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In addition to initiating signaling cascades leading to mast cell mediator release, aggregation of the high
affinity IgE receptor (FceRI) leads to rapid internalization of the cross-linked receptor. However, little
is known about the trafficking of the internalized FceRI. Here we demonstrate that in RBL-2H3 cells,
aggregated FceRI appears in the early endosomal antigen 1 (EEA1*) domains of the early endosomes
within 15 min after ligation. Minimal co-localization of FceRI with Rab5 was observed by 30 min, followed
by its appearance in the Rab7* late endosomes and lysosomes at later time points. During endosomal

;(zleords: sorting, FceRla and vy subunits remain associated. In Syk-deficient RBL-2H3 cells, the rate of transport
Endosomes to lysosomes is markedly increased. Taken together, our data demonstrate time-dependent sorting of

Co-localization aggregated FceRI within the endosomal-lysosomal network, and that Syk may play an essential role in

Syk regulating the trafficking and retention of FceRI in endosomes.

Published by Elsevier Ltd.

1. Introduction

The high affinity IgE receptor (FceRI) is composed of an IgE-
binding « chain, a four transmembrane-spanning 3 subunit and
two identical disulfide-linked -y subunits (Kraft and Kinet, 2007).
The aggregation of FceRI on mast cells initiates a biochemical
cascade that results in the release of inflammatory mediators.
Following ligation, the receptor is rapidly internalized by either
clathrin-dependent (Wilson et al., 2004) or clathrin-independent,
dynamin-dependent mechanisms (Fattakhova et al., 2006). Despite
the fact that FceRI-mediated signaling in mast cells has been exten-
sively studied (Gilfillan and Tkaczyk, 2006; Rivera and Olivera,
2007), the intracellular trafficking of the receptor and its relation
to signaling have not been systematically investigated.

Surface receptors are endocytosed, following the binding of
ligand, by a variety of potential endocytic routes (Mayor and
Pagano, 2007). Electron microscopy studies have revealed that
ligated FceRI accumulates in transferrin-positive endosomal com-
partments (Asai et al., 2000; Oliver et al., 2007; Xue et al., 2007),
and after time, localizes to structures with properties of lyso-
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somes (Oliver et al., 2007). In addition, studies have suggested that
aggregated FceRI is endocytosed via clathrin-coated pits (Wilson
et al.,, 2004). Our previous study (Fattakhova et al., 2006), how-
ever, revealed that, following translocation to detergent-resistant
membrane fractions (conceptually termed lipid rafts), the cross-
linked FceRI remains associated with these microdomains upon
internalization. Furthermore, in contrast to the aforementioned
morphological studies, our data suggested that internalization of
cross-linked FceRI does not require the AP-2/clathrin complex but
is dynamin-dependent.

The generalized current view of endocytosis is that intracellu-
lar vesicular traffic of internalized surface receptors is mediated by
membrane fusion between receptor-containing vesicles and endo-
cytic compartment organelles (Zerial and McBride, 2001). Each
fusion step appears to be regulated by Rab proteins and phospho-
inositides, generated by the action of phosphoinositide 3-kinase
(PI3K). The endocytic pathway can be dissected into distinct Rab-
specific compartments: the Rab5* early endosomal compartment,
early/sorting endosomes (Rab4"), recycling endosomes (Rab11*)
and the Rab7"* late endosomes. Degradation of internalized recep-
tor complexes usually occurs in LAMP-1* lysosomes (Markgraf et
al., 2007). After internalization from the plasma membrane, pro-
teins first enter early endosomal antigen 1 (EEA1") early endosomes
(Woodman, 2000), not all of which are Rab5* (Lakadamyali et al.,
2006). Thereafter, they traffic according to their fate within the
endosomal network described above.

Certain surface receptors, such as the transferrin receptor, are
delivered predominantly to the Rab4*, Rab11* endocytic recycling
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compartment from where they can recycle back to the cell sur-
face (Maxfield and McGraw, 2004). Ligation of many other surface
receptors, such as the T cell receptor (TCR), predominantly results
in receptor clustering that is followed by down-regulation through
endocytosis and, subsequently, proteosomal and lysosomal degra-
dation (Geisler, 2004). Rapid degradation serves to attenuate
signaling via removal of activated receptor complexes. The pro-
cess of endocytosis may also serve to regulate signaling pathways
required for transcriptional regulation (Kapp-Barnea et al., 2006).

