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Bacillus anthracis is surrounded by a capsular polypeptide composed of poly-y-p-glutamic acid (PGA).
This antiphagocytic capsule is an essential virulence factor and is shed into body fluids during a murine
model of pulmonary anthrax. Our previous studies of a murine model for antigen clearance showed that
purified PGA accumulates in the liver and spleen, most notably in splenic macrophages and the Kupffer
cells and sinusoidal endothelial cells of the liver. Although the tissue and cellular depots have been
identified, there is little known about the uptake and intracellular fate of PGA. As a consequence, we
examined the cellular uptake and organelle localization of PGA in the murine macrophage-like cell line
J774.2. We found that PGA binds to and is internalized by J774.2 cells and accumulates in CD71
transferrin receptor-positive endosomes. The receptor-mediated endocytosis inhibitors amantadine and
phenylarsine oxide inhibited the binding and uptake of PGA in these cells. Cytochalasin D and vinblastine,
actin and microtubule inhibitors, respectively, failed to completely inhibit binding and uptake. Finally, we
found that PGA is degraded in J774.2 cells starting 4 h after uptake, with continued degradation occurring
for at least 24 h. This degradation of PGA may explain the rapid clearance of PGA that is observed in vivo

compared to the slow clearance noted with capsular polysaccharides.

Bacillus anthracis, the causative agent of anthrax, is sur-
rounded by an antiphagocytic capsule that is an essential vir-
ulence factor (7, 13, 32). The capsule is unusual because it is
composed of poly-y-p-glutamic acid (PGA) (12); encapsulated
bacteria are typically surrounded by a polysaccharide capsule.
PGA is shed into body fluids in high concentrations during a
murine model of pulmonary anthrax (15). However, our pre-
vious studies also found that purified PGA is rapidly cleared
from the blood (24 h) in mice (28). This rapid clearance con-
trasts with the much slower in vivo clearance of capsular poly-
saccharides which remain in the blood for several days (11, 28).
PGA is also rapidly cleared from tissues, with the complete
clearance of measurable antigen after 21 days, and excreted
into the urine as fragments of heterogeneous size (28). In
contrast, Kaplan et al. found that pneumococcal polysaccha-
ride remains in murine tissues up to 75 days (14).

Previous studies of a murine model of antigen clearance
showed that purified PGA accumulates in the liver, specifically
in the Kupffer cells and the sinusoidal endothelial cells (28),
with smaller amounts of PGA in the splenic macrophages.
However, the intracellular location and kinetics for the uptake
of PGA by host cells are not known. Macrophages ingest par-
ticles and macromolecules via several different pathways, in-
cluding phagocytosis, pinocytosis, and receptor-mediated en-
docytosis (5). Although each of these pathways may be unique
to the object being endocytosed, once inside, the general traf-
ficking pathways are similar. Typically, molecules are endocy-
tosed and taken from early endosomes to late endosomes and

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology/320, University of Nevada School of Medicine,
Reno, NV 89557. Phone: (775) 784-4124. Fax: (775) 327-2332. E-mail:
tkozel@medicine.nevada.edu.

¥ Published ahead of print on 10 November 2008.

532

onto the lysosome for degradation (22). Although most mole-
cules follow this pathway, some proteins, including transferrin,
are recycled back to the plasma membrane via the recycling
endosomal pathway (1). In addition, some proteins, such as
cholera toxin, undergo retrograde transport from the early
endosomes, back to the trans-Golgi network (25, 26).

In an attempt to better understand the intracellular traffick-
ing of PGA, we examined the kinetics for uptake and the
intracellular location of PGA in the macrophage-like cell line
J774.2. In addition, microtubule, actin, and receptor-mediated
endocytosis inhibitors were used to examine the potential
mechanisms for PGA binding and uptake. Glucuronoxyloman-
nan (GXM), the capsular polysaccharide from Cryptococcus
neoformans, was used as a model for comparison of the uptake
of polypeptide versus polysaccharide capsular antigens. Our
results show that PGA is taken up and trafficked through the
recycling endosomes; such transport can be blocked by inhib-
itors of receptor-mediated endocytosis.

