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Impaired phagocytic mechanism in annexin 1 null macrophages
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1 The role of the anti-inflammatory protein annexin-Al (Anx-Al) in the phagocytic process has
been investigated using a murine bone marrow culture-derived macrophage model from Anx-A1"/'*

and Anx-AI~'~ mice.

2 Macrophages prepared from Anx-A1~'~ mice exhibited a reduced ingestion of zymosan, Neisseria
meningitidis or sheep red blood cells, when compared to 4nx-A1%/* cells and in the case of zymosan
this effect was also mirrored by a reduced clearance in vivo when particles were injected into the

peritoneal cavity of Anx-A1~/~ mice.

3 The ablation of the Anx-Al gene did not cause any apparent cytoskeletal defects associated with
particle ingestion but the cell surface expression of the key adhesion molecule CD11b was depressed in
the Anx-A1~'~ cells providing a possible explanation for the attenuated phagocytic potential of these

cells.

4 The production of the cytokines TNFo and IL-6 was increased in Anx-A1~'~ macrophages

following phagocytosis of all types of particle.
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Introduction

Experiments conducted in the late 1970s investigating the
control by glucocorticoids of eicosanoid generation in
peritoneal macrophages led to the discovery and cloning of
the protein annexin Al (Anx-Al; formerly lipocortin-1; see
Yona et al. (2005) for a review). It is now recognised that this
protein belongs to a superfamily of proteins (some 13 have
been described in mammals) characterised by a highly
homologous core domain comprising four (or sometimes
eight) repeats of a 7075 amino-acid sequence, which confers
Ca?*- and phospholipid-binding properties, and an amino-
terminal tail which is exclusive to each family member (Gerke
& Moss, 2002). Anx-Al is among the most studied member of
this family. Glucocorticoids regulate the synthesis, phosphor-
ylation and cellular disposition of this annexin in several
tissues and this has lead to the concept that Anx-Al could act
as a ‘second messenger’ of glucocorticoid action.

In early experiments, glucocorticoids were observed to act as
potent inhibitors of eicosanoid release from the resident
macrophages (M¢) of the peritoneal cavity (Bray & Gordon,
1978) and a phagocytosis-inhibitory protein released from Mg
treated with glucocorticoids was tentatively identified as being
related to ‘lipocortin’ by Grasso and his co-workers (Becker &
Grasso, 1988; Becker et al., 1988). Following the characterisa-
tion of Anx-Al, it was observed that treatment of monocytes
and M¢ (Getting, 2002; Goulding, 2004) with the exogenous
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protein inhibited cellular activation, as assessed by superoxide
generation, prostanoid release and inflammatory enzyme or
cytokine expression (Maridonneau-Parini ez al., 1989; Comera
& Russo-Marie, 1995; Wu et al., 1995). More recently, the
Anx-A1 mimetic peptide Ac2-26 (Perretti, 1998) was shown to
inhibit IgG immune complex phagocytosis by mouse perito-
neal M¢, as determined by flow cytometry (Getting et al.,
1997).

To elucidate the role of Anx-A1l under normal physiological
conditions and during pathology, we recently generated a line
of Anx-A1 null (Anx-A17'~) mice (Hannon et al., 2003). These
mice displayed a heightened sensitivity to both acute (Hannon
et al., 2003) and chronic (Yang et al., 2004) inflammatory
stimuli coupled with a reduced responsiveness to glucocorti-
coids. Fibroblasts cloned from tissues taken from the Anx-
AI7~ mouse also exhibited a number of differences compared
to the wild-type cells, including an increased release of
arachidonic acid and eicosanoids in response to EGF and
other stimuli, a disordered cell cycle and resistance to the
inhibitory effects of glucocorticoids (Croxtall et al., 2003).

In a previous issue of this journal, we reported our
initial findings on the effect of Anx-41 gene deletion on
zymosan particle uptake by resident peritoneal Mg
(Yona et al., 2004). In this paper, we have pursued this
observation, finding that bone marrow culture-derived (BMD)
Anx-AI17'~ M¢ exhibit a reduced phagocytic capacity and an
exacerbated release of cytokines following the addition of
inflammatory stimuli.
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Methods
Animals and BM D macrophages (BMDM® )

Anx-AI17'~ and wild-type littermate control (4nx-A1"'*) mice
were bred in-house (Hannon ef al., 2003). All animals were fed
on a standard chow pellet diet with free access to water and
maintained on a 12-h light-dark cycle. Animal work was
performed in accordance with U.K. Home Office regulations,
Animals (Scientific Procedures) Act 1986.

