIP (Fig. 3F, right panel), consistent
with the inability of the dSH3 mutant to bind to WASP and
WIP (Fig. 3A, lanes 5, 10, and 15).

To quantify the recruitment, we scored the percentage of
cells in which WASP and WIP were localized at the plasma
membrane. Cells expressing the FBP17 mutants (K33E,
K166A, or dSH3) exhibited significantly lower plasma mem-
brane localization of WASP and WIP than cells expressing
FBP17 (p < 0.05; supplemental Fig. 6, A and B). FBP17 also
recruited dynamin-2 to the plasma membrane, and both EFC
and SH3 domains are necessary for this recruitment (supple-
mental Fig. 6C), as reported previously (18, 21). To confirm the
localization of FBP17 and its mutants in cells co-expressing
FBP17 with WASP, WIP, and dynamin-2, the transfected cells
were stained with anti-FLAG monoclonal antibody. The wild-
type FBP17 and dSH3 localized at the plasma membrane and
the FLAG-PDZ-GEF (control) and the FBP mutants (K33E and
K166A) were cytosolic (supplemental Fig. 6D).

Subcellular Localization of FBP17, WASP, WIP, and Dy-
namin-2 in Macrophages—To determine whether WASP,
WIP, and dynamin-2 are recruited to the plasma membrane in
macrophages when podosomes and phagocytic cups are
formed, we examined the subcellular localization of FBP17,
WASP, WIP, and dynamin-2 in macrophages forming podo-
somes or phagocytic cups. The cytosolic and membrane frac-
tions were prepared from macrophages and analyzed by immu-
noblotting. Caspase-3 is a cytosolic marker, and sodium
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potassium ATPase is a plasma membrane marker (26). FBP17
was detected in the membrane fraction from macrophages
forming podosomes (Fig. 4A4, lane 9). WASP, WIP, and
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FIGURE 4. Subcellular localization of FBP17, WASP, WiP, and dynamin-2
in macrophages. A, macrophages forming podosomes. B, macrophages
forming phagocytic cups. Total lysates (7), the cytosolic fraction (C), and the
membrane fraction (M) prepared from macrophages forming podosomes (A)
or phagocytic cups (B) were analyzed by immunoblotting for caspase-3 (fanes
1-3), sodium potassium ATPase (Na-K Aase; lanes 4-6), FBP17 {lanes 7-9),
WASP (lanes 10-12), WIP (lanes 13-15), and dynamin-2 (lanes 16-18).
Caspase-3 and sodium potassium ATPase (Na-K ATPase) are markers for the
cytosol and plasma membrane, respectively.
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dynamin-2 were also detected in the membrane fraction,
although they are cytosolic proteins (Fig. 44, lanes 12, 15, and
18). FBP17 was detected in the membrane fraction from mac-
rophages forming phagocytic cups (Fig. 4B, lane 9). WASP,
WIP, and dynamin-2 were also detected in the membrane frac-
tions from macrophages forming phagocytic cups (Fig. 4B,
lanes 12, 15, and 18). These results, taken together with Fig. 3,
suggest that FBP17 recruits the WASP-WIP complex and
dynamin-2 to the plasma membrane in macrophages and that
both the EFC and the SH3 domains are necessary for this
recruitment.

The Role of Each Domain of FBP17 in the Formation of Podo-
somes and Phagocytic Cups—T o determine the roles of the EFC
and SH3 domains in the formation of podosomes and phago-
cytic cups, we examined whether overexpression of the FBP17
mutants affects the formation of these structures. We trans-
fected THP-1 cells with the FBP17 constructs and confirmed
the expression of FBP17 or the FBP17 mutants in transfected
THP-1 cells by immunoblotting (Fig. 54). When THP-1 cells
were differentiated to obtain macrophage phenotypes with
PMA, podosome formation was significantly reduced in cells
overexpressing the K33E, K166A, and dSH3 FBP17 mutants
when compared with the FBP17 wild type (p < 0.01; Fig. 5B).
Phagocytic cup formation was also reduced in cells overex-
pressing the FBP17 mutants (Fig. 5C). These results indicate
that the EFC domain and SH3 domain are essential for the
formation of podosomes and phagocytic cups in macrophages.

Defects in Macrophages from WAS Patients—QOur results
suggest that the complex formation of FBP17 with WASP, W1IP,
and dynamin-2 at the plasma membrane is a critical step in the
formation of podosomes and phagocytic cups (Figs. 1G, 3, and
4). In macrophages from WASP-deficient WAS patients, the
complex does not form properly due to a lack of WASP
expression. We examined macrophages from WASP-defi-
cient WAS patients for the formation of podosomes and
phagocytic cups. Two genetically independent WAS patients

(WAS1, 211delT; and WAS2,
41-45delG) (27, 28) were assayed
for the formation of those struc-
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FIGURE 5. The role of the EFC and SH3 domains of FBP17 in the formation of podosomes and phagocytic
cups. A, expression of FLAG-tagged proteins in transfected THP-1 cells. Total lysates prepared from transfected
THP-1 cells were analyzed by immunoblotting (WB) using an anti-FLAG antibody. All of the FLAG-tagged
proteins, FLAG-PDZ-GEF {control, lane 1), FLAG-FBP17 (lane 2), and the FBP17 mutants, K33E, K166A, and dSH3
(lanes 3-5) were expressed in THP-1 cells at similar levels. Band C, THP-1 cells co-transfected with cDNAs for the
FLAG-tagged proteins and pmaxGFP were differentiated with PMA and then assayed for the formation of
podosomes (8) and phagocytic cups (C). The percentage of cells with podosomes or phagocytic cups amongall
GFP-positive cells was scored. Data represent the mean * 5.D. of triplicate experiments.
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control FBP17 K338 KIGBA dSH3

tures. Podosomes were completely
absent (Fig. 6, A—C), and phagocytic
cup formation was severely im-
paired (Fig. 6, D—F) in macrophages
from both WAS patients, although
FBP17, WIP, and dynamin-2 were
expressed at the same level in
patients as in normal individuals
(Fig. 6G). In fact, the formation of
podosomes and phagocytic cups
was impaired in macrophages when
the expression of WASP was re-

FLAG-protein duced by siRNA transfection (4, 16).
This is the first result showing that
both podosome and phagocytic cup
formations are defective in macro-
phages from WASP-deficient pa-
tients. These results are consistent

with the previous observations (3, 12).

ACEVON

VOLUME 284+ NUMBER 13+MARCH 27, 2009

0102 ‘s Iudy uo “18)usD) JBINOSBAOIPIRY jeuoleN J& B100al Mmm Wwol papeojumo(



Supplemental Material can be found
hitp:i/fiwww.jbe. orglcontenVsuppI/2009/01I21/M805638200 DC1.htm!

Role of FBP17 in the Podosome and Phagocytic Cup Formation
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FIGURE 6. Defective formation of podosomes and phagocytic cups in
macrophages from WAS patients. A-F, macrophages from a normal con-
trol and two genetically independent WAS patients (WAS1 and WAS2)
were examined for the formation of podosomes (A-C) and phagocytic
cups (D-F). The patients, WAST and WAS2, have the deletion mutations
211delT and 41-45delG, respectively, in their genomic DNAs, The bars are 10
um. G, expression levels of WASP, WiP, FBP 17, dynamin-2, and B-actin in WAS
patients. Lysates prepared from macrophages from a normal control and two
WAS patients (WAS1 and WAS2) were subjected to immunoblotting. WASP
was not detected in the lysates from these WAS patients (lanes 2 and 3). Podo-
somes were completely absent (A-C) and phagocytic cup formation was
severely impaired (D-F) in macrophages from both WAS patients, although
FBP17, WIP, and dynamin-2 were expressed at the same level in patients asin
normal individuals (G) (lanes 4-12).