MATERIALS AND METHODS

Cell lines and reagents. The murine macrophage-like cell line J774.2
(Sigma, St. Louis, MO) was used for all studies. Cells were maintained in
either Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum and 100 pg/ml of kanamycin (Mediatech, Herndon, VA) or RPMI with
15% fetal bovine serum in T-75 culture flasks at 37°C with 5% CO,. The cells
were used between 10 and 25 passages. PGA from B. anthracis Pasteur was
isolated as previously described (28). Anti-PGA monoclonal antibodies
(MAbs) were generated as previously described (15). GXM, the major cap-
sular polysaccharide of C. neoformans, was isolated as previously described
(3). MAb 3C2 was used for the staining of GXM. MAbs were fluorescently
labeled with Alexa Fluor 488 or 555 (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. MAbs were also labeled with horseradish
peroxidase according to the manufacturer’s instructions using the EZ-Link
Plus activated peroxidase kit (Pierce, Rockford, IL).

Kinetics for PGA internalization. J774.2 cells were seeded at 2.0 X 10° cells/
well on 8-well chamber slides (Nalge; Nunc, Naperville, IL) and grown overnight
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FIG. 1. Kinetics of the uptake of PGA by J774.2 cells. J774.2 cells were incubated for 15 min with PGA (100 pg/300 pl), washed, and further
incubated for the indicated times. Exterior PGA was labeled with Alexa 555-labeled F24F2 (red), and interior PGA was labeled with Alexa
488-labeled F26G3 (green). The results are representative of five experiments with similar results.

at 37°C with 5% CO,. The cells were washed once with phosphate-buffered saline
(PBS) to remove nonadherent cells and incubated with PGA (100 pg/300 wl) for
15 min at room temperature to allow for initial binding. The cells were washed
three times with PBS to remove the unbound PGA and were further incubated
from 15 min to 24 h at 37°C to allow for the internalization of bound PGA. The
cells were then fixed with 2% paraformaldehyde in PBS for 10 min on ice
followed by three washes with PBS. To examine the time course for internaliza-
tion, fixed cells were blocked with 1% bovine serum albumin (BSA) in PBS for
30 min, and the exterior PGA was stained by incubation for 30 min with Alexa
Fluor 555 MAb F24F2 (5 pg/ml 1% BSA in PBS [blocking buffer]). The cells
were then permeabilized for 30 min at room temperature with 0.1% saponin,
washed, and incubated for 30 min with blocking buffer. The interior PGA was
then stained by incubation for 30 min with Alexa Fluor 488-labeled MAb F26G3
(5 pg/ml blocking buffer). The cells were washed three times with PBS, cover-
slipped using Aquamount, and dried overnight. Images were obtained with a
Nikon Eclipse E800 microscope fitted with a Nikon C1 confocal system. The
images were cropped using Simple PCI 5.1 (Compix, Inc., Sewickley, PA).

Organelle localization. The cells were seeded on eight-well chamber slides as
described above, washed, and incubated with PGA for the times indicated in Fig.
2. For the identification of the Golgi apparatus, the cells were incubated for 30
min at 37°C with Alexa Fluor 555-labeled cholera toxin subunit B (5 pg/ml
culture medium) (Invitrogen, Carlsbad, CA) to allow for trafficking to the or-
ganelle. The cells were fixed with 2% paraformaldehyde in PBS for 10 min on ice
followed by washing with PBS. The cells were then permeabilized and blocked as
described above. For all organelle localization studies, exterior-bound PGA was
blocked by incubating the cells for 30 min with unlabeled MAb F24F2 (5 g/ml)
prior to permeabilization. The lysosome was labeled by incubation for 30 min
with LAMP-1 antibody (5 pug/ml) (Abcam, Cambridge, MA) followed by Alexa
Fluor 555-labeled goat anti-rat immunoglobulin G (IgG) (1:400) (Invitrogen,
Carlsbad, CA). The recycling and early endosomes were labeled with anti-CD71
(1:800) (Santa Cruz Biotechnology, Santa Cruz, CA) followed by Alexa Fluor
488 or 555-labeled goat anti-rat IgG (1:400).