Mice 4-6 weeks old were killed, the femur was excised, and
the epiphyses removed prior to flushing out the bone marrow.
Cells were washed and resuspended in RPMI 1640 supple-
mented with 25mM HEPES pH 7.4, 10% foetal calf serum
(FCS) and 15% L1929 cell-conditioned media and cells were
incubated at 37°C in an atmosphere of 5% CO, and 95% air
for 7 days. On day 7, BMDM¢ cultures were detached with
PBS supplemented with 10mM EDTA and 4 mgml~' lidocaine
and plated in appropriate dishes for each assay.

Cell surface marker expression

Aliquots (250 ul) of a BMDM¢ preparation, 1 x 10° cells ml™!
in PBC (PBS, ImM Ca’" and 0.2mgml™" bovine serum
albumin (BSA)), were plated into 96-well plates together with
20 ul blocking human IgG (16 mgml~"), 5% goat serum and
20 ul of either rat anti-mouse CDI11b (0.8 ugml™"), rat anti-
mouse F4/80 (Spugml™") or rat anti-mouse FcyRIII/II
(5pgml™). Following 45min incubation at 4°C, cells were
washed and stained with 40 ul of FITC-conjugated rabbit anti-
rat IgG antibody (1:80 dilution) for 30 min at 4°C. Flow
cytometry was performed using a FACScan (Becton Dick-
inson, Cowley, U.K.) with an air-cooled 100 mW argon ion
laser tuned to 488nm connected to an Apple MAC G3
computer running Cell Quest II software. The number of
molecules of endogenous antigen per sample was quantified
by acquiring 10,000 events in the FL-1 channel (wavelength of
548 nm), and calculated as median fluorescence intensity
(MFI) units.

Cytokine release

BMDM¢’s (0.5 x 10° well™") were incubated in 24-well plates
and cultured for 24 h at 37°C in an atmosphere of 5% CO, and
95%  air. Adherent cells were washed and incubated with
RPMI 1640 supplemented with 10% FCS, prior to stimulation
with either boiled zymosan (at a multiplicity of infection
(MOI) of 1:50), ethanol-fixed Neisseria meningitidis serogroup
B (MC58; at an MOI of 1:50) or 10ngml~" LPS. Cell-free
supernatants were collected at various time points. These
samples were then frozen at —80°C prior to detection of release
of proinflammatory cytokines, IL-6 and TNFa, using com-
mercially available enzyme immunoassay reagents.

Assays of BMDM® phagocytosis

The extent of particle association with, and ingestion by, cells
(as opposed to ingestion alone) was investigated using FITC-
labelled zymosan, rhodamine green X-labelled N. meningitidis
or FITC-labelled opsonised sheep red blood cells. Fluorescent
particles were added to 1 x 10® macrophages at time 0 and
incubated at 37°C; the Fluorescent-particle amount was

calibrated to five particles per macrophage in order to reduce
spill-over fluorescence. At different times, phagocytosis was
halted by washing cells with 500 ul PBS supplemented with
2mM EDTA and 4mgml~' lidocaine hydrochloride prior to
fixation with 4% paraformaldehyde. Samples were placed in
an ice bath and analysed within 1h by flow cytometry. The
assay used above does not distinguish between binding and
ingestion. Attempts to adjust the flow cytometric assay
protocol to measure ingestion alone by trypan blue or
ethidium bromide quenching (Drevets & Campbell, 1991;
Giaimis et al., 1994) of extracellular fluorescence proved to be
ineffective in our hands (data not shown). Repetitive washing
of the cells removed most unbound fluorescently labelled
particles.

In order to measure phagocytosis in vivo, FITC-labelled
zymosan (2.3 x 107 particles mouse ') was injected i.p. in both
Anx-A1"'" and Anx-AI-~ mice. The uptake over time was
measured by cellular fluorescence, as described above. The
animals were killed at 0, 2, 10 and 20 min following the i.p.
injection of FITC-labelled zymosan and the cells in the
peritoneal cavity recovered by lavage with 3ml PBS/EDTA.
Samples were fixed in 4% paraformaldehyde and kept on ice.
Flow cytometry was performed using a FACScan (Becton
Dickinson, Cowley, U.K.) as described previously. The mean
fluorescence of unloaded control cells was subtracted from the
mean fluorescence of each assay condition, and the average
was determined.