These results give us a natural example that supports the impor-
tance of the complex formation of FBP17 with WASP, WIP, and
dynamin-2 for the formation of podosomes and phagocytic cups.

DISCUSSION

Cell biological and structural analyses of the EFC domain of
FBP17 have shown that the EFC domain binds to and deforms
the plasma membrane (18, 22). It has previously been shown
that the SH3 domain of FBP17 binds to N-WASP and dynamin
in transfected cells (18, 21). However, physiologically impor-
tant processes to which those activities of FBP17 contribute
were unknown. Here, we have demonstrated that FBP17
recruits the WASP-WIP complex from the cytosol to the
plasma membrane and that this recruitment is necessary for the
formation of podosomes and phagocytic cups in macrophages.
Our results suggest that FBP17 facilitates membrane deforma-
tion and actin polymerization induced by the WASP-WIP com-
plex to occur simultaneously at the same membrane sites and
that both are required for the formation of podosomes and
phagocytic cups. This is supported by the observations that
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regulated actin polymerization is an essential process for the
formation of podosomes (3) and phagocytic cups (29). Thus,
FBP17 mediates a common molecular step in the formation of
podosomes and phagocytic cups.

Macrophages have the ability to form both podosomes and
phagocytic cups (Fig. 1, A—D). When macrophages having
podosomes are stimulated with IgG-opsonized latex beads, the
podosomes immediately disappear, and the phagocytic cups are
formed at the site that the [gG beads attach. This observation
indicates that the transition of the membrane structures occurs
from podosomes to phagocytic cups. Macrophages migrate to
sites of inflammation where they phagocytose pathogenic
microbes and damaged tissue compounds and mediate local
effector functions. Once macrophages encounter those materi-
als at the site of inflammation, they stop migrating and phago-
cytose those materials. The transition of the macrophage func-
tions occur from migration to phagocytosis. Podosomes and
phagocytic cups are the essential membrane structures for
migration and phagocytosis, respectively. Thus, the transi-
tion of the membrane structures from podosomes to phago-
cytic cups is essential and significant for the transition of the
macrophage functions. Recently, two reports suggest that
macrophage migration and phagocytosis include a common
molecular mechanism to regulate actin cytoskeleton (40, 41).
In this study, we identified a critical common molecular step
mediated by FBP17 for the formation of podosomes and
phagocytic cups, which are essential for migration and phag-
ocytosis, respectively. In the future, elucidation of the
molecular mechanisms underlying the transition would be
intriguing.

It has been reported that dynamin-2 is also required for the
formation of podosomes in transformed cells and osteoclasts
(30-32) and phagocytic cups in a mouse macrophage cell line
(33, 34) and that the FBP17-dynamin complex regulates the
plasma membrane invagination (35). Our results suggest that
FBP17 recruits dynamin-2 to the same site as membrane defor-
mation and that this recruitment is also necessary for the for-
mation of these structures (Figs. 3—5 and supplemental Fig. 6C).
The formation of podosomes and phagocytic cups involves the
process of the membrane protrusion (Fig. 1, A-D). The mem-
brane protrusion requires the delivery of new membrane mate-
rial (2). Our results, taken together with the above observations,
suggest that dynamin-2 recruited by FBP17 to the plasma mem-
brane probably plays an essential role in the formation of podo-
somes and phagocytic cups by regulating the recruitment of
vesicles to the plasma membrane as new membrane material in
macrophages.

Recently, the EFC domain of FBP17 was shown to bind
strongly to the PI1(4,5)P, (18, 22). On the other hand, it has been
shown that PI(4,5)P, localizes at the podosomes in osteoclasts
(36) and phagocytic cups (37, 38). These observations suggest
that PI(4,5)P, is synthesized upon stimulation at the plasma
membrane and plays an important role in the recruitment of
FBP17 to the plasma membrane. Presumably, the PI(4,5)P,
binding activity of the EFC domain is necessary for the localiza-
tion of FBP17, and therefore, of the WASP-WIP complex and
dynamin-2, at the sites where podosomes and phagocytic cups
will form.
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

We suggest that the complex formation of FBP17 with
WASP, WIP, and dynamin-2 at the plasma membrane is crit-
ical for the formation of podosomes and phagocytic cups
(Figs. 1G and 3-5). In macrophages from WASP-deficient
WAS patients, defects in the complex formation of FBP17 with
WASP, WIP, and dynamin-2 impair the formation of podo-
somes and phagocytic cups (WASL: 211delT (27); WAS2:
41-45delG(28) in Fig. 6), thereby reducing chemotaxis and
phagocytosis by macrophages, which in turn would decrease
the ability of host defense. The severity of WAS-associated
symptoms was estimated and expressed as a score of 1-5. A
score of 1 was assigned to patients with only thrombocytopenia
and small platelets, and a score of 2 was assigned to patients
with additional findings of mild, transient eczema or minor
infections. Those with treatment-resistant eczema and recur-
rent infections despite optimal treatment received a score of 3
(mild WAS) or 4 (severe WAS). Regardless of the original score,
ifany patients then had autoimmune disease or malignancy, the
score was changed to 5. The patients, WAS1 and WAS2, receive
scores of 5 and 4, respectively. Both patients have the recurrent
infections. We suggest that defective formation of podosomes
and phagocytic cups in their macrophages (Fig. 6, A—F) reduces
chemotaxis and phagocytosis, which are the critical processes
to protect the body against infection, resulting in the recurrent
infections. In addition, defective phagocytosis reduces the
clearance of self-antigens such as apoptotic cells. This may
cause the autoimmune diseases seen in WAS patients. In fact,
Cohen et al. (39) recently reported that reduced clearance of
apoptotic cells resulted in development of autoimmunity. Our
findings therefore provide a potential mechanism for the recur-
rentinfections and autoimmune diseases seen in WAS patients.
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The purpose of this study was to investigate whether liposomal adenosine has stronger cardioprotective effects

Liposomes are nanoparticles that can deliver various agents to target tissues and delay degradation of these agents.

Liposomes coated with polyethylene glyco! (PEG) prolong the residence time of drugs in the blood. Although adeno-
sine reduces the myocardial infarct (M) size in clinical trials, it also causes hypotension and bradycardia.

We prepared PEGylated liposomal adenosine (mean diameter 134 = 21 nm) by the hydration method. In rats,

we evaluated the myocardial accumulation of liposomes and Ml size at 3 h after 30 min of ischemia followed by

The electron microscopy and ex vivo bioluminescence imaging showed the specific accumulation of liposomes in

ischemic/reperfused myocardium. Investigation of radioisotope-labeled adenosine encapsulated in PEGylated
liposomes revealed a prolonged blood residence time. An intravenous infusion of PEGylated liposomal adeno-
sine (450 ug/kg/min) had a weaker effect on blood pressure and heart rate than the corresponding dose of free
adenosine. An intravenous infusion of PEGylated liposomal adenosine (450 pg/kg/min) for 10 min from 5 min
before the onset of reperfusion significantly reduced Ml size (29.5 * 6.5%) compared with an infusion of saline
(63.2 = 3.5%, p < 0.05). The antagonist of adenosine Ay, A,_, A,,, or A; subtype receptor blocked cardioprotec-

Objectives
and fewer side effects than free adenosine.
Background
Methods
reperfusion.
Results
tion observed in the PEGylated liposomal adenosine-treated group.
Conclusions

An infusion as PEGylated liposomes augmented the cardioprotective effects of adenosine against ischemia/

reperfusion injury and reduced its unfavorable hemodynamic effects. Liposomes are promising for developing

new treatments for acute Ml.
Cardiology Foundation

(J Am Coll Cardiol 2009;53:709-17) © 2009 by the American College of

Liposomes are now widely used for drug delivery in cancer
treatment to target specific organs actively or passively and
to prevent the degradation of chemotherapy agents (1).
However, the application of liposomes for cardiovascular
diseases is still limited. In ischemic/reperfused myocardium,
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cellular permeability is enhanced and vascular endothelial
integrity is disrupted (2,3), suggesting that nanoparticles
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Abbreviations
and Acronyms

8-SPT = 8-(p-sulfophenyl)
theophylline

such as liposomes may be a prom-
ising drug delivery system for tar-
geting damaged myocardium with
cardioprotective agents. Addition~
ally, coating liposomes with poly-
ethylene glycol (PEG) prolongs
their residence time in the circula-
tion (1). Because enhanced micro-
vascular permeability persists for at
least 48 h after the occurrence of
myocardial infarction (MI) (2),
drugs delivered in PEGylated li-
posomes should be able to display their maximum beneficial
effects on myocardial damage after MI.