Treatment with inhibitors. Amantadine, phenylarsine oxide, cytochalasin D,
and vinblastine were purchased from Sigma (St. Louis, MO). Amantadine and
vinblastine were dissolved in sterile water; phenylarsine oxide and cytochalasin D
were dissolved in dimethyl sulfoxide. The working concentrations for each in-
hibitor were as follows: amantadine, 0.1, 0.5, and 1 mg/ml; phenylarsine oxide, 0.1
and 0.5 pg/ml; cytochalasin D, 0.1, 0.5, and 5 pM; and vinblastine, 1, 5, and 50
M. All inhibitors were diluted in warm Dulbecco’s modified Eagle’s medium,
and the cells were pretreated with inhibitors for 30 min at 37°C. After the
pretreatment, PGA (100 pg/300 pl), GXM (50 pg/ml), or Alexa Fluor 555-
labeled transferrin (5 pl/300 pl medium) was added, and the cells were incubated
with PGA or transferrin for 1 h or GXM for 2 h at 37°C. The cells were fixed with
2% paraformaldehyde for 10 min at 4°C, washed, and blocked with 1% BSA in
PBS. The cells were then labeled as described above with Alexa Fluor 555-
labeled MAb F24F2 (exterior PGA) or Alexa Fluor 555-labeled MAb 3C2 (5
wg/ml) (exterior GXM) and Alexa Fluor 488-labeled MAb F26G3 (interior
PGA) or Alexa Fluor 488-labeled MAb 3C2 (5 pg/ml) (interior GXM). Trans-
ferrin alone (5 wl/300 pwl medium), GXM alone (50 wg/ml), or PGA alone (100
1.g/300 pl) was used as a control in all experiments. The cells were examined for
viability over a range of inhibitor concentrations using trypan blue; the cells were
found to be more than 80% viable at all working concentrations of inhibitors.

Molecular sieve chromatography. A Superdex 200 molecular sieve (GE
Healthcare, Piscataway, NJ) with a running buffer of PBS-Tween 20 (0.05%) was
used to compare the molecular sizes of native PGA and PGA from macrophage
cell lysates. J774.2 cells (2.0 X 10°) were incubated with PGA (100 ng/300 l) for
30 min, 1 h, 2 h, 4 h, 8 h, and 24 h. The cells were then lysed using 1% Tween
20 in sterile water and cleared by centrifugation for 10 min at 5,000 rpm. The
concentrations of PGA in the supernatant fluids from the cell lysates were
determined by antigen capture enzyme-linked immunosorbent assay (ELISA) in
comparison to a standard of purified, native PGA. The column was loaded with
50 ng of PGA diluted in 500 pl of running buffer. The relative amount of PGA
in the fractions was determined by ELISA, with the results reported as the
optical density at 450 nm (ODy,s,) for each fraction.

RESULTS

Internalization of PGA by J774.2 cells. Previous studies in
our laboratory found that intravenously injected PGA is taken
up by macrophages in the liver and spleen. To assess PGA-
macrophage interactions further, we examined the kinetics for
the uptake of PGA by J774.2 cells, a murine macrophage-like
cell line. Exterior and interior PGA was identified over the
indicated time course by the use of fluorescently labeled MAbs
to PGA (Fig. 1). Although a portion of the PGA is internalized
at all time points shown, a detectable amount of PGA re-
mained bound to the exterior of the cell as far out as 8 h;
however, PGA was completely internalized after 24 h (Fig. 1).

Organelle localization. Once PGA internalization was veri-
fied, we examined PGA distribution to organelles as a function
of time. PGA localized to CD71 transferrin receptor-positive
recycling endosomes at all time points tested (Fig. 2). PGA
also localized to early endosomal antigen 1 (EEA-1)-positive
endosomes (data not shown). While a majority of the PGA
localized to the recycling endosomes, a small portion also lo-
calized to the lysosome at incubation times that ranged from 30
min to 8 h (Fig. 3 and data not shown). Figure 3 shows a
representative time point of 1 h of incubation with PGA. PGA
did not localize to the Golgi apparatus (Fig. 3).