Real-time confocal analysis

Real-time confocal microscopy was used to visualise the
kinetic events involved during phagocytosis. BMDM¢ were
resuspended to 2 x 10°cellsml™' in RPMI 1640 supplemented
with 10% FCS and 10 mM HEPES pH 7.4. Then, 500 ul of cell
suspension was added to each coverslip. Following overnight
incubation at 37°C in an atmosphere of 5% CO, and 95% air,
the coverslips were washed three times with 1.5ml of tissue
culture grade PBS to ensure removal of any cell debris. Cells
were then incubated again with RPMI 1640 supplemented with
10% FCS and 10 mM HEPES pH 7.4 at 37°C in an atmosphere
of 5% CO, and 95% air and placed on warmed stage to allow
visualisation of cells by confocal microscopy. FITC-conju-
gated zymosan particles were added at an MOI of 1:5.
Analysis by confocal laser scanning microscopy was performed
using LaserSharp software, cells were mounted on a 2000 MP
BioRAD™ microscope and images captured over a 1h period
every 15s. Recordings were saved as QuickTime™ movie
documents and played back for analysis.

To establish the role of Anx-Al during phagocytosis,
BMDM¢ were resuspended to a concentration of
2 x 10°cellsml~" in RPMI 1640 supplemented with 10% FCS
and 25 mM HEPES pH 7.4. Cell suspension (500 ul) was seeded
onto the glass coverslips in 24-well plates. Following overnight
incubation at 37°C in an atmosphere of 5% CO, and 95% air,
the plate was placed on ice and wells were washed three times
with 1.5ml of tissue culture grade PBS to ensure removal of
any cell debris. FITC-conjugated zymosan particles were
added to each well at an MOI of 1:5 for 1h on ice, to allow
for cell to particle adhesion but not phagocytosis. Following
1 h incubation on ice, wells were washed three times with ice-
cold RPMI 1640 to remove nonadherent zymosan particles.
Plates were then incubated at 37°C in an atmosphere of 5%
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CO; and 95% air, for Smin to monitor phagocytic cup
formation. Coverslips were then washed twice with ice-cold
PBS, prior to the addition of ice-cold PBS supplemented with
4% paraformaldehyde solution and 200 mM HEPES buffer to
fix the cells for at least 15 min. Cells were then permeabilised
for 30 min at room temperature using PBS supplemented with
0.25% saponin, 1% BSA and 1% goat serum. Using this
buffer, cells were first washed with the staining solution prior
to being incubated at room temperature with a rabbit anti-
Anx-Al primary antibody (1:1000 dilution) for 1h (which
recognises the full-length Anx-Al). Cells were then washed
three times before incubation with TRITC phalloidin (1:100
dilution of stock) and AlexaFluor 647 goat anti-rabbit IgG
(1:150 dilution), the secondary antibody for Anx-Al for 1 h at
room temperature; coverslips were washed four times prior to
mounting. Analysis by confocal laser scanning microscopy was
performed using LaserSharp software mounted on a 2000 MP
BioRAD™ microscope. Representative pictures of slides were
collected and saved in a QuickTime™ format, prior to being
imported to Adobe Photoshop™ 7.0 software for single colour
analysis.

Chemicals

The following items were purchased from Sigma-Aldrich
(Poole, Dorset, U.K.), BSA, calcium chloride, EDTA,
goat serum, human IgG, lidocaine hydrochloride, lipo-
polysaccharide (0111:B4), paraformaldehyde, phosphate
buffer saline tablets, Saponin Saponaria species S2149, sheep
red blood cells, anti-sheep red blood cell stroma (S1389),
TRITC phalloidin and zymosan A. Foetal calf serum, HEPES
buffer, RPMI 1640 were purchased from GIBCO BRL
(Paisley, Scotland, U.K.). Rat-anti-mouse CDI11b (clone
5C6) was a generous gift from Dr N Gozzard, Celltech
(Slough, U.K.). Rat-anti-mouse F4/80 (clone Cl:A31) and
FITC-conjugated rabbit anti-rat IgG antibody were purchased
from Serotec (Kidlington, Oxford, U.K.). OptEIA™ Elisa kits
for TNFa or IL-6 and Rat-anti-mouse FcyRIII/II were
purchased from BD PharMingen (Cowley, Oxford, U.K.).
Rabbit anti-annexin-1 polyclonal antibody (71-3400) was
purchased from ZYMED Laboratories Inc. (Cambridge,
U.K.). AlexaFluor 647 goat anti-rabbit IgG, Fluorescein-
labelled zymosan and Slowfade™ were purchased from
Molecular Probes (Eugene, OR, U.S.A.). All other chemicals
were of analytical grade.

Statistical analysis

In all cases, data are expressed as mean+s.e.m. of n distinct
experiments. Statistical differences among groups were ana-
lysed by Student’s t-test. A probability value <0.05 was
accepted to reject the null hypothesis.

