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The signaling pathways that lead to the localization of cellular
protein to the area of interaction between T cell and antigen-
presenting cell and the mechanism by which these molecules are
further sorted to the peripheral supramolecular activation cluster
or central supramolecular activation cluster regions of the immu-
nologic synapse are poorly understood. In this study, we investi-
gated the functional involvement of CD28 costimulation in the T
cell receptor (TCR)-mediated immunologic synapse formation with
respect to protein kinase C (PKC)0 localization. We showed that
CD3 crosslinking alone was sufficient to induce PKCO capping in
naive CD4* T cells. Studies with pharmacologic inhibitors and
knockout mice showed that the TCR-derived signaling that drives
PKCO membrane translocation requires the Src family kinase, Lck,
but not Fyn. In addition, a time course study of the persistence of
T cell molecules to the immunologic synapse indicated that PKC6,
unlike TCR, persisted in the synapse for at least 4 h, a time that is
sufficient for commitment of a T cell to cell division. Finally, by
using TCR-transgenic T cells from either wild-type or CD28-
deficient mice, we showed that CD28 expression was required for
the formation of the mature immunologic synapse, because anti-
gen stimulation of CD28~ T cells led to a diffuse pattern of
localization of PKC6 and lymphocyte function-associated antigen-1
in the immunologic synapse, in contrast to the central supramo-
lecular activation cluster localization of PKCO in CD28* T cells.

T cell activation involves a complex series of molecular
interactions between T cells and antigen-presenting cells that
include ligand/receptor pairs such as antigen-MHC/T cell re-
ceptor, B7/CD28 and intercellular adhesion molecule/
lymphocyte function-associated antigen-1 (ICAM/LFA-1). Ef-
fective signaling through these and other ligand/receptor pairs
requires a stable coupling of T cell and antigen-presenting cell
(APC) for a prolonged period (1-3). This coupling is accom-
plished by the remodeling of the distribution of these receptors
and ligands to the area of contact between APC and T cell, thus
creating the so-called immunologic synapse (4). Not only are the
interacting surface molecules concentrated at the immunologic
synapse, but also localized to this region are a variety of
intracellular molecules such as Lck, ZAP-70, and protein kinase
C (PKC)# involved in T cell receptor (TCR) signaling and
molecules involved in the formation of a stable adherent com-
plex between T cell and APC (e.g., filamentous actin and talin)
(5, 6). In addition, the morphology of the immunologic synapse
is complex with respect to its molecular organization in that
some ligand/receptor pairs, such as ICAM/LFA-1, are located
at the periphery of the synapse [referred to as peripheral
supramolecular activation cluster (p-SMAC)], whereas others,
such as Ag-MHC/TCR, are concentrated in a small central
region [central supramolecular activation cluster (c-SMAC)] (6).

The signaling pathways that lead to the localization of cellular
proteins to the area of interaction between T cell and APC and
the mechanism by which these molecules are sorted to the p- and
¢c-SMAC regions of the synapse are poorly understood and may
involve multiple signaling pathways. The possibility of multiple
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signaling pathways is suggested by the finding that certain
methods of T cell stimulation result in some aspects of the
synapse being formed and not others. For instance, TCR-
mediated signaling by low-affinity ligands (TCR antagonists)
induces conjugates between T cells and APCs with the localiza-
tion of some of the molecules found in a mature synapse to the
region of interaction between APC and T cell (e.g., TCR,
LFA-1), but not others (e.g., PKCH, CD28) (7). Also, the
formation of c- and p-SMAC is not observed after stimulation
with low-affinity ligands of the TCR (6).

In this study, we have analyzed the requirements for localiza-
tion of PKC6 to the immunologic synapse. This PKC isoform is
a critical participant in the NF-«B pathway leading to IL-2
transcription in T cells and has been shown to localize to the
c-SMAC region of the immunologic synapse (8—10). Our studies
demonstrate that, whereas TCR-mediated signaling alone is
sufficient for the localization of PKC6 to the immunologic
synapse, CD28-mediated signals are required for the localization
of PKC# to the c-SMAC region of the synapse.