In this study, we examine the endocytic trafficking of inter-
nalized ligated FceRI using confocal microscopy. We show that
aggregated FceRl first localizes to EEA1* early endosomes, and min-
imally co-localizes with Rab5* structures. Rather than trafficking
via Rab4* and Rab11* endosomal compartments, FceRI appears to
ultimately traffic through the Rab7* late endosomes and LAMP-1*
lysosomes in a time-dependent manner. The FceRla and -y chains
remain associated during trafficking. In Syk-deficient cells, the rate
of FceRI migration to lysosomes is markedly enhanced, suggesting
that Syk may play a role in modulating receptor traffic.

2. Materials and methods
2.1. Reagents and cell lines

Antibodies and reagents used in this study were obtained
from the following vendors: streptavidin AlexaFluor 405, goat-
anti-mouse IgG conjugated to AlexaFluor 594, goat-anti-rabbit
IgG conjugated to AlexaFluor 647 or AlexaFluor 594, AlexaFluor
labeling kits, and cell culture reagents were from Invitrogen
Inc. (Carlsbad, CA); anti-DNP-specific mouse IgE clone SPE-7
mADb, dinitrophenyl-conjugated human serum albumin (DNP-HSA),
biotinamidohexanoic acid N-hydroxysuccinimide were from Sigma
(St. Louis, MO); rabbit polyclonal anti-FcR <y subunit antisera
was purchased from Upstate Biotechnology (Lake Placid, NY);
FITC-labeled rat anti-mouse IgE monoclonal antibody (mAb) and
purified anti-EEA1 mAb were purchased from BD Biosciences (San
Jose, CA); the LAMP-1 mAb used for confocal microscopy originated
from J.T. August and J.E.K. Hildreth and was from the Developmen-
tal Studies Hybridoma Bank maintained by the University of lowa,
Department of Biological Sciences, lowa City, IA, USA. Biotinylation
of IgE was carried out as described (Cole et al., 1987). AlexaFluor
488 conjugates of anti-DNP IgE were prepared according to the
manufacturer’s recommendations (Invitrogen Inc.). The wild-type
EGFP-tagged Rab5 constructs were a kind gift from Dr. Juan Bonifa-
cino (NICHD/NIH, Bethesda, MD). GFP constructs of Rab4, Rab7, and
Rab11 were kind gifts from Dr. Marino Zerial, Max Plank Institute
of Molecular and Cell Biology, Dresden, Germany.

The parental rat basophilic leukemia RBL-2H3 cell line and Syk-
deficient RBL-2H3 cells, kindly provided by Dr. Reuben Siraganian
(NIDCR/NIH), were cultured as monolayers in ISCOVE’s medium
(Invitrogen) supplemented with 10% fetal bovine serum, 2 mM
glutamine, 0.1 mM non-essential amino acids (all from Biosource
International, Camarillo, CA), and 5 pg/ml plasmocin (InvivoGen,
San Diego, CA).

2.2. Analysis of surface expression and internalization by flow
cytometry

Analyses of FceRI cell surface expression and receptor inter-
nalization were performed as described (Saitoh et al.,, 2003;
Fattakhova et al., 2006). Adherent RBL-2H3 cells were incubated
with 300 ng/ml anti-DNP mouse IgE mAb for 18 h at 37°C in cul-
ture medium. The cells were harvested, and the unbound IgE was
washed away, followed by resuspension in Tyrode buffer (10 mM

HEPES pH 7.4, 130 mM Na(l, 2.7 mM KCl, 0.4 mM Nay;HPOy4, 1.8 mM
CaCly, 1.3 mM MgS0,4, 5.6 mM glucose) at 4 x 10° cells/ml. FceRI
was cross-linked by adding 250 ng/ml DNP-HSA for the indicated
lengths of time. Internalization was stopped by placing cells at 4°C
and washing with ice-cold PBS. Cells were blocked with 5% rat
serum for 30 min at 4°C on ice to prevent non-specific staining
with secondary Ab and then incubated with FITC-labeled rat anti-
mouse IgE for 30 min on ice. For the analysis of total (surface plus
intracellular) IgE, cells were fixed with 2.5% paraformaldehyde for
20 min at room temperature and incubated with FITC-labeled rat
anti-mouse IgE in permeabilizing buffer (0.1% saponin, 1 mM KCl,
1 mM MgSO, in PBS). Inhibition of Syk activity by piceatannol was
done as described (Lauvrak et al., 2006; Oliver et al., 1994). Briefly,
IgE-sensitized cells (3-5 x 10° ml~!) were incubated in the pres-
ence of 50 pg/ml piceatannol added in DMSO (5 pl of a 10 mg/ml
stock solution per ml of culture medium) or the same amount of
DMSO alone for 1h prior to antigen stimulation. Flow cytometry
was performed on a FACSORT™, and the data were analyzed with
FLOWJO™ (Tree Star, Inc., Ashland, OR, USA) or CELLQUEST™ soft-
ware (BD Biosciences).