Results

Cell surface marker expression

There were reductions in the cell surface expression of all cell
surface markers measured in Anx-A17'~ cells, but this only

achieved significance in the case of CD11b which was reduced
by approximately 25% when compared to Anx-Al*/*

Table 1 Expression of cell surface markers on Anx-
A1™'" and Anx-A1"'~ BMDM¢

Genotype FeRyIIIT CcD1lb F480
Anx-A1""* 170+6 215+8 128+ 16
Anx-Al~ 15647 160+ 5* 111417

Macrophages labelled with either anti-FcRyIII/IT (clone:
2.4G2), anti-F4/80 (clone Cl:A31) or anti-CDI11b (clone:
5C6) prior to the addition of an FITC secondary antibody.
Cell surface markers were measured by flow cytometry. All
data are mean+s.e.m. of n =4-5 experiments performed with
n=4-5 mice each. *P<0.05 vs Anx-A1"'" cells expression.
*P< 0.05.

controls (see Table 1). This is congruent with our earlier
findings showing a reduction in CD11b on circulating cells in
Anx-A17'~ mice (Hannon et al., 2003).

BMDM® particle uptake both in vitro and in vivo

Uptake of rhodamine green X-labelled N. meningitidis,
FITC-labelled sheep red blood cells or FITC-zymosan over
time was quantified by measuring cellular fluorescence. Here,
Anx-AI"'"~ cells exhibited a reduced uptake of all particles;
in the case of opsonised sheep red blood cells for example,
this was already significant by 15min (Anx-41+/* 116+7
compared to 7645 in Anx-A1~'~ cells) and marked at 30 and
45 min (see Figure 1). In the case of N. meningitidis, there was a
noticeable difference at 5min (see Figure 1). Consistent with
previous data, the uptake of FITC-zymosan was significantly
attenuated at 10 min in the Anx-A1~'~ macrophages; with the
MFI values at 15min being 806+ 16 compared with 371 +21
for Anx-A1"'" and Anx-A17'~ cells, respectively (see Figure 1).

As this assay does not differentiate between cell attachment
and actual ingestion of zymosan particles per se, this point was
addressed by real-time confocal studies. FITC-zymosan
particles were added to BMDM¢ cultured on glass coverslips
and incubated together at 37°C. Zymosan uptake was
monitored by time-lapse microscopy over a 1 h period (a total
of 239 images were captured; one every 15s). Figure 2
illustrates that the Anx-417/~ BMDM¢ exhibited a reduced
particle cell interaction compared to Anx-A1+/* cells, result-
ing in decreased phagocytosis, with free particles still evident at
1h in the medium surrounding Anx-A1~/~ cells. By 30min,
Anx-A1*'* cells had ingested nearly double the amount of
zymosan particles compared to Anx-AI17'~ cells (see online
Supplementary video footage).

Finally, to establish whether this phenomenon was restricted
to in vitro assays, animals were injected into the peritoneal
cavity with FITC-zymosan (6.25 x 107 particles mouse™"),
allowing resident macrophages to interact with the fluorescent
particles for various periods while limiting the loss of cells by
migration out of the cavity. Animals were then killed and
peritoneal lavage fluids collected, fixed and the cellular
fluorescence was analysed by flow cytometry. Zymosan uptake
by Anx-AI1-'~ cells was markedly reduced at all times analysed
compared to Anx-A1*/* cells and this was noticeable already
by 2min (Anx-AI1"'+ 684+ 103 compared to 346+45 in the
Anx-AI17'~ mouse; see Figure 3).

British Journal of Pharmacology vol 148 (4)



472 S.Yona et al

Annexin 1 and phagocytosis

2007 —0— Anx-Al+/+ *
—O— Anx-At"
]
@
?
D L |
S 100
O
=
[
0_
I T T T T T 1
0 10 20 30 40 50 60
Time (min)
200
*
o *
i
i | *
8 < 100
[
[
O_
I T T T T T 1
0 10 20 30 40 50 60
Time (min)
3000 -
*
§ 2000
3
E T *
RS
O
=
[ 1000 *
*
0_
I T T T T T 1
0 10 20 30 40 50 60

Time (min)

Figure 1 Phagocytosis by Anx-A1"'" and Anx-A17/~ BMDM4¢.
Anx-AI7'~ macrophages exhibit a defect in particle uptake.
BMDM¢ from either Anx-AI*'" or Anx-AI1~'~ mice were tested
for their ability to phagocytose-specific particles. Cells (5 x 10°
per sample) were incubated with rhodamine green X-labelled
N. meningitidis, FITC-labelled opsonised sheep red blood cells
(SRBC) or zymosan (all at an MOI of 1 : 15). Samples were removed
at intervals of 10-60 min, fixed and analysed by flow cytometry. The
phagocytic ability of the Anx-417/~ BMDM¢ is significantly
attenuated in all cases when compared with Anx-A17/* cells. Data
are reported as the mean+s.e.m. of n =4 experiments performed in
triplicate, with #» =2 mice in each experiment. *P<0.05 vs respective
Anx-AI1""* value.