Materials and Methods

Animals. The pigeon cytochrome c¢ 88-104-specific TCR-
transgenic mice AD10 (B10.A) and AND (B10 Br) were origi-
nally obtained from S. Hedrick (University of California, San
Diego) (11, 12). Fyn~/~ mice were purchased from The Jackson
Laboratory. To generate mice that undergo normal thymic
development but have no Lck in peripheral T cells, Lck-deficient
mice were bred with mice that expressed Lck specifically in
thymocytes (LGF") because of having an Lck gene under
control of the Lck proximal promoter. These mice,
LGF*Lck ™/, have been described (13). CD28~/~ AND mice
(obtained from M. Croft, La Jolla Institute for Allergy and
Immunology) were produced by breeding CD28~/~ mice with
AND TCR transgenic mice (14).

Antibodies and Reagents. The following reagents were used in this
study: polyclonal antibodies against PKC6 (Santa Cruz Biotech-
nology); biotinylated anti-mouse TCR VB3 (KJ25) and FITC-
labeled anti-mouse LFA-1 (M17/4) (PharMingen); FITC-
Phalloidin (Sigma-Aldrich), Cy5 conjugated AffiniPure donkey
anti-rabbit IgG or Rhodamine Red-x-conjugated AffiniPure
goat anti-hamster IgG (Jackson ImmunoResearch); CD11b,
CD45R (B220), mouse CD8a(Ly-2), and streptavidin-coated
MicroBeads (MACS, Miltenyi Biotec, Auburn, CA); 2C11-
producing hybridoma cells (American Type Culture Collection);
FluoroGuard Antifade Reagent (Bio-Rad); PP2 (Calbiochem).

Peptide Synthesis. Peptides were synthesized on a Rainin sym-
phony synthesizer and purified as described (15). Purity was
routinely >95% after high-pressure liquid chromatography.

Abbreviations: p-SMAC, peripheral supramolecular activation cluster; c-SMAC, central
supramolecular activation cluster; TCR, T cell receptor; APC, antigen-presenting cell; PKC,
protein kinase C; ICAM, intercellular adhesion molecule; LFA-1, lymphocyte function-
associated antigen-1.
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Cells. The AD10 T cell clone and CH27 B lymphoma cells were
cultured as described (15). Naive CD4* T cells were purified
from lymph nodes and/or spleens of 8- to 12-week-old mice by
using LS Separation Columns (MACS, Miltenyi Biotec) accord-
ing to the manufacturer’s instructions. Purity was assessed by
immunofluorescence flow cytometry and was >95% for naive
CD4"cells (CD45RB*, CD62L*, CD44low). Viability was
>98% as determined by trypan blue exclusion.

T Cell Stimulation and Immunofluorescence Microscopy. For the
study of TCR-mediated capping, 2C11 was conjugated to Dynal
M450 beads (Dynal, Lake Success, NY) per manufacturer’s
instructions. Cells (4 X 10°) and beads (4 X 10°) were coincu-
bated for 45 min at 37°C and allowed to settle on poly-L-lysine-
coated glass coverslips. Cells were fixed with 3% paraformal-
dehyde for 12 min, washed, and blocked with 3% BSA/PBS for
30 min. Samples were stained with FITC-anti-LFA-1. Phalloidin
and PKC6 staining was performed on fixed and permeabilized
cells (0.2% Triton-X-100 for 2 min). After washing, the cells were
mounted in FluoroGuard antifade reagent. Capping of proteins
was analyzed visually by using a confocal microscope (Bio-Rad).
At least 100 T cell-bead conjugates were analyzed for cap
formation in each experiment. In some experiments, T cells were
pretreated at 37°C with 20 uM PP2 for 1 h.