2.3. Immunostaining, confocal microscopy, image acquisition and
analysis

RBL-2H3 cells were seeded at 7 x 10° cells/ml on glass cover
slips (Thomas Scientific, Swedesboro, NJ) in 24-well plates (Corning
Costar, Rochester, NY) and cultured in serum-free medium contain-
ing IgE-AlexaFluor 488 for 18 h. For analysis of Rab4, Rab5, Rab7
or Rab11 co-localization, cells were transfected with the appro-
priate EGFP-tagged construct, and sensitized with biotinylated IgE
24 h after transfection. During sensitization, IgE conjugates stain
only surface FceRla chains in intact living cells. After 16 h, the
cells were washed three times with serum-free medium, 400 .l
of colorless OptiMEM cell medium (Invitrogen Inc.) was added to
each well, and cells were incubated in the presence of 100 ng/ml
of DNP-HSA for the indicated periods of time at 37 °C. Cells were
then washed three times with ice-cold PBS and blocked with 5% rat
serum in PBS for 30 min on ice. After extensive washing, cells were
fixed with 3.7% paraformaldehyde in PBS for 15 min at 37 °C, then
permeabilized with 0.1% Triton X-100/PBS. vy chain staining was
made in fixed and permeabilized cells, as the rabbit anti-y anti-
bodies are specific for the cytoplasmic region of -y subunits (Jouvin
et al,, 1995; Maurer et al., 1996; Repetto et al., 1996). EEA1 and
LAMP-1 were visualized using the appropriate primary and sec-
ondary antibodies. All incubations with unlabeled antibodies were
done at room temperature for 40 min with gentle shaking, then,
the cells were washed three times with permeabilization buffer
and stained with the appropriate AlexaFluor 594 or AlexaFluor 647
conjugated secondary antibodies. Streptavidin AlexaFluor 405 was
used to visualize biotinylated IgE.

All images were collected on a Leica TCS SP2 AOBS microscope
(Leica Microsystems, Heidelberg GmbH, Mannheim, Germany) at
the Biological Imaging Facility (Research Technologies Branch,
NIAID, NIH, Bethesda). The images were acquired using an oil
immersion 63 x objective, NA 1.32 in sequential mode. The protocol
for image acquisitions and a combination of lasers and intensi-
ties were set appropriately to avoid cross-talk between dyes. Image
analysis was done using a Leica Confocal Software version 2.5, build
1104 (Leica Microsystems), Imaris version 5.7.1 (Bitplane AG) and by
Adobe Photoshop version 7.0 (Adobe Systems). Movies were made
from 3D animation of representative cells constructed from confo-
cal images collected in Z plane (20-30 per section) and animated
at 15 frames/s.

Three-dimensional (3D) images of representative cells acquired
in Z-axis stacks (0.3 wm) were analyzed for co-localization using
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the co-localization-module of the Imaris 5.0.2, 64-bit version soft-
ware (Bitplane Scientific Solutions) (Costes et al., 2004) and plotted
versus time. Co-localization is described as the presence of two flu-
orochromes close enough that they cannot be resolved optically.
The voxel intensities were set by the automatic thresholding fea-
ture of the Imaris software. The Pearson’s correlation coefficient of
co-localized volumes measures the correlation between the inten-
sities of the two labels in the co-localized voxels and is used to
express the extent of co-localization (Costes et al., 2004).

3. Results

3.1. Association of FceRlx and -y chains and localization to EEAT*
early endosomes

To analyze the endocytic trafficking of the FceRla and -y chains,
we utilized confocal microscopy. The o chains were visualized by
their selective binding to IgE conjugated to AlexaFluor 488 (shown
as green spots). The intracellular localization of FceRI was analyzed
from 5 min until 1h after cross-linking with DNP-HSA. The local-
ization of the FceRIy chain was followed by staining permeabilized
cells with rabbit anti-FceRIy Ab (magenta spots). In quiescent cells
(time 0 min), as expected, all of the detected o chain (green)is found
on the cell surface (Fig. 1; Movie 1 in supplementary material). Sim-
ilarly, much of the y chainis also localized at the cell membrane, but,
as the total cellular y chains are visualized, significant amounts are
also detected intracellularly. By 5min after receptor aggregation,
a significant proportion of the o and vy chains co-localized intra-
cellularly (data not shown). By 30-60 min of exposure to antigen,
the receptor chains reveal co-localization (white spots) indicating
their location in the same intracellular transport compartments

FceRly IgE-FceRly  EEA1

3 ..