Adenosine has multiple physiological functions that are
mediated via the adenosine A,, A,,, Ay, and A; receptors
(4,5). Although large-scale clinical trials suggested the
potential value of adenosine therapy for patients with acute
MI (6,7), this agent has an extremely short half-life (1 to
2 s) and causes hypotension and bradycardia because of
vasodilatory and negative chronotropic effects (4). Because a
high dose of adenosine is required to exert cardioprotective
effects, it is difficult to use clinically because of the associated
hemodynamic consequences. Therefore, we hypothesized
that adenosine encapsulated in PEGylated liposomes would
cause less hemodynamic disturbance and might also specif-
ically accumulate in ischemic/reperfused myocardium, lead-
ing to augmented cardioprotective effects. To test this
hypothesis, we created PEGylated liposomal adenosine by
the hydration method and investigated: 1) whether liposo-
mal adenosine accumulated in ischemic/reperfused myocar-
dium and prolonged blood residence time; 2) whether
liposomal adenosine caused less severe hypotension and
bradycardia than free adenosine; and 3) which adenosine
receptor subtype was involved in mediating the cardiopro-
tective effects of liposomal adenosine against ischemia/
reperfusion injury.

EM = electron microscopy
MI = myocardial Infarction
PEG = polyethylene glycol
Rl = radloisotope

TTC = triphenyltetrazolium
chloride

Methods

Materials. The materials for preparing PEGylated lipo-
somes, including hydrogenated soy phosphatidyl choline
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000),
and cholesterol were obtained from Nissei Oil Co., Litd.
(Tokyo, Japan) and Wako Pure Chemical Co., Ltd. (Osaka,
Japan). [*H]-adenosine was purchased from Daiichi Pure
Chemicals Co., Ltd. (Tokyo, Japan). Other materials were
obtained from Sigma (St. Louis, Missouri), including 8-(p-
sulfophenyl)theophylline (8-SPT; a nonselective adenosine
receptor antagonist), 1,3-diethyl-8-phenylxanthine (DPCPX;
a sclective adenosine A, receptor antagonist), 5-amino-7-
(phenylethyl)-2-(2-furyl)-pyrazolo[4,3-¢]-1,2,4-triazolo[1,5-]
pyrimidine (SCH58261; a selective adenosine A,, receptor
antagonist), 8-[4-[((4-cyanophenyl)carbamoylmethyl)
oxy]phenyl]-1, 3-di(n-propyl)xanthine (MRS1754; a selective

JACC Vol. 53, No. 8, 2009
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adenosine A, receptor antagonist), and 5-propyl-2-ethyl-
4-propyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-
S-carboxylate (MRS1523, a selective adenosine Az receptor
antagonist).

Animals. Male Wistar rats (9 weeks old and weighing 250
to 310 g, Japan Animals, Osaka, Japan) were used. The
animal experiments were approved by the National Cardio-
vascular Center Research Committee and were performed
according to institutional guidelines.

Preparation of PEGylated liposomes. The PEGylated
liposomes were prepared by the hydration method. Briefly,
adenosine was added to the lipid solution. After mixture of
lipid and adenosine, DSPE-PEG2000 was added and incu-
bated. The final composition of PEGylated liposomes was
HSPC:cholesterol: DSPE-PEG2000 = 6.0:4.0:0.3 (molar
ratio). After ultracentrifugation several times, the pellet of
liposomal adenosine was resuspended in sodium lactate at
each required concentration for use in the experimental
protocols. Some samples of final liposomal adenosine were
disrupted by dilution with 50% methanol (1.5 ml per 30-ul
of liposomes). After 10 min of ultracentrifugation, the
concentration of adenosine in the supernatant was measured
by high-performance liquid chromatography.

To prepare fluorescent-labeled liposomes, 0.5 mol% tet-
ramethylrhodamine isothiocyanate (rhodamine) was added
to the lipid mixture. To prepare radioisotope (RI)-labeled
adenosine encapsulated in liposomes, [*H]-radiolabeled
adenosine (Daiichi Pure Chemicals, Tokyo, Japan) was
diluted with free adenosine and was encapsulated in lipo-
somes as described above.

Characterization of PEGylated liposomal adenosine. The
characterization of the liposomes was performed by the
dynamic scatter analysis (Zetasizer Nano ZS, Malvern,
Worcestershire, United Kingdom). The analyses were per-
formed 10 times per sample, and results represented analy-
ses of 4 independent experiments.

Experimental protocols. PROTOCOL 1: EFFECTS OF PEGY-
LATED LIPOSOMAL ADENOSINE ON HEMODYNAMICS IN
RATS. Rats were anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg). Catheters were advanced into a
femoral artery and vein for the measurement of systemic
blood pressure and infusion of drugs, respectively. Both
blood pressure and heart rate were monitored continuously
during the study using a Power Lab (AD Instruments,
Castle Hill, Australia). After hemodynamics became stable,
we intravenously administered empty PEGylated liposomes
(n = 8), free adenosine {n = 8), or PEGylated liposomal
adenosine (n = 8) for 10 min. Either PEGylated lipo-
somal or free adenosine was infused at an initial dose of
225 pg/kg/min (0.1 ml/min) for 10 min. After a 5-min
interval, either PEGylated liposomal adenosine or free
adenosine was infused at 450 pug/kg/min (0.1 ml/min) for
10 min. In the same manner, PEGylated liposomal
adenosine or free adenosine was then infused at 900

pg/kg/min (0.1 ml/min).
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PROTOCOL 2: EFFECTS OF PEGYLATED LIPOSOMAL ADENOSINE
ON INFARCT SIZE IN RATS. The MI was induced by transient
ligation of the left coronary artery as described previously
(8). In the first series of experiments, to examine the
dose-dependent effects of liposomal adenosine on MI size,
PEGylated liposomal adenosine was infused intravenously
at 50, 150, or 450 pg/kg/min for a 10-min period starting
from 5 min before the onset of reperfusion. In the second
series of experiments, to determine the adenosine receptor
subtype involved in cardioprotective effects by the liposomal
adenosine, the antagonist of adenosine subtype receptor was
intravenously injected as a bolus followed by the infusion of
Liposomal adenosine for 10 min. The MI size was evaluated
at 3 h after the start of reperfusion. The doses of adenosine
receptor subtype antagonists were determined according to
the previous reports (9-11).

Measurement of infarct size. At 3 h after the onset of
reperfusion, the area at risk and the infarcted area were
determined by Evans blue and triphenyltetrazolium chloride
(TTC) staining, respectively, as previously described (8).
Infarct size was calculated as [infarcted area/area at risk] X
100(%) in a blind manner. The area at risk was composed of
border (TTC staining) and infarcted (TTC nonstaining)
areas.