Inhibition studies. We used several inhibitors to examine
how PGA is taken up by J774.2 cells. Amantadine and phenyl-
arsine are inhibitors of receptor-mediated endocytosis (9, 18).
Both amantadine and phenylarsine oxide inhibited PGA bind-
ing and uptake at 0.5 mg/ml and 0.5 pg/ml, respectively (Fig.
4). As a positive control, amantadine (1 mg/ml) and phenylars-
ine oxide (0.5 pg/ml) blocked the uptake of transferrin, an iron
transporter found in recycling endosomes (Fig. 4). The actin
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FIG. 2. Organelle localization of PGA in J774.2 cells. Cells were incubated with PGA for the indicated time points. Exterior bound PGA was
blocked using unlabeled anti-PGA MAD. Cells were permeabilized and labeled for CD71-positive endosomes (green) and PGA (red). CD71 was
labeled with rat anti-CD71 followed by Alexa Fluor 488-labeled goat anti-rat IgG. PGA was stained with Alexa Fluor 555-labeled MAb F24F2.
The bottom row shows the colocalization of PGA to CD71-positive endosomes (yellow). The results are representative of five experiments with

similar results.

inhibitor cytochalasin D produced considerable but incomplete
inhibition of PGA binding and internalization at 0.5 uM (Fig.
5). Vinblastine, an inhibitor of microtubule assembly, failed to
inhibit PGA binding and internalization at 1, 5, and 50 puM
concentrations (Fig. 5 and data not shown). In contrast, the
binding of the capsular polysaccharide GXM was inhibited by
both vinblastine and cytochalasin D (Fig. 5), a result that is in
agreement with previous studies reported by Chang et al. (2).

PGA Organelle Merge

Golgi

Lysosome

FIG. 3. Lysosome and Golgi apparatus localization in J774.2 cells.
Cells were incubated for 1 h with PGA. PGA bound to the cell exterior
was blocked by incubation with unlabeled anti-PGA MAb. The Golgi
apparatus was localized by coincubation with Alexa Fluor 555-labeled
cholera toxin subunit B (top panel, red). The cells were fixed and
permeabilized, and the lysosomes were stained with rat LAMP-1 and
Alexa Fluor 555-labeled goat anti-rat IgG (bottom panel, red). PGA in
the cell interior was stained with Alexa Fluor 488-labeled F26G3
(green). The results are representative of three experiments with sim-
ilar results.

Transferrin uptake was not blocked by either vinblastine or
cytochalasin D (data not shown).

Degradation of PGA in macrophages. In previous studies,
PGA was present in mouse urine as a heterogeneous mixture
of low-molecular-weight fragments in comparison to native
PGA (28). As a consequence, we wanted to examine macro-
phages as a possible source of PGA degradation. J774.2 cells
were incubated with PGA for 0.5, 1, 2, 4, 8, and 24 h and lysed,
and the relative molecular size of the PGA was evaluated by
molecular sieve chromatography. Little or no PGA degrada-
tion was noted after 30 min, 1 h, and 2 h of incubation in
comparison to a native PGA standard (Fig. 6). Degradation
was observed after 4 h of incubation, and further degradation
was noted after 8 and 24 h of incubation (Fig. 6). No degra-
dation was noted if PGA was incubated for 30 min to 24 h with
2% paraformaldehyde-fixed cells (data not shown).

DISCUSSION

Bacillus anthracis is surrounded by an antiphagocytic capsule
which is unique from other bacterial capsules in both compo-
sition and pharmacokinetics for in vivo clearance. While pre-
vious studies showed that the capsular material from B. an-
thracis can accumulate in resident macrophages in the liver and
spleen (28), these studies did not address the details of PGA-
macrophage interactions. To address this issue, we used a
macrophage-like cell line, J774.2, to identify the course of
uptake, the mechanisms utilized for uptake, and the intracel-
lular fate of the capsular antigen. We found that PGA is taken
up by J774.2 cells, localizes to CD71-positive endosomes
throughout the time course tested, and shows signs of degra-
dation after 4 h of incubation. These findings are somewhat
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FIG. 4. Effects of inhibitors of receptor-mediated endocytosis on PGA binding and internalization by J774.2 cells. Cells were pretreated
with inhibitors for 30 min at 37°C, and PGA (100 pg/well) or Alexa Fluor 555-labeled transferrin (5 pg/ml) was added and incubated for
1 h at 37°C. PGA bound to the cell surface was stained with Alexa Fluor 555-labeled MAb F24F2 (red), and interior PGA was stained with
Alexa Fluor 488-labeled F26G3 MAD (green). The top panels show the effects of inhibitors on binding and uptake of PGA; the lower panels
show the effects of inhibitors on the binding and uptake of transferrin. The results are representative of three experiments. PAO,

phenylarsine oxide.