(Fig. 1; Movie 2 in supplementary material; Fig. S1, panel A shows
non-bias quantitative co-localization coefficients). The inability of
co-localization to reach 100% reflects the facts that not all of the
receptors are internalized (see Fig. 5B) and not all of the y chains
associate with FceRI (Asai et al., 2000).

At zero minute, essentially no FceRla subunit or vy chain local-
ized to the EEA1* early endosomes (red spots) (Fig. 1). However, by
5min, a significant co-localization of the y chains with the EEA1*
compartments is observed (data not shown). By 15 min, the major-
ity of the a chains and a high percentage of the y chains co-localize
with EEA1* compartments (yellow or white spots, respectively).
At 30 min after antigen challenge, most of the internalized FceRIla
and -y chains are associated with EEA1* compartments (Fig. 1,
panel 30 min; Movie 3 in supplementary material shows the FceRla
co-localization). However, as expected, excess free <y chains can
always be detected intracellularly at all times (Asai et al., 2000).
During more prolonged incubation times, some co-localization of
FceRI chains and EEAT1 still can be observed (Fig. 1, panel 60 min)
(Fig. S2A-D shows additional representative cells for the 0-60 time
points, respectively; Fig. S2E shows low resolution images for the
0-30min time points). The lack of cell surface staining after pro-
longed incubation of cells with DNP-HSA suggests that FceRI does
not recycle back to membrane during this time period, or that the
kinetics of recycling is slow. These data show that, after antigen-
induced cross-linking, FceRl is delivered to early EEA1* endosomes.

3.2. Minimal localization of FceRlx and -y subunits in Rab4*,
Rab5* or Rab11* endosomes

Rab5 is a major regulator of early endocytic events for mul-
tiple classes of receptors (Zerial and McBride, 2001). Therefore,

IgE-EEA1 DIC FceRly  FceRIv-EEA1

Fig. 1. FceRla and -y chains of cross-linked receptors localize to early endosomes. RBL-2H3 cells were sensitized with anti-DNP IgE-AlexaFluor 488 (shown green) overnight
and then incubated with DNP-HSA for the indicated periods of time. Cells were fixed, permeabilized and stained with mouse anti-EEA1 mAb and rabbit anti-FcR vy antibodies.
For detection of EEA1* compartments and FceRly chain, cells were stained with secondary goat-anti-mouse IgG-AlexaFluor 594 (red spots) and goat-anti-rabbit IgG-AlexaFluor
647 (magenta spots), respectively. The cells were then washed, fixed and visualized by confocal microscopy. For analyzing co-localization between FceRIly and EEA1, the
FceRlIy is shown in blue (second panels from right). Yellow spots correspond to overlapping between red and green color. The overlap between green and magenta channels
results in white spots. The overlap between blue and red channels results in magenta. Squares show areas of cells shown in higher magnification in upper right corner of
selected panels. Arrows indicate subcellular structures with co-localization of fluorescent labels. At least 10-20 cells at each time point from three independent experiments
were imaged. DIC images are shown in grayscale for all selected cells. Scale bar, 5 pm. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Fig. 2. Endosomal localization of FceRla and -y chains in RBL-2H3 cells over-expressing EGFP-tagged Rab5. RBL-2H3 cells were transfected with EGFP-tagged Rab5 (green),
stimulated, stained for IgE with streptavidin AlexaFluor 405 (blue) and for FceR1+y with rabbit anti-FcR -y antibodies followed by secondary goat-anti-rabbit IgG-AlexaFluor
647-tagged antibody (magenta), and visualized by confocal microscopy following addition of DNP-HSA as described in Section 2. At least 10-20 cells at each time point from
three independent experiments were imaged. DIC images are shown in grayscale for all selected cells. The overlap between green and magenta channels results in white
spots and the overlap between the green and blue channels results in cyan spots. Scale bar, 5 wm. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