Electron microscopy (EM). Myocardial samples for EM
were obtained from the central and peripheral areas in
ischemic/reperfused myocardium, which roughly corre-
sponded to the infarcted and border areas, respectively, after
the left coronary artery was occluded for 30 min of ischemia
followed by 3 h of reperfusion. Samples were prepared as
previously reported (12). Liposomes, whose major mem-
brane component is unsaturated phospholipids, were visu-
alized as homogenous dark dots with a diameter of 100 to
150 nm (13).

Accumulation of fluorescent-labeled PEGylated lipo-
somes in ischemic/reperfused myocardium. Unlabeled or
fluorescent-labeled PEGylated liposomes were infused in-
travenously at a dose of 0.1 ml/min as liposomal adenosine
was infused in protocol 2. At 3 h after reperfusion, hearts
were quickly removed and cut into 4 sections parallel to the
axis from base to apex. Then ex vivo bioluminescence
imaging was petformed with an Olympus OV 100 imaging
system (Olympus, Tokyo, Japan) and signals were quanti-
fied using WASABI quantitative software (Hamamatsu
Photonics K.K., Shizuoka, Japan). Fluorescent intensity in
the region of interest was measured as previously reported
(14). Control intensity indicated the fluorescent intensity in
the nonischemic area of the individual rat.

Takahama et al. 711
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Time-course changes of free and PEGylated liposomal
Rl-labeled adenosine in plasma and myocardium. Free
or PEGylated liposomal [*H]-adenosine (83 kBq per rat) was
infused intravenously at a dose of 0.1 ml/min as liposomal
adenosine was infused in protocol 2. At the time indicated, rat
hearts were harvested for counting of radioactivity (LSC-3100,
Aloka Co., Tokyo, Japan). Results are expressed as a percent-
age of the injected dose per 1 ml of blood or 1 g of wet tissue
weight.

Statistical analysis. The parameters of the liposomes were
expressed as the average ® SD, whereas other data were
expressed as the average * SEM. Comparison of time-
course changes in hemodynamic parameters between groups
was performed by 2-way repeated-measures analysis of
variance (ANOVA) followed by a post-hoc Bonferroni test.
For comparison of RI activity between groups, statistical
analysis was done with the Mann-Whitney U test. To
address the differences in infarct size among groups, we
performed a nonparametric (Kruskal-Wallis) test followed
by evaluation with the Mann-Whitney U test. Resulting p
values were corrected according to the Bonferroni method.
To compare parameters of liposomes, an unpaired 7 test was
performed. In all analyses, p < 0.05 was considered to
indicate statistical significance.

Results

Characterization of liposomes by dynamic light scatter
analysis. The dynamic light scatter analysis showed no sig-
nificant difference in mean diameter, polydispersity index, or
zeta-potential distribution between empty and adenosine-
loaded PEGylated liposomes (Table 1),

Liposomes in ischemic/reperfused myocardium. The
EM revealed the intact vascular endothelial cells and cardio-
myocytes in the nonischemic myocardium (Figs. 1A and 1B).
There were no homogenous dark dots indicating liposomes
in the nonischemic myocardium of rats that received either
saline (Fig. 1A) or liposomes (Fig. 1B). In the border area,
many homogenous dark dots indicating liposomes were
accumulated in rats that received liposomes, but not saline
(Figs. 1C and 1D). In this area, significant structural
damage was not observed in endothelium, but slight swell-
ing of mitochondria was often observed. In the infarcted
area, numerous liposomes were detected in rats that received
liposomes, but not saline (Figs. 1E and 1F). In this area, the
disrupted endothelial integrity and marked swelling of
mitochondria were often observed.

REICEER  Characterization of Liposomes: by Dynamic Light Scatter Analysis

Mean Diameter (nm)

Polydispersity Index Zeta Potential (mV)

PEGylated liposomes (empty liposomes)

PEGylated liposomal adenosine

126 * 12
134 + 21

~-1.7 = 0.4
-23+11

0.035 + 0.003
0.094 * 0.002

Results repr ted lysis of 4 ind d
PEG = polyethylene glycol.

experiments. Values are expressed as mean = SD.
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Saline

Liposomes

Non-ischemic
area

Border
area

Necrotic
area

Liposomes in Ischemic/Reperfused Myocardium

1 pm.

(A, B) Representative electron micrographs of the nonischemic area in rats that received saline (A) or liposomes {Lp) (B). (C, D) Representative electron micrographs of
border area at 3 h after myocardial infarction (Ml). Many dark dots accumulated in this area in the rat that received liposomes but not saline. (E, F) Representative elec-
tron micrographs of infarcted areas at 3 h after Ml. Numerous dark dots accumulated in this area in the rat that received liposomes but not saline. Scale bars represent

Fluorescent-labeled PEGylated liposomes in ischemic/
reperfused myocardium. Quantitative analysis by biolumi-
nescence ex vivo bioluminescene imaging revealed that the
target to control fluorescent intensity ratio was higher in
the border (noninfarcted area at risk) as well as infarcted
areas compared with a nonischemic one, suggesting that
fluorescent-labeled liposomes were accumulated in the bor-
der as well as infarcted areas. Since there was no high-
intensity area when unlabeled liposomes were infused, it was
suggested that this was not a nonspecific phenomenon to
MI by the ex vivo bioluminescence imaging system (Fig. 2).
The Evans blue staining was unrelated to the fluorescence
intensity (data not shown).

Plasma radioactivity of RI-labeled adenosine was mark-
edly higher in the PEGylated liposomal adenosine group at
10 min and 3 h after the intravenous infusion than in the
free adenosine group (Fig. 3A). Encapsulation within
PEGylated liposomes also augmented the accumulation of
adenosine in ischemic/reperfused myocardium compared
with that of free adenosine (Fig. 3B).

Hemodynamic effects of PEGylated liposomal adeno-
sine. Baseline hemodynamic parameters did not differ
among the groups. An intravenous infusion of free adeno-
sine at doses of 225, 450, and 900 ug/kg/min decreased the
mean blood pressure by 14.8%, 25.4%, and 33.7%, respec-
tively, compared with the effect of empty PEGylated lipo-
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m Detection of Fluorescence-Labeled PEGylated Liposomes in Ischemic/Reperfused Myocardium

Quantitative analysis of target-to-control fluorescent intensity ratio for each area in rats (n = 3 each group) that received nonfluorescent {A) or fiuorescent (B) lipo-
somes. The values of bioluminescence signals in the border and infarcted areas were expressed as the fold to that of the each nonischemic area. Values are expressed
as the mean * SEM (error bars). *p < 0.05 versus nonischemic areas. #p < 0.05 versus border areas.

8
B Fluorescent Lp

* #

g

Non-ischemic
area

Border area Necrotic area

somes. In contrast, the intravenous infusion of PEGylated
liposomal adenosine at a dose of either 225 or 450 pg/kg/
min did not significantly alter mean blood pressure (Fig. 4).
Changes of the heart rate after infusion of PEGylated
liposomal adenosine or free adenosine were similar to those
observed for mean blood pressure (Fig. 4).

Effects of PEGylated liposomal adenosine on MI size.
Baseline hemodynamic parameters were similar among all of
the groups (Table 2). Intravenous infusion of free adenosine for
10 min reduced both the blood pressure and the heart rate,
although these parameters returned to baseline within 5 min of
ceasing infusion (Table 2). In contrast, hemodynamic param-
eters of the other groups were not altered (T'able 2). The area
at risk in the control group (61 * 3%) did not differ
compared with those of other groups that received liposo-
mal adenosine. Intravenous infusion of PEGylated liposo-

mal adenosine caused a dose-dependent decrease of MI size
compared with that in the control group, whereas intrave-
nous infusion of empty PEGylated liposomes or free aden-
osine did not (Fig. 5B).