For the study of the formation of the immunologic synapse
induced by peptide-pulsed APCs, CH27 cells were preincubated
with PCC88-104 (1 ug/ml) for 2 h at 37°C. T cells (3 X 10°) and
CHZ27 cells were mixed at 2:1 ratio and incubated at 37°C for the
indicated times and allowed to settle on poly-L-lysine-coated
glass coverslips. Cells were fixed and permeabilized as described
above. Samples were processed for immunofluorescence stain-
ing with antibodies to LFA-1, TCR, talin, and/or PKC#. In some
experiments, images were obtained by using the DeltaVision
system (Applied Precision, Issaquah, WA) with an Olympus 1 X
70 microscope, equipped with a 100-W mercury lamp and a
KAF1400 chip-based cooled charge-coupled device camera.
Exposure times were 0.1-0.5 s with 2-binning, 100 X 1.35 oil
objectives. The three-dimensional reconstruction of the T-APC
contact area was generated with 100-nm serial sections of x—y
images alone with the z axis and subsequent analysis with
SOFTWORX Ver. 2.5 (16). The size of the T-APC contact area was
quantitated with the NIH IMAGE Ver. 1.61 software system.

Results

TCR Signaling Is Sufficient to Mediate Membrane Localization of PKCO
and Requires Lck. To investigate the requirement for the local-
ization of PKC6 to the immunologic synapse, initial experiments
were conducted by using anti-CD3-coated beads and naive
CD4* T cells to determine the effects of TCR-mediated signal-
ing on the intracellular distribution of PKC6. The results, shown
in Fig. 1, indicated that as a result of the anti-CD3 coated bead
stimulation, PKC6 localized to the cell membrane in the area of
contact between the T cells and the beads. This localization was
similar to that of F-actin (Fig. 1B), LFA-1, and TCR (data not
shown). In contrast the distribution in unstimulated cells of
PKC6 was homogeneous throughout the cytoplasm.

To gain some insight into the TCR-mediated signals required
for the membrane localization and capping of PKC¥, the effect
of PP2, an inhibitor of Src family kinases (17, 18), on PKC
capping was studied. As shown in Fig. 24, pretreatment of T cells
with PP2 completely abrogated the capping of PKC6 after
stimulation with anti-CD3-coated beads. In contrast, pretreat-
ment of cells with an inhibitor of ZAP-70, piceatannol (19), had
no effect on PKC#O capping (data not shown). To determine
which of the two major Src family kinases expressed in T cells,
Fyn or Lck, was critical for TCR-induced PKC6 capping, we
analyzed the distribution of PKCS after anti-CD3 stimulation of
Fyn- or Lck-deficient T cells. The data illustrated in Fig. 2B
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Fig. 1. Stimulation through the TCR is sufficient for induction of PCK6
capping. Naive AD10 TCR transgenic CD4* T cells were stimulated at 37°C for
45 min with beads coated with anti-CD3 antibodies. As controls, T cells were
also incubated with uncoated beads. Cells were stained with anti-PKC6 (A) or
phalloidin (B) and analyzed by confocal microscopy. Both PKC6 and phalloidin
were localized to the contact region between T cells and the anti-CD3-coated
beads. Data are from one representative experiment of five performed.

indicated that, whereas capping of PKC6 proceeded normally in
Fyn-deficient T cells, it was not observed in Lck-deficient T cells,
thus indicating that Lck, but not Fyn, is required for the
cocapping of PKC#6 after cross-linking of the TCR with anti-
CD3-coated beads.

The data presented above with anti-CD3-coated beads indi-
cated that TCR-mediated signals were sufficient to induce
membrane localization and capping of PKC6. However, pub-
lished data indicate that CD28 plays an important role in the
activation and lipid raft localization of PKC6 (20, 21). Because
the use of anti-CD3-coated beads is an artificial means of TCR
engagement, we thought it important to evaluate the role of
CD28 under more physiologic conditions. For this purpose, we
used AND TCR transgenic T cells derived from CD28/* or
CD287/~ mice. These cells were incubated with antigen-pulsed
APCs for 45 min, fixed, permeabilized, and stained for PKC6
localization. As shown in Fig. 3, both CD28* and CD28~ T cells
localized PKC8 to the immunologic synapse after encounter with
antigen-pulsed APCs, confirming the results obtained with
anti-CD3-coated beads that stimulation through the TCR was
sufficient to cause localization of PKC6 to the immunologic
synapse.