to examine whether internalized FceRla and -y chains are asso-
ciated with Rab5* early endosomes, we expressed EGFP-tagged
Rab5 (green) in RBL-2H3 cells. Over-expression of Rab5 (Fig. 2)
did not affect the rates of internalization or intracellular trafficking
of FceRI (data not shown). Rab5-containing endosomal structures
were localized close to nucleus. Although EEA1 and Rab5 markers
show significant co-localization, we observed a subset of single-
colored structures (either EEA1* or Rab5*) or domain separation
within double-colored compartments (data not shown), in agree-
ment with published data (Lakadamyali et al., 2006). In contrast to
our observation of FceRla and -y chains being localized to EEA1*
early endosomes, there was only minimal co-localization of these
receptor subunits with Rab5* structures, first observed at 15 min
after addition of DNP-HSA (Fig. 2; Fig. S3 shows enlargements of the
panels depicting the merged fluorescent stainings; Fig. S4A and B
shows additional representative cells for the 30 and 60 min time
points, respectively; Fig. S1, panel B shows a plot of the non-bias,
quantitative co-localization coefficients versus time).

We next investigated whether ligated FceRI co-localized with
endocytic compartments marked by Rab4 and Rab11. We observed
no significant co-localization of the FceRla or -y chains with Rab4
(Fig. 3A; Fig. S1, panel C; Fig. S5A and B show images for additional
representative cells for the 60 and 120 min time points, respec-
tively) or Rab11 (Fig. 3B; Fig. S1, panel D; Fig. S6 shows images
for additional representative cells for the 60 min time point) at
any time point following receptor ligation. Taken together, these
results suggest that aggregated FceRI does not recycle back to the
cell surface, at least in the time period examined.

3.3. Trafficking of aggregated FceRI to Rab7* late endosomes and
LAMP-1* compartments

As discussed above, endocytic processing often involves traf-
ficking from early to late endosomes and eventually to lysosomes.
We therefore examined the time-dependent trafficking of FceRla
and vy chains to these compartments upon receptor aggregation.
Using EGFP-tagged Rab7 to visualize late endosomes, we observed
a number of large Rab7* vesicular structures distributed in the
cytoplasm of quiescent RBL-2H3 cells (Fig. 4). The IgE-complexed
FceRla and -y chains start to accumulate in Rab7* late endosomes
by 30 min after FceRI ligation (Fig. 4; Movie 4 in supplementary
material) with maximal accumulation being observed at 2 h (Fig. 4;
Movie 5 in supplementary material; Fig. S7A and B show images for
additional representative cells for the 60 and 120 min time points,
respectively; Fig. S1, panel E shows a plot of the non-bias quantita-
tive co-localization coefficients versus time). Staining with LAMP-1
Ab revealed diffuse staining throughout the cells with greater con-
centrations in regions close to plasma membrane (Fig. 5A). This is
consistent with the fact that LAMP-1, as well as the other lysosome-
associated membrane proteins, continuously shuttles between the
lysosome and the plasma membrane (Eskelinen et al., 2003; Furuno
et al., 1989; Lippincott-Schwartz and Fambrough, 1987). Confocal
images show that significant amounts of anti-IgE-FceRI complexes
are detected in LAMP-1* vesicular clusters at 15 min after recep-
tor ligation (Fig. 5A; Movie 6 in supplementary material) and
co-localization between FceRla or -y chains and LAMP-1 contin-
ued to increase until the last time point examined (2 h) (Fig. 5A;
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Fig. 3. Localization of FceRIa and -y chains in RBL-2H3 cells over-expressing EGFP-tagged Rab4 or EGFP-tagged Rab11. RBL-2H3 cells were transfected with (A) EGFP-tagged
Rab4 (green) or (B) EGFP-tagged Rab11 (green), stimulated with DNP-HSA, stained and visualized by confocal microscopy as described in Section 2. IgE-bound FceRla chain
was detected with streptavidin AlexaFluor 405 (blue) and vy chain was detected with a combination of anti-FcR vy antibody and secondary goat-anti-rabbit IgG-AlexaFluor
594 (red)-tagged antibody. IgE (FceRIa) and FceRly stainings are shown merged with the Rab4 or Rab11 images. Yellow spots would indicate co-localization of the red and
green colors and cyan staining would indicate co-localization of the green and blue colors. At least 10-20 cells at each time point from three independent experiments were

imaged. DIC images are shown in grayscale for all selected cells. Scale bar, 5 wm. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)
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Fig. 4. Localization of FceRla and -y chains in RBL-2H3 cells over-expressing EGFP-tagged Rab7. RBL-2H3 cells were transfected with EGFP-tagged Rab7 (green), stimulated,
stained and visualized by confocal microscopy as described in Section 2. IgE-bound FceRla chain was detected with streptavidin AlexaFluor 405 (blue), FceRIly was detected
with a combination of anti-FcR +y chain Ab and secondary goat-anti-rabbit IgG-AlexaFluor 594 (red)-tagged antibody. IgE-bound FceRla and -y chains are shown as merged
images with EGFP-tagged Rab7. Squares show areas of cells shown in higher magnification in the lower right corner of selected panels. Arrows indicate subcellular structures
with co-localization of fluorescent labels. Yellow spots indicate co-localization of the red and green colors and cyan staining indicates co-localization of the green and blue
colors. At least 10-20 cells at each time point from three independent experiments were imaged. DIC images are shown in grayscale. Scale bar, 5 pm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)

Movie 7 in supplementary material; Fig. S1, panel F shows a
plot of the non-bias quantitative co-localization coefficients versus
time).