The bolus injection of adenosine receptor antagonist did
not alter the hemodynamic parameters (Table 3). The area
at risk in the liposomal adenosine group (58 * 3%) did not
differ compared with those of other groups that received
adenosine receptor antagonist. Infusion of 8-SPT, a non-
specific adenosine receptor antagonist, blunted the cardio-
protective effect of liposomal adenosine (Fig. 6B). Further-
more, the infusion of the adenosine A;, A, A,, or A;
receptor antagonist also blunted cardioprotective effects of
liposomal adenosine (Fig. 6B). Infusion of 8-SPT alone did
not significantly affect myocardial infarct size compared

with the control (52 * 5%, n = 4),

A

radioactivity in plasma

w

radioactivity in
ischemic/reperfused myocardium

15 3.0
*
Q
£
q et *
E 10 F 2.0 %
3 Ay
3 2
& 8
2 o
- g 10
B * 2
g
X
0 0
10 minutes 3 hours 72 hours 10 minutes 3 hours 72 hours

m Radioisotope-Laheled Adenosine in Plasma and Ischemic/Reperfused Myocardium

(A) Changes in plasma radioactivity after infusion of radioisotope-labeled adenosine. Solid and open bars indicate the PEGylated liposomal adenosine and free adeno-
sine groups, respectively (n = 4 each). In the PEGylated liposomal adenosine group, plasma radioactivity was markedly higher than in the free adenosine group.

{B) Changes in radioactivity in ischemic/reperfused myocardium. Solid and open bars indicate the PEGylated liposomal adenosine and free adenosine groups, respec-
tively (n = 4 each). In the PEGylated liposomal adenosine group, myocardial radioactivity was markedly higher than in the free adenosine group. Values are expressed as
the mean = SEM (error bars). *p < 0.05 versus the free adenosine group at the corresponding time.
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#p < 0.05 versus PEGylated liposomes.
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Hemodynamic Effects of PEGylated Liposomal Adenosine

Changes in the mean blood pressure (A) and heart rate (B) after intravenous infusion of various doses of empty PEGylated lippsomes (triangles), PEGylated liposomal
adenosine (circles), or free adenosine (squares) (n = 8 each). Values are expressed as the mean = SEM. *p < 0.05 versus baseline at the corresponding group.

Discussion

In the present study, EM, bioluminescence ex vivo imaging,
and fluorescent analysis revealed the accurnulation of liposomes
in the border (noninfarcted areas at risk) as well as infarcted
ones, but not nonischemic myocardium, at 3 h after MI. These
findings suggested that liposomes could specifically accumulate
in ischemic/reperfused myocardium. Interestingly, EM re-
vealed the existence of liposomes at sites where endothelial
integrity was still morphologically maintained. Endothelial
dysfunction such as enhanced permeability is induced by
ischemic insult without morphological endothelial disruption
(3,15). Enhanced permeability might lead to the accumulation
of liposomes in the border as well as infarcted area, which will

contribute to salvage the ischemic/reperfused myocardium.
However, further investigation will be needed to determine the
precise mechanism by which liposomes accumulate in isch-
emic/reperfused myocardium,

Analysis using RlI-labeled adenosine encapsulated in
liposomes revealed that plasma radioactivity was markedly
higher in the PEGylated liposomal adenosine group com-
pared with the free adenosine group. This indicates that
encapsulation of adenosine by PEGylated liposomes con-
siderably prolonged its residence time in the circulation and
delayed its degradation. Consistent with the histological
data, RI-labeled adenosine also showed preferential accu-
mulation in ischemic/reperfused myocardium.,

- Effects of Liposomal Adenosine on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure (mm Hg)
Saline 122 =5 102 = 10 1087 107+ 9 108 = 7 105+ 9 104+ 9
Vehicle 127 + 4 1098 108 = 7 1114+ 9 111+ 5 10565 103+ 5
free-Ado 124+ 8 115+ 8 111+ 5 109+ 4 66 = 4% 62 = 4% 112+ 6
Lp-Ado 50 pg/kg/min 121+ 5 106+ 6 105+ 6 110 + 10 102 + 6 1016 104 = 4
Lp-Ado 150 pg/kg/min 122 =3 107+ 6 107 6 109 + 11 1056+ 6 100 6 103 x 4
Lp-Ado 450 pg/kg/min 124 + 3 104 = 6 105 £ 6 107+ 8 102+ 6 98+ 6 104 + 4
Heart rate (beats/min)
Saline 363 = 22 366 = 19 369 = 14 443 = 22 372+ 12 372+ 16 371+ 14
Vehicle 363 = 32 363+ 6 383 =6 396 = 25 367+ 6 3714+ 7 3727
Free-Ado 360 * 18 361 = 17 384 = 13 379 + 18 305 + 11* 293 = 13* 356 + 14
Lp-Ado 50 pg/kg/min 378 =+ 19 386+ 21 366 = 12 376 = 12 367+ 19 3699 377 =17
Lp-Ado 150 pug/kg/min 388 + 27 376 = 20 371+ 14 377+ 13 378 = 16 37316 369 + 17
Lp-Ado 450 pg/kg/min 368 * 17 376 = 21 361 = 413 386 = 15 368 = 15 3636 367 =7
Values are expressed as mean = SEM. *p < 0.05 versus baseline.
Free-Ado = free adenosine; Lp-Ado = PEGylated lip | ad ine; PEG = polyethyl glycol; vehicle = PEGylated liposomes.
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Furthermore, this study showed that PEGylated liposomal
adenosine had a weaker effect on the blood pressure and heart
rate than free adenosine. Thus, encapsulating adenosine in
PEGylated liposomes attenuated its vasodilatory and negative
chronotropic effects, presumably by reducing the amount of
circulating free adenosine. However, the changes of hemo-
dynamic parameters in this in vivo model suggested that
significant release of adenosine from PEGylated liposomes
would still occur if a large dose of liposomal adenosine (e.g.,
900 pg/kg/min) were administered. Thus, further investi-

gation of the in vivo pharmacodynamics of PEGylated
liposomal adenosine is needed.

An intravenous infusion of PEGylated liposomal adeno-
sine at the maximum dose that did not disturb hemody-
namic parameters for 10 min before reperfusion reduced MI
size in a dose-dependent manner, and this improvement was
blocked by 8-SPT, a nonselective adenosine receptor antago-
nist. These findings suggest that adenosine released from
liposomes acts via an adenosine receptor-dependent path-
way. One possible mechanism by which PEGylated lipo-

EF: 0l - Effects of Adenosine Receptor Antagonist on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure (mm Hg)
Lp-Ado + 8SPT 120+ 6 113+ 4 112+ 6 112+ 5 107 = 6 102 = 8 109 £ 7
Lp-Ado + DPCPX 130 + 6 105+ 4 121 = 4 100 * 10 122+ 6 120+ 6 111 * 4
Lp-Ado + SCH58261 132+ 2 98 + 12 99+ 8 1108 418 = 10 113 + 10 108 + 6
Lp-Ado -+ MRS1754 130+ 3 95 = 12 106 £ 8 105 = 10 100 * 10 96 + 10 Q9 = 7
Lp-Ado + MRS1523 130+ 2 109 = 8 104 + 8 106+ 9 100+ 9 101 * 10 104 £ 6
Heart rate (beats/min)
Lp-Ado + 8SPT 404 + 17 385 = 10 3748 396 = 8 389 *9 383 +8 385*+9
Lp-Ado + DPCPX 396 = 24 380 * 11 399+ 9 398 = 12 385+ 9 382+9 3807
Lp-Ado + SCH58261 393+ 14 399 £ 15 3819 395+ 15 376 9 3739 385 7
Lp-Ado + MRS1754 398 + 14 392 + 14 401 =9 379 = 15 3789 3749 377 x7
Lp-Ado + MR51523 396 £ 9 390 * 11 390 + 11 392 + 10 373+9 3817 388 + 11

Values were expressed as mean x SEM. xp < 0.05 versus baseline.
Lp-Ado = PEGylated li| i ad PEG = polyethy

glycol; Vehicle = PEGylated liposomes,
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(A} Protocol showing the timing of infusion of PEGylated liposomal adenosine and bolus injection adenosine receptor antagonists. (B) Myocardial infarct size. Values
are expressed as the mean = SEM (error bars). *p < 0.05 versus the control group. The abbreviations for adenosine antagonists were described in the text. Abbrevia-

somes could augment cardioprotective effects of liposomal
adenosine with minimum effects on hemodynamic param-
eters is the enhanced accumulation of PEGylated liposomal
adenosine in ischemic/reperfused myocardium, which could
augment various beneficial actions such as preventing cal-
cium overload in the myocardium (5). The prolonged
persistence of PEGylated liposomal adenosine would also
increase its beneficial effect on ischemic/reperfused myocar-
dium. Although continuous high-dose, long-term infusion of
free adenosine was reported to reduce infarct size in rats
(16), the present study did not confirm such a cardioprotective
effect, probably because the total dose of free adenosine that
we used was not high enough.