PCKO Localization to the Immunologic Synapse Is Long-Lived. A
recent study by Lee et al. (22) demonstrated that the localization
of some of the critical signaling molecules to the immunologic
synapse is quite transient (30—60 min) despite a requirement for
T-APC conjugation to last for a longer period (=2 h) to commit
T cells to undergo cell division. Because of this observation, it
was of interest to study the persistence of PKC6 in the immu-
nologic synapse and to compare it with the TCR and other
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Fig.2. TCR-mediated PCK6 capping is Lck-dependent. (A) Naive AD10 CD4*
T cells were pretreated at 37°C for 1 h with vehicle alone (0.1% DMSO) (a) or
20 uM PP2 (b). The T cells were then incubated with anti-CD3-coated beads for
45 min, after which time T cells were stained for PCK6. The asterisk indicates
the position of the CD3-coated beads. (B) Naive CD4" T cells were purified
from Fyn~/~ and LGF* Lck™'~ mice, stimulated with anti-CD3-coated beads,
fixed, and stained for PKC0 localization. Results are representative of three
similar experiments.

synapse-localized molecules such as talin and LFA-1. For this
purpose, naive AD10 TCR transgenic CD4* T cells were incu-
bated with antigen-pulsed APCs (CH27 cells) for varying times
before fixation, permeabilization, and staining with the appro-
priate fluorescent antibodies. The distribution of TCR and
PKC# across a 4-h time span is shown in Fig. 4. The bright field
appearance of the conjugates is shown in the left-hand column
(DIC). The smaller of the two cells in each frame represents the
T cell. Staining for PKC6 (middle column) showed localization
of the enzyme to the immunologic synapse at the first time point
analyzed (30"), and this localization was stable throughout the
4-h period of observation. In contrast, the TCR (right-hand
column) was localized to the synapse for the first hour, but this
localization decreased thereafter and was no longer evident by
the end of the observation period. Fig. 5 quantitatively summa-
rizes these results as well as the results obtained for LFA-1 and
talin. Approximately 75-80% of the conjugates analyzed showed
localization to the synapse of talin, LFA-1, and PKC# at the early
time points and, for PKC, this remained unchanged for the 4-h
observation period. LFA-1 and talin localization declined
slightly between the 2- and 4-h time points, such that at 4 h, about

Fig. 3. Localization of PKC6 to the immunologic synapse does not require
CD28. APC-T cell conjugates were formed between antigen-pulsed CH27 cells
and naive CD4" T cells purified from CD28* AND TCR transgenic mice (a) or
CD28~ AND TCR transgenic mice (b). Cells were incubated at 37°C for 45 min,
fixed, permeabilized, and stained with anti-PKC6 antibodies.
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Fig. 4. Persistence of localization of PKC6 and TCR to the immunologic
synapse. Naive AD10 CD4" T cells were incubated with CH27 cells that had
been previously pulsed with PCC88-104 (1 wg/ml). At the indicated time
points, cells were fixed, permeabilized, and stained for TCR (anti-V33) and
PKC#. Conjugates were examined by confocal microscopy. The left column
shows differential interference contrast (DIC) images. The middle column
shows the distribution of PKC6 (green), and the right column shows TCR
distribution (red).

60-65% of conjugates still had these two molecules localized to
the synapse. In contrast, only about 50% of conjugates had
detectable localization of the TCR to the synapse at the early
time points, and this localization was rapidly lost after the first
hour with only 5-10% of conjugates having TCR localized to the
synapse at 2 h and 0% at 4 h.