Following FceRI aggregation, the tyrosine kinase, Syk, is cen-
tral to the initiation of downstream signaling leading to mast cell
activation (Gilfillan and Tkaczyk, 2006). Therefore, we examined
whether Syk plays a role in endocytic trafficking. We observed that
the kinetics of the decrease in cell surface FceRla chain staining fol-
lowing receptor aggregation was the same in the Syk-deficient and
the wild-type RBL-2H3 cells (Fig. 5B, left panel). Surprisingly, how-
ever, there was a marked decrease in the total pool of FceRI in the
Syk-deficient RBL-2H3 cells following receptor aggregation when
compared to wild-type cells, suggesting a higher rate of degra-
dation of the receptor in the absence of Syk. We then examined
FceRI endocytic processing in Syk-deficient RBL-2H3 cells by con-
focal microscopy. The co-staining of FceRla and -y with the early
endosomal marker EEA1 revealed no differences between Syk—/~
and wild-type RBL-2H3 cells (data not shown). In contrast, how-
ever, the rate of receptor accumulation in lysosomes was markedly
increased in Syk—/~ RBL-2H3 cells compared to wild-type cells. In
Syk—/~ RBL-2H3 cells, LAMP-1* vesicles containing both FceRlo and
-y chains start to appear as early as 5 min after FceRI ligation. After
30 min of antigen challenge, a significant portion of the FceRI com-
plexes are found in LAMP-1* structures and after 60 min of cell
activation, almost all of the complexes were detected there (Fig. 5C;

Fig. S8 shows additional representative cells for co-localization of
LAMP-1 with FceRla or -y chains in Syk*/* and Syk—/~ cells for the
30 min time point). This faster ingress of FceRl into the lysosomes in
Syk—/~ RBL-2H3 compared to wild-type RBL-2H3 cells is illustrated
by plotting the extent of FceRlae with LAMP-1 co-localization over
time (Fig. 5D). The faster trafficking of FceRI to lysosomes explains
the decreased total amount detected by flow cytometry (Fig. 5B,
left panel).

We next determined if FceRI trafficking was directly related to
Syk kinase activity by using piceatannol to inhibit Syk (Oliver et
al., 1994). We examined the expression of both surface and total
IgE-bound receptors by flow cytometry with an anti-IgE mAb in
RBL-2H3 cells treated with 50 pg/ml of piceatannol or solvent only.
Fig. 5B (right panel) shows that the kinetics of FceRI internaliza-
tion was the same in piceatannol treated versus cells treated with
solvent only except for the earliest time point examined (71% of
surface expression at 1 min in non-treated versus 83% in treated
cell. The total FceRI did not show significant differences at any time
point in cells treated with piceatannol versus those treated with
solvent only. As a control, we observed that piceatannol treatment
significantly blocked [3-hexosaminidase release (data not shown),
demonstrating that Syk kinase mediated responses in the RBL-2H3
cells were inhibited. From these data, we conclude that the ability
of Syk to modify the rate of FceRI degradation was independent of
its catalytic activity.