We found that myocardial infarct size in the group that
received PEGylated liposomal adenosine with the antago-
nist of adenosine Ay, A,,, Ay, or A subtype receptor was
no different from the control group, indicating that every
adenosine subtype receptor could possibly play a role in
mediating cardioprotection by liposomal adenosine and that
it was difficult to identify one particular subtype in the
present study. Numerous studies reported that A;, A, , Ay,
and A receptors have been involved in cardioprotection
against ischemia/reperfusion injury, and it remains contro-
versial which adenosine subtype receptor is most responsible
for cardioprotection (17-20). Furthermore, because the
adenosine receptor antagonists used in the present study had
some nonspecific effects, future investigation will be needed
to examine the precise role of each adenosine receptor
subtype using genetically engineered mice.

Because liposomal adenosine infused during reperfusion
could reduce M1 size, this agent could be a candidate for the
adjunctive therapy of patients with acute MI. Importantly,
adenosine is currently used for the diagnosis of ischemic
heart disease and PEGylated liposomes are used to deliver
anticancer agents (21). Thus, it should not be difficult to
introduce PEGylated liposomal adenosine into clinical
practice. Finally, PEGylated liposomes may provide a useful
drug delivery system for targeting ischemic/reperfused myo-
cardium with other agents.
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Activating Transcription Factor 3 Constitutes a Negative
Feedback Mechanism That Attenuates Saturated Fatty
Acid/Toll-Like Receptor 4 Signaling and Macrophage
Activation in Obese Adipose Tissue

Takayoshi Suganami, Xunmei Yuan, Yuri Shimoda, Kozue Uchio-Yamada, Nobutaka Nakagawa,
Ibuki Shirakawa, Takako Usami, Takamitsu Tsukahara, Keizo Nakayama, Yoshihiro Miyamoto,
Kazuki Yasuda, Junichiro Matsuda, Yasutomi Kamei, Shigetaka Kitajima, Yoshihiro Ogawa

Abstract—Obese adipose tissue is markedly infiltrated by macrophages, suggesting that they may participate in the
inflammatory pathways that are activated in obese adipose tissue. Evidence has suggested that saturated fatty acids
released via adipocyte lipolysis serve as a naturally occurring ligand that stimulates Toll-like receptor (TLR)4 signaling,
thereby inducing the inflammatory responses in macrophages in obese adipose tissue. Through a combination of cDNA
microarray analyses of saturated fatty acid—stimulated macrophages in vitro and obese adipose tissue in vivo, here we
identified activating transcription factor (ATF)3, a member of the ATF/cCAMP response element-binding protein family
of basic leucine zipper-type transcription factors, as a target gene of saturated fatty acids/TLR4 signaling in
macrophages in obese adipose tissue. Importantly, ATF3, when induced by saturated fatty acids, can transcriptionally
repress tumor necrosis factor-a production in macrophages in vitro. Chromatin immunoprecipitation assay revealed that
ATF3 is recruited to the region containing the activator protein-1 site of the endogenous tumor necrosis factor-o
promoter. Furthermore, transgenic overexpression of ATF3 specifically in macrophages results in the marked
attenuation of proinflammatory M1 macrophage activation in the adipose tissue from genetically obese KKA” mice fed
high-fat diet. This study provides evidence that ATF3, which is induced in obese adipose tissue, acts as a transcriptional
repressor of saturated fatty acids/TLR4 signaling, thereby revealing the negative feedback mechanism that attenuates
obesity-induced macrophage activation. Our data also suggest that activation of ATF3 in macrophages offers a novel
therapeutic strategy to prevent or treat obesity-induced adipose tissue inflammation. (Circ Res. 2009;105:25-32.)

Key Words: adipocytes m ATF3 m fatty acids m inflammation m macrophages m TLR4

Known as the metabolic syndrome, the cluster of well-
established risk factors for cardiovascular disease (vis-
ceral fat obesity, impaired glucose metabolism, atherogenic
dyslipidemia, and blood pressure elevation), is an increasing
health problem worldwide.'-3 The pathophysiology underly-
ing the metabolic syndrome is not fully understood and
visceral fat obesity appears to be an important component.*
There is considerable evidence that obesity is a state of
chronic low-grade inflammation, which may play a critical
role in the pathophysiology of the metabolic syndrome.!=
Obese adipose tissue is markedly infiltrated by macro-
phages, suggesting that they may participate in the inflam-
matory pathways that are activated in obese adipose tissue.’

Using an in vitro coculture system composed of adipocytes
and macrophages, we have provided evidence that a paracrine
loop involving saturated fatty acids and tumor necrosis factor
(TNF)a derived from adipocytes and macrophages, respec-
tively, establishes a vicious cycle that augment the inflam-
matory change in obese adipose tissue.® Recent studies have
also pointed to the heterogeneity of macrophages infiltrated
into obese adipose tissue, ie, they follow 2 different polar-
ization states: M1, or “classically activated” (proinflamma-
tory) macrophages, which are induced by proinflammatory
mediators such as lipopolysaccharide (LPS) and Th1 cytokine
interferon-v; and M2, or “alternatively activated” (antiinflam-
matory) macrophages, which are generated in vitro by expo-
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sure to Th2 cytokines such as interleukin (IL)-4 and IL-13.7-°
Evidence has accumulated indicating that macrophages,
which are infiltrated into obese adipose tissue, exhibit the
phenotypic change from M2 to M1 polarization.’® Recent
evidence also showed that the nuclear receptor peroxisome
proliferator-activated receptor-vy or -8 regulates M2 polariza-
tion of adipose tissue macrophages and thus systemic insulin
sensitivity.8° It is, therefore, conceivable that M1 macro-
phages induce the release of saturated fatty acids from
hypertrophied adipocytes via lipolysis, which, in turn, may
serve as a proinflammatory adipocytokine locally in the
adipose tissue.

Free fatty acids represent an important energy source
mobilized from triglycerides stored in the adipose tissue,
particularly during periods of starvation, but recent evidence
has suggested the pathophysiologic roles other than the
supply of nutrients in times of fasting or increased energy
demand.'0 For instance, elevated levels of circulating free
fatty acids, which are often associated with visceral fat
obesity, increase fat accumulation in insulin target tissues
such as the skeletal muscle and liver and contribute to insulin
resistance.!' We and others have reported that saturated fatty
acids, which are released from adipocytes via the macro-
phage-induced lipolysis, serve as a naturally occurring ligand
for Toll-like receptor (TLR)4 complex, which is essential for
the recognition of LPS, to induce nuclear factor (NF)-«B
activation in macrophages.'>-'4 Evidence has also suggested
that TLR4 plays an important role in adipose tissue inflam-
mation.'#-'7 Because macrophages in obese adipose tissue are
exposed to saturated fatty acids released in large quantities
from hypertrophied adipocytes, there might be negative
regulatory mechanisms, whereby macrophages are protected
against the saturated fatty acid—induced inflammatory re-
sponse in obese adipose tissue.