In summary, unlike TCR, PKC6 and the adhesion- and
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Fig. 5. PKC0 persists in the immunologic synapse for prolonged periods of
time. Antigen-pulsed APCs and naive AD10 CD4* T cells were allowed to form
conjugates as described in Fig. 4, and at different time points cells were fixed,
permeabilized, and stained for PKCo (O), TCR (2), talin (), and LFA-1 (OJ). A
minimum of 100 conjugates were analyzed for the localization of these
molecules to the immunologic synapse over time and the quantitative results
are shown as a percentage of conjugates that had detectable localization of
the antigen to the region of the synapse.
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Fig.6. (CD28isrequired forthe formation of a mature immunologic synapse.
(A) Conjugates were formed between antigen-pulsed CH27 cells and naive
CD4* T cells that were purified from CD28* TCR transgenic mice (a—c) and
CD28~ TCRtransgenic mice (d—f). Cells were stained for LFA-1 (a and d) or PKCO
(b and e) and analyzed by deconvolution microscopy. The merged images are
shown in c and f. (B) The areas occupied by LFA-1 and PKCO were determined
for several cells and the mean areas calculated for both PKC6 and LFA-1 in
CD28" and CD28 T cell-APC conjugates.
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cytoskeleton-associated molecules LFA-1 and talin persist
within the synapse for a long period, a time that has been shown
to be sufficient for full commitment to cell division.

CD28 Expression Is Required for the Formation of the Mature Immu-
nologic Synapse. To explore further the possible role of CD28 in
formation of the immunologic synapse, deconvolution micros-
copy was used so that the formation of the mature synapse
containing p-SMAC and ¢c-SMAC regions could be evaluated
(6). For this purpose, naive CD28" AND T cells and CD28~
AND T cells were incubated with antigen-pulsed APCs for 45
min to allow conjugate and synapse formation. The cells were
then fixed, permeabilized, and stained for LFA-1 and PKC6. Fig.
64 shows the distribution of LFA-1 (green) and PKC6 (red) in
the immunologic synapse formed at the interface between APCs
with CD28* (Fig. 64 a—) and CD28~ (Fig. 64 d—-f) AND T cells.
Strikingly different patterns were observed. Whereas CD28*
cells localized PKCB to the central region of the synapse (b), no
such localization was seen with CD28™ T cells (e). In CD28*
cells, LFA-1 appeared as multiple clusters distributed through-
out the synapse. In some cells, a central area devoid of LFA-1
was discernable (a, ¢). In CD28~ T cells, LFA-1 was diffusely
localized throughout the synapse, which seemed to encompass a
larger surface area than in CD28% T cells. To verify this
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impression, the areas encompassed by LFA-1 and PKC6 were
measured in several cells. The data obtained are summarized in
Fig. 6B. The area occupied by PKC6Owas 1.3 um? in CD28™ cells
and 11.8 um? in CD28~ cells, and the area occupied by LFA-1
was 7.1 um? in CD28* and 13.1 wm? in CD28~ T cells.

Discussion

In this study, we have analyzed the signaling requirements for the
localization of PKC# to the immunologic synapse and the role of
CD28 in this process. We found that for naive CD4" T cells,
TCR-mediated signals were sufficient to induce the membrane
localization and capping of PKC# to the region of TCR engage-
ment by ligand, which was shown by crosslinking of the TCR with
anti-CD3-coated beads. The lack of CD28 requirement in the
localization of PKC# to the immunologic synapse was confirmed
by using naive CD4™" T cells from TCR transgenic, CD28~ T cells
that formed conjugates with antigen-pulsed APCs. However,
further examination of the morphology of the immunologic
synapse by deconvolution microscopy revealed that in the ab-
sence of CD28, PKCH was present diffusely throughout the
synapse in a pattern similar to that of LFA-1, whereas in the
presence of CD28, PKC6 was concentrated to a small central
area of the synapse (c-SMAC) with LFA-1 appearing as multiple
clusters throughout most of the synaptic region. Also, in
CD28~/~ T cells the area encompassed by the synapse was almost
2-fold greater than that in CD28* cells. In contrast to the TCR,
the concentration of which in the synapse decreased rapidly such
that it was at background levels 2 h after the initial contact with
APCs, LFA-1, talin, and PKC6 remained localized to the
synaptic region for at least 4 h, a time that has been shown to be
sufficient to commit T cells to divide.