BMDM® cytokine production

As the majority of particles are internalised in both
Anx-A1"'* and Anx-AI7'~ cells by 6h, we adopted this as
an appropriate time point to assess cytokine production. When
incubated with zymosan particles, Anx-A1"'" BMDMg¢ cells
produced a typical time-dependent release of both TNF« and
IL-6 (Figure 4 and Tables 2 and 3). By 4h, incubation with
zymosan or LPS 10ngml™!, TNFu« production by Anx-417"~
cells was significantly increased compared to the Anx-A1*/'*
controls. IL-6 synthesis was also elevated throughout the
entire time course. Incubation with zymosan, N. meningitidis
or LPS 10ngml~' for 6 h (included for comparison purposes)
provoked a substantial increase in production of this cytokine
(Figure 4) and Anx-A17/~ cells released significantly more IL-6
than Anx-A1"/% cells and this was particularly evident in
response to N. meningitidis or LPS as measured throughout the
entire time course (Table 3).

Anx-Al localisation during phagocytosis

To investigate further these phagocytic defects, Anx-A1~'~
BMDM¢ were analysed using confocal imaging to visualise
actin and Anx-Al distribution. When FITC-zymosan particles
were incubated with BMDM¢, cells adhered to glass coverslips
for 5min, both actin and Anx-A1 staining were clearly visible in
the cytoplasm and the formation of the phagocytic cup was
observed (see Figure 5). This occurs when actin polymerises
forming microfilaments around the engulfed particle or
phagosome. Cytoskeletal structural arrangements appeared to
be similar in both genotypes, with an intense concentration of
cytoplasmic actin around the zymosan particle during the initial
stages of phagocytosis both in the presence and absence of Anx-
Al. Anx-Al cellular distribution mirrored that of actin during
the initial stages of phagocytosis. These data could suggest a
role for Anx-A1l during the early stages of phagocytosis.

Discussion

The experiments described here demonstrate that the lack
of Anx-Al is functionally related with a reduced rate of
phagocytosis. Interestingly, when these cells are activated,
cytokine release is exacerbated by the absence of this protein.

Researchers interested in the mechanisms and control of
phagocytosis have frequently speculated on the possible role of
the annexin family in these processes with some groups
focussing upon an external, and others on an internal role
for the protein. The earliest observations in the former
category were those of Becker & Grasso (1988) who reported
that dexamethasone induced the release of a protein which
suppressed phagocytosis of yeast particles from elicited murine
macrophages. On the basis of immunological crossreactivity, it
was surmised that this was related to lipocortin 1 (the former
name of Anx-Al).

Later studies in a different model system (apoptosis during
mammary regression) lead McKanna (1995) to speculate that
Anx-A1l had multiple roles in regulating the apoptotic event
and the ensuing removal of cells by macrophages and
suggested that the presence of this protein might be responsible
for the lack of inflammatory changes characteristically
observed during this response. The theme that Anx-Al may
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Figure 2 Anx-AI1~'~ BMDM¢ display a defect in FITC-zymosan uptake. BMDM¢ (5 x 10° per sample) were cultured on glass
coverslips mounted on a 37°C preheated microscope chamber with nonopsonised (FITC)-zymosan particles. Uptake of zymosan
particles was monitored by time-lapse microscopy over a 1 h period (239 images were captured, one every 15s). Zymosan particles,
clearly visible at Omin in both samples, have disappeared from the Anx-A1*/* cultures by 20 min but are still visible in the
Anx-AI~"~ preparations at 60 min (see Supplementary video footage). Arrow heads (B) depict zymosan cell interactions, whereas
arrows (—) highlight visible phagocytosed particles. These data demonstrate that zymosan phagocytosis is grossly impaired in the
Anx-A17'~ cells. The dimensions of the field represented by each individual frame are 103 x 103 um.
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Figure 3 Clearance of FITC-labelled zymosan particles in vivo by
Anx-AI1"'" and Anx-A17'~ mice, following intraperitoneal injec-
tion. In vivo uptake and clearance of (FITC)-zymosan by resident
macrophages in Anx-A1"/* and Anx-Al~/~ mice. Animals were
injected into the peritoneal cavity with 6.25 x 107 particles of
zymosan (in 0.5ml of saline) and then killed at intervals of 2—
20 min. The peritoneal cavity was lavaged, the cells were recovered,
fixed and subsequently analysed by flow cytometry. Zymosan
uptake by resident cells in Anx-41~/~ mice was markedly reduced
at all time points analysed when compared to the corresponding
Anx-AI1*"'* cells. Data shown are the mean+s.e.m. of n=23 mice
per group. *P<0.05 vs respective Anx-A1*/* value.