doi:10.1016/j.molimm.2008.09.002
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4. Discussion investigated the subsequent intracellular trafficking and compart-
mentalization of the aggregated receptor following internalization
Our previous study (Fattakhova et al., 2006) focused on the with the use of confocal microscopy. The data presented is con-
early membrane-associated events related to the internalization sistent with the conclusion that FceRI is internalized into the
of the FceRI following aggregation. In this study, we have now EEA1* early endosomal compartments (Fig. 1) and that some FceRI
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Fig. 5. Ligated FceRla and -y chains traffic to lysosomes is faster in Syk-deficient RBL-2H3 cells. (A) RBL-2H3 cells were sensitized with IgE-AlexaFluor 488 (shown green)
overnight and then incubated with DNP-HSA for the indicated periods of time. Cells were fixed, permeabilized and stained with anti-LAMP-1 mAb and rabbit anti-FcR
v polyclonal Ab. The appropriate secondary Ab were used to visualize lysosomes (red) and FceRIly (magenta), respectively. Squares show areas of cells shown in higher
magnification in upper right corner of selected panels. Arrows indicate subcellular structures with co-localization of fluorescent labels. Yellow spots indicate co-localization
of the red and green colors and white spots indicate co-localization of the green and magenta colors. At least 10-20 cells at each time point from three independent experiments
were imaged. DIC images are shown in grayscale. Scale bar, 5 wm. (B) Flow cytometric analyses of FceRI surface and total expression were performed as described in Section
2 for RBL-2H3 and Syk—/~ RBL-2H3 cells (left panel), and for RBL-2H3 cells pretreated with 50 pg/ml of piceatannol for 1h at 37°C (right panel). (C) Syk—/~ RBL-2H3 cells
were sensitized with IgE-AlexaFluor 488 overnight and then incubated with DNP-HSA for the indicated periods. Anti-LAMP-1 monoclonal antibody and anti-FcR <y polyclonal
antibody detected with the appropriate secondary antibody were used to visualize lysosomes (red) and FceRI'y (magenta), respectively. Merged images of IgE-LAMP-1 and
IgE-FceRly are shown. Squares show areas of cells shown in higher magnification in lower right corner of selected panels. Arrows indicate subcellular structures with co-
localization of fluorescent labels. Yellow spots indicate co-localization of the red and green colors and white spots indicate co-localization of the green and magenta colors.
At least 10-20 cells at each time point from three independent experiments were imaged. Scale bar, 5 um. (D) Co-localization analyses of confocal images for LAMP-1 and
FceRla (IgE) were performed for the indicated times for wild-type (A) and Syk~/~ RBL-2H3 (C) cells. The Pearson’s coefficients of co-localized volumes were measured for
whole Z-stacks of confocal images using Imaris software and plotted versus time. The data shown are obtained from at least three to five confocal stacks of individual cells,

representative of three independent experiments. The error bars indicate the standard error of the mean. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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can be detected in Rab5* compartments (Fig. 2), but not the
Rab4* or Rab11* endosomal compartments (Fig. 3). Ultimately, it
appears in Rab7* (Fig. 4) and LAMP-1* compartments (Fig. 5A).
Furthermore, we provide evidence that Syk may be required
to prolong the half-life of the receptor complex once internal-
ized (Fig. 5B and D), perhaps through its physical association
with FceRL

Our demonstration that IgE-FceRla and -y chains appear in
EEA1* early endosomes within 15 min of aggregation with antigen,
reaching maximal accumulation at 30 min (Fig. 1), contrasts some-
what with a report (Molfetta et al., 2005) in which FceRI receptors
were observed in transferrin-positive endosomes after 40-60 min
of incubation with anti-FceRla chain mAb. [Transferrin, through
its binding to transferrin receptor, is a well-studied marker used to
identify early and recycling endosomes (Oksvold et al., 2002).] It is
possible that different modes of aggregation account for this dif-
ference, i.e. antibody versus IgE-antigen complexes. Regardless, we
propose that aggregated FceRI and transferrin receptor are initially
endocytosed into distinct early endosomal compartments, possi-
bly because transferrin receptor endocytosis is clathrin-mediated
(van Dam and Stoorvogel, 2002), whereas our data indicates that
IgE aggregated FceRI endocytosis is clathrin-independent and lipid
raft-mediated (Fattakhova et al., 2006). Even if endocytosis of
aggregated FceRI is under certain conditions, such as low lig-
and concentrations (Polo and Di Fiore, 2006), clathrin-mediated
as others have reported (Xue et al., 2007), it would not be sur-
prising to find them localized to early endosomal compartments
distinct from where transferrin receptors localize (Lakadamyali
et al,, 2006). The fact that we see only minimal co-localization
with Rab5 in the early endosomal compartments is consistent
with the observation that Rab22a regulates the recycling of mem-

brane proteins internalized independently of clathrin (Weigert et
al.,, 2004).

While endocytosis from the plasma membrane can occur by a
variety of mechanisms, all routes appear to lead to the early endo-
somal compartment (Mayor and Pagano, 2007). Molecules that
have been internalized are then either routed toward lysosomes for
degradation or are reutilized by recycling. There is evidence sup-
porting the existence of different regions or sub-domains within
early endosomes, such that different receptors may remain segre-
gated within this common compartment (Gruenberg, 2001). The
compartments within early endosomes that are marked by Rab5
and EEA1 are not entirely overlapping (de Toledo et al., 2003;
Galperin and Sorkin, 2003; Lakadamyali et al., 2006). This likely
explains why we observe abundant co-localization of aggregated
FceRI with EEA1 (Fig. 1), but much less with Rab5 (Fig. 2). Indeed,
a recent study of another immune system activating receptor,
KIR2DL4, also showed a disproportionate co-localization, albeit
with the opposite pattern of co-localization (Rajagopalan et al.,
2006).