The observation that incubation with anti-CD3-coated beads
was a sufficient stimulus to induce translocation of PKC6 from
the cytoplasm to the cell membrane is consistent with biochem-
ical data that showed an increase in PKCO localization to
membrane fractions after stimulation with anti-CD3 (20, 23). In
contrast, Monks et al. (8), with the use of fluorescent microscopy,
failed to demonstrate membrane localization of PKC6O after
stimulation with anti-CD3 antibodies. The reason for this dis-
crepancy with our data is not known but may be related to
technical differences such as their use of a TH2 clone, D10,
rather than naive CD4 cells and the use of soluble rather than
bead-coated anti-CD3 antibodies. With respect to the intracel-
lular signaling events involved in the membrane localization of
PKCS, Villalba et al. (24) showed that PP2, an inhibitor of Src
family kinases, inhibited the localization of PKC6 to membrane
fractions after anti-CD3 stimulation of Jurkat cells. We con-
firmed these results by showing that PP2 inhibited the capping
of PKCH to the area of contact between naive CD4" T cells and
anti-CD3-coated beads. Furthermore, by using Lck- or Fyn-
deficient T cells, we demonstrated that the capping of PKC6
required Lck but not Fyn. Data from Villalba et al. further
suggest that PI3K (but not PLCy) may also be important for the
membrane localization of PKC6 (24). Whether the binding of
PKC6 to the membrane involves direct interaction with mem-
brane lipids or whether PKC6 binds indirectly to the membrane
through interactions with a membrane-localized adapter protein
remains to be elucidated (25-28).

Our study demonstrated that CD28 expression was specifically
required for PKC6 localization to the c-SMAC region of the
immunologic synapse. Whether this effect is specific for PKC6 or
whether CD28 is important in the overall formation of p-SMAC
and ¢-SMAC is not clear. The observation that in CD28 cells
LFA-1 was diffusely distributed over a 2-fold greater area than
in CD28" cells suggests a more general role for CD28 in SMAC
formation. This possibility is further supported by the findings of
Davis and coworkers (29), who used APCs that expressed green
fluorescent protein-tagged MHCII to study the formation of the
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immunologic synapse. They showed that preventing the inter-
action between CD28 and B7 with anti-B7 antibodies inhibited
the localization of MHCII into a small concentrated area on the
APC side of the immunologic synapse; i.e., the APC equivalent
of ¢-SMAC. Instead, in the absence of CD28/B7 interaction
MHC localization was diffuse and/or unstable. However, the
conclusion that CD28 is critical for p-SMAC and c-SMAC
formation conflicts with the experiments of Dustin and col-
leagues (30, 31), who used fluorescent-tagged MHC peptide and
ICAM-1 incorporated into planar lipid bilayers to explore the
APCside of the immunologic synapse. Their work showed MHC
localization to the central area and ICAM-1 to a peripheral area
within the contact zone between the planar membrane and T
cell, which would suggest that CD28 is not necessary for the
formation of p- and c-SMAC. Furthermore, in their experi-
ments, inclusion of B7 into the lipid bilayer had no discernable
effect on the kinetics or extent of localization of MHC and
ICAM to central and peripheral regions of the contact zone.
How the T cell counterparts of these ligands were arranged could
only be inferred from their studies. One possible explanation for
the discrepancy in the results with planar membranes and APCs
is to postulate that the interaction between other APC and T cell
ligand-receptor pairs may interfere with the formation of p- and
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¢c-SMAC:s and that CD28 signaling is necessary to overcome this
inhibition. The absence of these ligands in the artificial mem-
brane system would render the formation of the mature synapse
to be independent of CD28.

The physiologic relevance of the localization of T cell mole-
cules into p-SMAC and c-SMAC regions is still unclear (32, 33).
The kinetics of formation of the mature synapse is relatively
slow, taking several minutes. As recently emphasized (22), much
of the early signaling through the TCR precedes its formation.
Furthermore, in this same study, TCR and activated Lck could
be shown to be localized to the c-SMAC for only a relatively short
period (30-60"), a time that was insufficient for a full commit-
ment to cell division. Our observation that, in contrast to TCR
and activated Lck, PKC6 remains localized to the immunologic
synapse for at least 4 h suggests the possibility that the function
of the c-SMAC may be to allow the late costimulatory signals
required for IL-2 synthesis to be generated, a process in which
CD28 and PKC# are critically involved (9, 34, 35).
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