unexpected because the majority of the PGA did not go to the
lysosome for degradation. Following endocytosis, molecules
are typically found in the early endosomes and then travel from
the late endosomes to lysosomes (22). In addition to the tra-
ditional degradation pathway to the lysosome, several mole-
cules and receptors such as the transferrin receptor and the
low-density lipoprotein (LDL) receptors are trafficked back to
the plasma membrane via the recycling early endosomes (6,
19). Although transferrin remains attached to its receptor
while being trafficked through the recycling endosomes, LDL
dissociates from its receptor in response to the acidification of
the endosomes following endocytosis (6, 22).

Early endosomes, late endosomes, and lysosomes each have
a distinct pH which allows for the dissociation of ligands from
receptors, as well as the degradation of endocytosed molecules.
Early endosomes have a pH of 6; late endosomes have a pH of
5 to 6; recycling endosomes have a pH of 6.4; and lysosomes
have a more acidic pH of 5 (22, 29, 33). Lysosomes also have
a high concentration of degradative enzymes; this is in contrast
with early endosomes, which do not contain degradative en-
zymes (17). The degradation curves in Fig. 6 show that at the
time points after 4 h, there are two distinct groups of PGA, one
corresponding to PGA that elutes from the column at the void
volume and one group that corresponds with PGA showing
considerable degradation by elution from the column at later
fractions. PGA present at the void volume fraction may be

PGA that traffics through the recycling early endosomes where
there are fewer degradative enzymes, whereas the low-molec-
ular-weight PGA may be PGA that trafficked through the
lysosomal degradation pathway.

We found that the degradation of PGA by J774.2 cells was
apparent after 4 h of incubation and continued through 24 h of
incubation. A caveat is that one of the obstacles to measuring
smaller fragments of PGA by ELISA lies in constraints of the
antigen capture ELISA. When a 25-mer synthetic polypeptide
was used, the sensitivity of the assay was greatly reduced in
comparison to that of the native PGA assay (28). Therefore,
the sensitivity of the ELISA decreases with smaller molecular
size. As a consequence, our results give us insight as to when
PGA degradation occurs, but it is difficult to assess the true
amount of PGA recovered from the cell lysates.

There has been little work done examining the intracellular
fate of T-cell-independent capsular antigen from encapsulated
pathogens. Studies done by Kaplan et al. (14), Goldman et al.
(10), and Grinsell et al. (11) described the trafficking of cap-
sular polysaccharides to tissues, urine, and serum in vivo but
did not examine the intracellular fate. Chang et al. described
the binding and kinetics of the uptake of GXM, the capsular
material from C. neoformans, by peritoneal macrophages from
BALB/c mice (2). They found that GXM begins to be inter-
nalized after about 15 min, which is slightly slower than the
internalization of PGA in J774.2 cells (2). Although the initial
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FIG. 5. Effects of cytoskeletal inhibitors on PGA binding and uptake. J774.2 cells were preincubated for 30 min with either cytochalasin
D (Cyto D), an actin inhibitor, or vinblastine (Vin), a microtubule inhibitor. In the top panels, PGA was added and incubated for 1 h.
Exterior PGA was stained with Alexa Fluor 555-labeled MAb F24F2 (red), and interior PGA was stained with Alexa Fluor 488-labeled MAb
F26G3 (green). In the bottom panels, GXM was added to the cells and incubated for 2 h. Exterior GXM was stained with Alexa Fluor
555-labeled MAb 3C2 (red), and interior GXM was stained with Alexa Fluor 488-labeled MAb 3C2. The results are representative of three

independent experiments.

uptake was slower, both studies noted that the interior and
exterior antigen distributions were similar after 1 h of incuba-
tion (2). Although Chang et al. did not evaluate time points
beyond 4 h, the general trends of the capsular uptake appeared
to be similar for GXM and PGA, with PGA uptake occurring
more rapidly (2).