From the early endosomes, activation receptors that need to be
down-regulated following the initiation of specific cell responses,
such as the TCR (Liu et al., 2000) and BCR (Cheng et al., 1999) are
shuttled to late endosomes prior to lysosomes for degradation (van
der Goot and Gruenberg, 2006). In a similar fashion, our data show
that at later times (120 min) aggregated FceRI is predominantly
localized to the Rab7* late endosomes (Fig. 4) and LAMP-1* com-
partments (Fig. 5A). Our data indicate that at least the FceRla and
-y subunits remain associated during endocytic processing, which
agrees with previous data indicating that the FceRI tetrameric com-
plex is processed intact (Molfetta et al., 2005; Quarto et al., 1985).
The targeting of signaling receptors to late endosomes/lysosomes

Please cite this article in press as: Fattakhova, G.V., et al,
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is thought to serve to attenuate the signaling response and render
cells unresponsive until a new complement of receptors is syn-
thesized (Katzmann et al., 2002). We have employed tagged IgE
to track aggregated FceRI complexes. The fact that the binding of
IgE to FceRl is characterized by a high affinity constant (Sterk and
Ishizaka, 1982) and that the internalized IgE remains bound to the
receptors until complex degradation (Jensen et al., 2003) makes us
confident in the reliability of this approach. This is supported by the
observation that the internalized IgE is always found co-localized
with FceRly.

Previous studies have revealed that Syk can regulate the intra-
cellular traffic of endocytosed receptors (Bonnerot et al., 1998; Le
Rouxetal.,2007). However, in our study, the kinetics of the decrease
in cell surface staining in Syk—/— RBL-2H3 cells was the same as in
wild-type RBL-2H3 cells (Fig. 5B), indicating that FceRI endocytosis
is independent of Syk. This agrees with the previous observations
that the endocytosis of Fcreceptor vy chain following receptor aggre-
gation is independent of Syk activity (Bonnerot et al., 1998) and
the kinetics of internalization of B cell receptor is unaffected in
Syk—/~ B cells (Le Roux et al., 2007). In contrast to surface expres-
sion, we observed an accelerated decrease in the total aggregated
FceRI present in antigen-activated Syk—/~ RBL-2H3 cells. This more
rapid decrease in total FceRI correlated with an increased rate of
FceRI accumulation in the lysosomes (Fig. 5D). These observations
were somewhat unexpected in light of a previous report that c-
Cbl mediates polyubiquitinylation of FceRI in RBL-2H3 cells, which
may control proteosomal targeting and degradation (Paolini and
Kinet, 1993), was Syk-dependent (Paolini et al., 2002). However,
the regulation of receptor endosomal sorting by Syk may not only
be a consequence of its tyrosine kinase activity, but could also be
dependent on the physical interaction of Syk with FceRI. Treat-
ment of wild-type RBL-2H3 with the selective Syk kinase inhibitor
piceatannol had minimal effects on FceRI internalization and did
not reduce total receptor levels (Fig. 5B, right panel). This led us to
tentatively conclude that recruitment and association of Syk with
aggregated FceRI rather than its kinase activity is important for
extending the half-life of the FceRL. In this respect, it is of interest
that recent reports suggest that Syk can function as a membrane
adaptor molecule independently of its catalytic activity (Abudula
etal., 2007; Kulathu et al., 2008). Thus, although the kinase activity
may be necessary for proteosomal degradation, the physical associ-
ation with Syk may serve to slow endosomal processing leading to
degradation in the lysosomes. The functional consequence of this
may be extension of FceRI-mediated signaling in the form of endo-
somal signaling. This is supported by our preliminary observation
that the localization of aggregated FceRI to endosomal compart-
ments correlates with detection of phosphotyrosine residues in
these compartments that were not present prior to FceRI internal-
ization (data not shown).

In summary, our data shows that aggregated FceRI traffics to
early EEA1* endosomes, but not to Rab4* early/sorting or Rab7*
recycling endosomes, and eventually to late endosomes and lyso-
somes. Our data suggests that Syk kinase may play an essential role
in traffic regulation and retention of FceRI in endosomes.
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