Through a combination of cDNA microarray analyses of
saturated fatty acid-stimulated macrophages in vitro and
obese adipose tissue in vivo, we identified activating tran-
scription factor (ATF)3, a member of the ATF/cAMP re-
sponse element-binding protein (CREB) family of basic
leucine zipper-type transcription factors'd'® that is markedly
induced in macrophages through TLR4 in response to satu-
rated fatty acids in vitro and in obese adipose tissue in vivo.
This study provides evidence that ATF3 acts as a transcrip-
tional repressor of saturated fatty acids/TLR4 signaling in
macrophages, thereby revealing the negative feedback mech-
anism that attenuates obesity-induced macrophage activation
in obese adipose tissue. Our data also suggest that activation
of ATF3 in macrophages offers a novel therapeutic strategy
to prevent or treat obesity-induced inflammation and thus the
metabolic syndrome associated with excess adiposity.

Materials and Methods

An expanded Materials and Methods section is available in the
Online Data Supplement at http://circres.ahajournals.org.

Materials and Antibodies
Details are provided in the Online Data Supplement.

Animals

Six-week-old male C3H/HeJ mice, which have defective LPS
signaling attributable to a missense mutation in the TLR4 gene,?° and
control C3H/HeN mice were purchased from CLEA Japan (Tokyo,
Japan). Genetically obese ob/ob, db/db, and KKA> mice were
purchased from CLEA Japan and Charles River Japan (Tokyo,
Japan). Details on experimental conditions are provided in the
Online Data Supplement. All animal experiments were conducted in
accordance to the guidelines of Tokyo Medical and Dental Univer-
sity Committee on Animal Research (No. 0090058).

Generation of Transgenic Mice Overexpressing
ATF3 in Macrophages

Details are provided in the Online Data Supplement.

Cell Culture

RAW264 macrophage cell line (RIKEN BioResource Center,
Tsukuba, Japan), 3T3-L1 preadipocytes, and HEK293 (American
Type Culture Collection, Manassas, Va) were maintained in DMEM
(Nacalai Tesque, Kyoto, Japan) containing 10% FBS (BioWest,
Miami, Fla). Differentiation of 3T3-L1 preadipocytes to mature
adipocytes was performed as previously described®!2 and used as
differentiated 3T3-L1 adipocytes at days 8 to 10 after the induction
of differentiation. Murine peritoneal macrophages and bone mar-
row—derived macrophages were prepared as described.!?

Chromatin Immunoprecipitation Assay
Details are provided in the Online Data Supplement.

Retrovirus-Mediated Overexpression and
Knockdown of ATF3 in Macrophages
Retrovirus-mediated overexpression of the full-length mouse ATF3
¢DNA and knockdown of endogenous ATF3 were performed in
RAW264 macrophages as described in the Online Data Supplement.

Quantitative Real-Time PCR

Total RNA was extracted from cultured cells using Sepazol reagent
(Nacalai Tesque) and quantitative real-time PCR was performed with
an ABI Prism 7000 Sequence Detection System using PCR Master
Mix Reagent (Applied Biosystems, Foster City, Calif).5!2 Primers
used in this study are described in Online Table 1. Levels of mRNA
were normalized to those of 36B4 mRNA.

Histological Analysis

Histological analysis was performed as previously described using
the paraffin-embedded sections of the epididymal white adipose
tissue.!* In brief, hematoxylin/eosin staining was used to compare
the adipocyte cell size with the software Win Roof (Mitani, Chiba,
Japan).'s The presence of F4/80-positive macrophages in the adipose
tissue was detected immunohistochemically using the rat monoclo-
nal antimouse F4/80 antibody?! as described previously.'s The
number of F4/80-positive cells was counted in more than 10 mm®
area of each section and expressed as the mean number/mm?,

Western Blotting of ATF3

‘Whole cell lysates were prepared as previously described.® Samples
(20 pg protein per lane) were separated by 12.5% SDS-PAGE and
Western blotting was performed using antibodies against ATF3
(Santa Cruz Biotechnology).

Measurement of TNFa Levels in Culture Media
The TNFa levels in culture supernatants were determined by a
commercially available ELISA kit (R&D systems, Minneapolis,
Minn).s

Transient Transfection and Luciferase Assay
Details are provided in the Online Data Supplement.
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Statistical Analysis

Data were expressed as the means*SE. Statistical analysis was
performed using ANOVA, followed by Scheffe’s test unless other-
wise described. P<<0.05 was considered to be statistically significant.

Results and Discussion

Identification of ATF3 As a Target Gene of
Saturated Fatty Acids in Macrophages in Obese
Adipose Tissue

We have provided in vitro evidence that saturated fatty acids,
which are released from adipocytes via the macrophage-
induced lipolysis, serves as a naturally occurring ligand that
stimulates TLR4 signaling in macrophages.'? To search for
target gene(s) of saturated fatty acids in macrophages in
obese adipose tissue, we performed cDNA microarray anal-
ysis of obese adipose tissue from ob/ob mice and palmitate-
stimulated RAW?264 macrophages (Online Figure I, a). Up-
regulated genes under both conditions included chemokines,
proinflammatory cytokines, acute phase reactants, and ATF3
(Online Table II), whereas 5 genes were downregulated
(Online Table II). ATF3 is a member of the ATF/CREB
family of transcription factors.'$'* ATF3 is rapidly induced in
response to several stimuli and insults, such as chemicals,
irradiation, and oxidative stress, and, in turn, negatively
regulates target genes as a transcriptional repressor.'!? Al-
though ATF3 plays a role in apoptosis and cell cycle,'8:!%:22
the role of ATF3 in obesity is largely unknown. We, therefore,
investigated the tissue distribution of ATF3 in obese and lean
mice. Similar to macrophage marker F4/80, ATF3 mRNA
expression was markedly increased in the adipose tissue from
db/db mice relative to wild-type mice (Online Figure 1, b). In
this study, there was a significant increase in ATF3 mRNA
expression in the liver from db/db mice relative to wild-type
mice (P<0.01).

We confirmed our ¢cDNA microarray data by real-time
PCR and immunostaining, Expression of ATF3 and F4/80
mRNAs was increased in the adipose tissue during the course
of diet-induced obesity (Figure 1A). We also observed
upregulation of ATF3 and F4/80 in the adipose tissue from
ob/ob mice (Figure 1B). Collagenase digestion of the adipose
tissue, which is validated by F4/80 and adiponectin mRNA
expression, revealed that ATF3 is expressed predominantly in
stromal-vascular fraction in the adipose tissue (Figure 1C).
Furthermore, ATF3 mRNA expression was increased signif-
icantly in ob/ob mice fed high-fat diet relative to wild-type
mice fed standard diet (P<<0.01) (Figure 1C). We also
confirmed by immunostaining of ATF3 and F4/80 using
serial sections of obese adipose tissue that most ATF3-
positive cells are stained with F4/80 (Figure 1D). These
observations indicate that ATF3 is markedly upregulated in
obese adipose tissue, especially in infiltrated macrophages.