play an extracellular role in regulating phagocytosis has found
echoes in our own work as well as in the studies of other
groups predominantly interested in apoptotic cell clearance.
We have demonstrated that phagocytosis as well as a number
of other leukocyte functions (such as superoxide generation)
are suppressed by externally applied recombinant Anx-Al or
its mimetics (Getting et al., 1997; Goulding et al., 1998). Other
groups have postulated that the caspase-induced externalisa-
tion of this protein may be important for the efficient clearing
of apoptotic cells in some organisms such as Caenorhabditis
elegans (Arur et al., 2003) as well as in human macrophages
when phagocytosing apopototic T lymphocytes, although not
thymocytes (Fan et al., 2004).

In most cases, it has been suggested that Anx-Al acts
in this way through its ability to bind to phosphatidylserine

(PS), which is enriched on the cell surface during apoptotosis.
However, Maderna et al. (2005) found that the Anx-Al
N-terminal peptide alone (which does not bind to PS)
stimulated phagocytosis of apopototic PMN by human
macrophages through a mechanism involving peptide
binding to a member of the formyl peptide receptor (FPR)
family, and that the initiation of apoptosis by dexamethasone
was triggered by the release of immunoreactive Anx-Al.
Furthermore (and congruent with our own findings here),
BMDM¢ from Anx-A1~/~ mice exhibited a greatly reduced
capacity to phagocytose PMN when compared to their
wild-type counterparts.

In the present study, confocal and flow cytometry analysis
clearly demonstrate that the Anx-A1"'~ cells exhibit reduced
phagocytosis when bacteria and fungal particles are used as
targets and that this is not related to an obvious cytoskeletal
defect. Interestingly, we observed the Anx-Al recruitment and
colocalisation with polymerised actin around the phagocytic
cup within a few minutes of particle ingestion in Anx-A1*'*
cells. These data are in agreement with the published literature;
many annexins have been shown to translocate to the surface
of phagosomes during phagocytosis in cell lines (Ernst, 1991;
Harricane et al., 1996; Collins et al., 1997; Diakonova et al.,
1997; Larsson et al., 1997; Sjolin et al., 1997; Majeed et al.,
1998; Pittis & Garcia, 1999; Kusumawati et al., 2000; 2001).
Interestingly, Anx-Al location varies with the nature of the
phagocytic target. In J774 macrophages, phagocytosis of latex
beads triggered Anx-Al association with phagosomes and
early endosomes (as well as with the plasma membrane, with
F-actin at the site of membrane protrusions) but Anx-A4
seemed to be more associated with older phagosomes and
Anx-AS5 on late endocytic organelles. When Brucella suis was
used as a phagocytic target in this cell line, targeting of Anx-
Al to the phagosome was not seen when Anx-Al is mutated
from Ser?” to Glu into the cells implying that phosphorylation
at this residue is important in controlling this association
(Kusumawati et al., 2000; 2001). In U937 cells, Anx-Al
translocated to phagosomes containing dead, but not live
B. suis organisms (Harricane et al., 1996).

It is tempting to speculate that the association of members
of the annexin family with subcellular organelles such as

British Journal of Pharmacology vol 148 (4)



474

S.Yona et al Annexin 1 and phagocytosis

*

a 200 - 400
El Anx-AHY ——
1 Anx-A1" 300+ —
3T T
L E 100 3 € 200
zZ 5 =
Fe e
- N
0- 0-
b 50 40000 - *
- -
407 30000 -
—~ 30 -
37 =
= © E 20000+
P4 20 =
g e
10 10000 -
0- 0- -
c 40- 40000 N
* —_—T
304 30000 |
37 T
w g © |
€ 204 - € 20000
Fg -2
= ~ 10000
0_
0_