Cobb et al. studied the capsular polysaccharides from
Bacteroides fragilis (4). These studies found that zwitterionic
polysaccharides, while contrasting with PGA in being T-cell-
dependent antigens, are internalized in antigen-presenting
cells in as little as 30 min. Internalization continued to 6 h,
which coincides with the results we obtained for PGA up-
take (4). Further study found that zwitterionic polysaccha-
ride from B. fragilis localized to LAMP-1-positive lysosomes,
and treatment with cytochalasin D reduced the uptake of
capsular antigen (4).

Inhibitors are useful tools for examining the mechanisms of
antigen uptake by macrophages. One of the major pathways
that macrophages use to take up foreign particles and nutrients

involves receptor-mediated endocytosis. Amantadine and phe-
nylarsine oxide effectively block the receptor-mediated uptake
of antigen by a variety of cell lines (9, 23, 27). Both amantadine
and phenylarsine oxide blocked the binding and uptake of
PGA in J774.2 cells. These findings highlight receptor-medi-
ated pathways as one of the main mechanisms for the uptake
of B. anthracis capsular antigen.

Cytochalasin D and vinblastine are classic cytoskeletal
inhibitors used to study uptake pathways. Actin can play a
critical role in receptor-mediated endocytosis (8, 16). As a
consequence, we treated J774.2 cells with cytochalasin D, an
inhibitor which caps actin filaments, thereby preventing as-
sembly (24). The binding and uptake of PGA were partially
inhibited at higher concentrations of cytochalasin D (2).
This result is similar to that of previous studies with cryp-
tococcal GXM; however, there was a complete blockade in
the case of GXM (2). Microtubules also contribute to
phagocytosis (20); therefore, we treated cells with vinblas-
tine, a microtubule inhibitor. PGA was not inhibited by
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FIG. 6. Degradation of PGA by J774.2 cells. J774.2 cells were in-
cubated with PGA for the indicated time points. The cells were then
lysed with 1% Tween 20 in water and centrifuged at 5,000 rpm for 10
min, and the PGA concentration in the supernatant fluids from the
lysates was determined via antigen capture ELISA. PGA (50 ng) was
run over a Superdex 200 molecular sieve column and the relative
amount of PGA in each fraction is reported as the OD,5, from an
ELISA done with each fraction. V, is the fraction at which the void
volume elutes from the column. The OD,s, on the y axis gives the
relative concentration of detectable PGA and the fraction shows the
relative molecular size. The data shown are from one of three separate
experiments with similar results.

vinblastine at any of the concentrations examined. This re-
sult contrasts with the complete blockade of the binding and
uptake of GXM by macrophages (Fig. 5) (2).

Our previous study of the in vivo pharmacokinetics for the
clearance of PGA found that PGA accumulates in sinusoidal
endothelial cells of the liver and macrophages in the liver and
spleen (28). Our studies were limited to the uptake and pro-
cessing of PGA by the macrophage cell line J774.2. The J774.2
cell line was used as a representative macrophage for the study
of PGA uptake and processing. We cannot exclude the possi-
bility that processing by sinusoidal endothelial cells may take a
different course. Our studies found that PGA is both taken up
and degraded by macrophages. Notably, the degradation of
PGA by J774.2 macrophages is consistent with the degradation
of PGA found in vivo (28). As a consequence, our results are
relevant to the in vivo processing of PGA. However, further
work is needed to compare the macrophage accumulation and
clearance of PGA to the accumulation and processing of PGA
by sinusoidal endothelial cells. Although PGA is a T-indepen-
dent type 2 antigen (31), rapid degradation is not a feature that
is commonly associated with this type of antigen (21). Finally,
the degradation of PGA by macrophages in vivo may account
for our previous finding that PGA is shed into urine (28). This
latter finding will likely prove important in the event that an
immunoassay for PGA proves useful in the diagnosis of an-
thrax (15).
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