Saturated Fatty Acids Induce ATF3 via TLR4 in
Macrophages In Vitro and In Vive

We next examined the involvement of TLR4 in the saturated
fatty acid-induced ATF3 mRNA and protein expression in
macrophages in vitro. Saturated fatty acids, such as palmitate
and stearate, and LPS increased significantly ATF3 mRNA
and protein expression in RAW264 macrophages (P<<0.05

ATF3 and Adipose Tissue Macrophages 27
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Figure 1. ATF3 expression in obese adipose tissue. ATF3 and
F4/80 mRNA expression in the epididymal adipose tissue from
high-fat diet (HD)-fed obese mice for up to 16 weeks (A) and
genetically obese ob/ob mice at 15 weeks of age (ob) (B).
*P<0.05, *P<0.01 vs standard diet (SD) or wild-type mice (WT)
(n=6 to 10). C, ATF3, F4/80, and adiponectin mRNA expression
in mature adipocytes (Adipo) and stromal-vascular fraction (SVF)
in the epididymal adipose tissue from SD-fed WT and HD-fed
ob. *P<0.01 vs the respective Adipo, ##P<0.01 (n=4 to 5).

D, ATF3 and F4/80 immunostaining in the epididymal adipose
tissue from HD-fed ob. Original magnification, X400. Scale
bars=100 um.

versus vehicle) (Figure 2A through 2D). Interestingly, unsat-
urated fatty acids, such as oleate and eicosapentaenoic acid,
did not affect ATF3 mRNA expression (Figure 2C and 2D
and data not shown), suggesting the structure-specific effect
of free fatty acids. We found that palmitate fails to increase
ATF3 mRNA expression in peritoneal macrophages from
C3H/He] mice with defective TLR4 signaling (Figure 2E).
We also observed that BAY11-7085, an NF-«B inhibitor,
markedly inhibits the palmitate-induced ATF3 mRNA ex-
pression in RAW264 macrophages (Figure 2F). The data
were confirmed using RAW264 macrophages overexpressing
a super-repressor form of IkBa (SR-IkBa) (Figure 2G).
Furthermore, selective NF-kB activation by transient overex-
pression of p50 and p65 subunits of NF-kB increased
significantly the ATF3 promoter activity in HEK293 cells
(P<<0.01) (Figure 2H). In this setting, the changes in ATF3
mRNA expression were almost parallel to those in TNFa
mRNA expression (Figure 2E and 2F and data not shown).
These observations indicate that TLR4/NF-«B pathway plays
an important role in saturated fatty acid—induced ATF3 and
TNFa expression in macrophages. On the other hand, palmi-
tate and stearate, but not unsaturated fatty acids, are known to
serve as precursors for de novo ceramide synthesis, thereby
inducing inflammatory changes in certain cells.?>?* However,
we observed that pharmacological inhibition of ceramide
synthesis slightly inhibits the palmitate-induced ATF3
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Figure 2. Saturated fatty acid-induced ATF3 expression in cul-
tured macrophages. A, Time course of palmitate-induced ATF3
mRNA expression in RAW264 macrophages. Pal indicates
palmitate 200 umol/L. *P<0.05 vs 0 hour. B, Dose-dependent
effect of palmitate on ATF3 mRNA expression in RAW264 mac-
rophages. Effect of saturated and unsaturated fatty acids (FAs)
on ATF3 mRNA (C) and protein (D) expression in RAW264 mac-
rophages. Veh indicates vehicle; LPS, LPS 10 ng/mL; Pal,
palmitate 200 pumol/L; Ste, stearate 200 umol/L; Ole, oleate
200 pmol/L. *P<0.05, **P<0.01 vs Veh. E, Role of TLR4 in the
palmitate-induced ATF3 and TNFa mRNA expression in perito-
neal macrophages. HeN and HedJ indicate peritoneal macro-
phages from wild-type C3H/HeN and TLR4 mutant C3H/Hed
mice, respectively. *P<0.05, *P<<0.01 vs Veh/HeN. F, Effect of
NF-«B inhibitor BAY11-7085 (BAY, 10 umol/L) on the palmitate-
induced ATF3 and TNFa mRNA expression in RAW264 macro-
phages. *P<0.01 vs Veh/Veh, ##P<0.01. G, Effect of super-
repressor IkBa (SR-{xBa) on the palmitate-induced ATF3 and
TNFa mRBNA expression in RAW264 macrophages. Mock and
SR-IkBe, stably mock-, and SR-ixkBa-expressing RAW264 mac-
rophages, respectively.: **P<0.01 vs Veh/mock; #P<0.05,
##P<0.01. H, Effect of NF-«B activation on ATF3 promoter
activity. The luciferase reporter containing a 1.8-kb human ATF3
promoter fragment (ATF3-Luc) with p50 and p65 subunits of
NF-«B or mock was transiently transfected in RAW264 macro-
phages. **P<0.01 vs mock (n=4 to 6).

mRNA expression in RAW264 macrophages (T. Suganami, I.
Shirakawa, Y. Ogawa, unpublished data, 2009). These observa-
tions, taken together, suggest that saturated fatty acid—induced
ATF3 expression is mediated mostly through the TLR4/NF-«xB
pathway.

‘We next examined the role of TLR4 in ATF3 expression in
the interaction between adipocytes and macrophages. We
have established an in vitro coculture system composed of
adipocytes and macrophages and found that saturated fatty
acids, which are released from adipocytes via the macro-
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Figure 3. Role of TLR4 in obesity-induced ATF3 mRNA expres-
sion in adipose tissue macrophages. ATF3 and TNFa mRNA
expression (A) and macrophage infiltration (B) in the adipose
tissue from mice fed high-fat diet (HD) or standard diet (SD).
**P<0.01 vs the respective SD; #P<0.05, ##P<0.01 (n=6 to
10). C, Immunostaining for ATF3 in the adipose tissue from
HD-fed HeN and Hed. Original magnification, x400. Scale
bars=100 um.

phage-induced lipolysis, are capable of activating the TLR4/
NF-kB signaling.%'2 Coculture of 3T3-L1 adipocytes with
peritoneal macrophages from C3H/HeN mice resulted in the
upregulation of ATF3 and TNFa mRNAs, which was signif-
icantly inhibited in the coculture with peritoneal macrophages
from C3H/Hel mice (P<<0.05) (Online Figure II, a). We
found that BAY11-7085 effectively inhibits the upregulation
of ATF3 and TNFa mRNA expression in the coculture
system (Online Figure 11, b).

Using C3H/HeJ and C3H/HeN mice fed high-fat diet, we
also examined the involvement of TLR4 in obesity-induced
ATF3 expression in the adipose tissue. There were no
significant differences in body weight and adipose tissue
weight between high-fat diet-fed C3H/HeN and C3H/Hel
mice (Online Table IV). Similar to our previous data on
TNFa,!s the high-fat diet-induced increase in ATF3 mRNA
expression was significantly attenuated in the adipose tissue
from C3H/Hel mice relative to C3H/HeN mice (P<<0.01)
(Figure 3A). Importantly, there was no significant change in
the number of macrophages infiltrated into the adipose tissue,
as assessed by F4/80 immunostaining (Figure 3B), suggesting
the attenuation of macrophage activation in C3H/HeJ mice.
Immunohistochemical analysis also confirmed the marked
reduction of ATF3 staining in C3H/Hel mice relative to
C3H/HeN mice during the high-fat diet (Figure 3C). Collec-
tively, these observations suggest that the saturated fatty
acid-induced ATF3 expression in macrophages is mediated
via TLR4 in vitro and in vivo.

ATF3 Reduces Saturated Fatty Acid-Induced
TNFa Production in Macrophages

To elucidate the functional role of ATF3 in macrophages, we
examined the effect of ATF3 overexpression on proinflam-
matory cytokine production in macrophages in vitro. A
full-length mouse ATF3 cDNA was stably overexpressed in
RAW264 macrophages by retroviral transduction, which was
confirmed by real-time PCR and Western blotting (Figure
4A). In RAW264 macrophages overexpressing ATF3 (ATF3-
RAW264), the palmitate- and LPS-induced increase in TNFa

Downloaded from circres.ahajournals.org at KOKURITSU IYAKUHINKEN on March 10, 2010