Figure 4 Release of TNFo and IL-6 from Anx-A1*'" and Anx-A1~'~ BMDM¢ in response to different stimuli. Left-hand panels:
TNFo release from adherent BMDM¢ (5 x 10°) prepared from Anx-A1"'"or Anx-A1~/~ mice incubated for 6 h with either (a)
zymosan (MOI 1:50), (b) N. meningitidis (MOI 1 : 50) or (¢) LPS (10ng ml™"). At the end of the incubation period, cell-free medium
was collected and TNFa assayed. Compared to Anx-A1*/" cells, Anx-A1~/~ generation of TNFa was significantly augmented
during activation by each stimulus. Data are reported as TNFa concentrations in pgml~' and are expressed as mean+s.e.m. from
n =13 experiments performed in triplicate. * P <0.05 vs respective Anx-A1*/* values. Right-hand panels: IL-6 release from adherent
macrophages (5 x 10%) prepared from Anx-A1"'"or Anx-AI1~/~ mice incubated for 6 h with either (a) zymosan (MOI 1:50), (b) N.
meningitidis (MOI 1:50) or (c) LPS (10ngml~"). At the end of the incubation period, cell-free medium was collected and IL-6
assayed. Data are reported as IL-6 concentrations in pgml~' and are expressed as mean +s.e.m. from n =3 experiments performed
in triplicate. *P<0.05 vs respective Anx-A1*'* values.

Table 2 TNFu release from BMDM¢ in response to different stimuli

No stimulus Zymosan Neisseria LPS
Time (h) Anx-A1""" Anx-Al""~ Anx-AI1"* Anx-Al7"~ Anx-AI1""* Anx-A17'"~ Anx-A1"" Anx-Al""~
2 9.0+1.0 8.31+0.3 33+1.7 47.0+11.0* 57.0+3.0 29.04+0.3* 29.0+0.3 42.04+3.0*
4 8.3+9.0 9.0+0.0 48.0+1.0 103.0+2.0%* 33.0+2.0 36.0+2.0 16.0+4.0 26.3+3.0
24 8.3+0.3 8.3+0.3 8.3+2.0 8.3+0.3 8.3+0.3 8.3+0.3 8.3+0.3 8.3+0.3

Adherent macrophages (0.5 x 10°) prepared from Anx-A1"'" or Anx-AI~'~ mice incubated for the reported times either alone (vehicle
only), with zymosan, N. meningitidis or LPS (10ngml™"). At the end of the incubation period, cell-free medium was collected and assayed
for TNFu levels (detection limit 8.3 pgml~'). Data reported are TNFa concentrations in pgml~', and are expressed as mean +s.e.m. from
n =13 experiments performed in duplicate. *P<0.05 vs respective Anx-A1"'" values.

Table 3 1L-6 release from BMDM¢ in response to different stimuli

No stimulus Zymosan Neisseria LPS
Time (h)  Anx-AI*'"  Anx-Al"/ Anx-A1""" Anx-AI" Anx-A1"* Anx-Al"! Anx-A1""" Anx-AI"'
2 213+6 222+6 230+ 12 230+8 243+3 270+17 250+5 306+ 14*
4 220+3 216+8 236+3 246+3 1250+ 51 3270+303* 1350+ 145 2867 + 142*
24 226+3 226+3 252+ 10 396+ 28 38,620+2895  43,427+3312  33,620+3017 32,383+ 1158

Adherent macrophages (0.5 x 10°) prepared from Anx-A1"'* or Anx-AI~'~ mice were incubated for the reported times either alone
(vehicle only), with zymosan, N. meningitidis or LPS (10 ngml~"). At the end of the incubation period, cell-free medium was collected and
assayed for IL-6 levels. Data reported are IL-6 concentrations in pgml~', and are expressed as mean+s.e.m. from n=3 experiments
performed in duplicate. * P<0.05 vs respective Anx-A1"'" values.
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Figure 5 Anx-Al and actin localisation at 5 min following zymosan phagocytosis in BMDM¢. BMDM¢ of both genotypes were
incubated with FITC-zymosan (green) particles for 5min prior to the cells being fixed and permeabilised. Cells were subsequently
stained for Anx-Al (blue) and actin (red). In the Anx-A1"/" cells, the actin cytoskeleton is clearly visible, sometimes in association
with a dense network of Anx-Al. An actin cup formation may also be observed forming around the particle and this was associated
with heavy Anx-Al staining. In the Anx-417'~ cells, no difference was observed in the formation of the actin cup, visible in both
Anx-AI1"'" and Anx-AI"'", yet only residual non-specific staining for Anx-Al is observed in these cells. Images are representative
of 10 similar images. Each individual frame represents an area of 41 x 41 ym.

phagosomes is simply mediated through their ability to bind to
membranes in a calcium-dependent fashion, but the totality of
the published data taken together suggests that this is not the
case. The fact that there are clear differences in the distribution
of the family depending upon the nature of the stimulus, and
whether it is viable or killed, suggests that these proteins
subserve a more subtle role, perhaps as regulators of the initial
signalling process that follows the interaction of the organism
with the phagocytic cell itself. In the case of Anx-Al, this role
is seemingly dependent upon an intact Ser” residue, located in
the unique N-terminal region of the molecule and not in the
core domain containing the calcium-binding motifs, providing
further evidence for specificity of action.

Data from our flow cytometry analysis performed in
this study is worthy for discussion. Both Anx-A71"'* and
Anx-A17"~ cells displayed similar levels of membrane FcRyIl/
IIT and F4/80 proteins. However, CDI11lb expression is
markedly reduced (~25%) in the Anx-A717'~ cells compared
to Anx-AI1*'" cells, this a-subunit of the f,-integrin family
may be responsible for the integrity of membrane protrusions
around the loosely attached particles to facilitate their
ingestion into the phagosome. It is not known how intracel-
lular Anx-Al regulates CD11b gene expression, or whether
this is a direct effect or through post-transcriptional events.
However, glucocorticoids are known to reduce CDI1b
expression on circulating and resident granulocytes and
monocytes (Burton et al., 1995; Das et al., 1997; Lim et al.,
2000), in a cycloheximide-sensitive manner (Filep et al., 1997).

Finally, the enhanced cytokine release of TNF« and IL-6
seen here by Anx-A1"'" cells following incubation with either
zymosan, N. meningitidis or LPS is congruent with previous
studies during acute and chronic inflammation (Hannon e al.,
2003; Yang et al., 2004). Several other studies have illustrated
during the acute inflammatory response recombinant Anx-Al
or its mimetic to be potent inhibitors of cytokine synthesis
(Sudlow et al., 1996). This phenomenon was also observed
during zymosan peritonitis in the Anx-41~'~ mouse, with a
significantly amplified synthesis of proinflammatory cytokines

resulting in an amplified influx of neutrophils (Hannon et al.,
2003). This suggests that although phagocytic dynamics are
grossly impaired in these cells, downstream signalling is, if
anything, considerably augmented. Interestingly, cytochalasin
D, which inhibits actin polymerisation and therefore phago-
cytosis, does not inhibit the release of TNFa, demonstrating
that the process of particle ingestion is separate from the signal
transduction steps leading to enhanced cytokine synthesis and
release (Brown et al., 2003). The exact mechanism by which the
lack of Anx-A1 results in this enhanced cytokine production is
not completely understood but a likely explanation emerging
from recent studies is the absence of an important negative
feedback loop, autocrine stimulation by Anx-Al of the FPR
receptor family in these cells. Although the intracellular
signalling pathways have yet to be completely elucidated,
substantial experimental evidence now supports the involve-
ment of this receptor family in the transduction of signals from
extracellular Anx-A1l (Perretti et al., 2001; Gavins et al., 2003;
Ernst et al., 2004; Hayhoe et al., 2006). Lipoxin A4, another
ligand that acts through members of the same receptor family
(FPRL1; ALXR) or its stable analogues, has been shown
to inhibit the production of IL-1§ in rat mesangial cells
(Wu et al., 2005) and human PMN (Hachicha et al., 1999;
Pouliot & Serhan, 1999) by TNFu« stimulation and enhances
the production of anti-inflammatory TGF-f in inflammatory
exudates (Bannenberg et al., 2005). Lipoxin agonists at the
same receptor also inhibit IL-1f-induced release of IL-6, and
IL-8 from human synovial fibroblasts (Sodin-Semrl et al.,
2000) and block Salmonella typhimurium induced in IL-8 from
intestinal epithelial cells without effecting the adherence or
phagocytosis of the organism (Gewirtz et al., 1998). It
therefore seems probable that the same situation obtains in
our experimental system here in that the absence of Anx-Al
leads to an increased release of cytokines.

It is possible that future work might reconcile the function
of nuclear Anx-A1l localisation with a function on nuclear gene
transcription such as been suggested by Wang ez al. (2004), but
in any case the augmented production of several inflammatory
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cytokines is a common feature in Anx-A1~'~ cells and this has
been associated with a reduction of the inhibitory effects of
glucocorticoids and the abnormally activated signal transduc-
tion pathways (Wu et al., 1995; Croxtall et al., 2003).
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