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Raimund J. Ober,* Cruz Martinez,† Carlos Vaccaro,† Jinchun Zhou,† and E. Sally Ward2*†
The MHC class I-related receptor, FcRn, plays a central role in regulating the serum levels of IgG. FcRn is expressed in endothelial
cells, suggesting that these cells may be involved in maintaining IgG levels. We have used live cell imaging of FcRn-green
fluorescent protein transfected human endothelial cells to analyze the intracellular events that control IgG homeostasis. We show
that segregation of FcRn-IgG complexes from unbound IgG occurs in the sorting endosome. FcRn or FcRn-IgG complexes are
gradually depleted from sorting endosomes to ultimately generate multivesicular bodies whose contents are destined for lysosomal
degradation. In addition, the pathways taken by FcRn and the transferrin receptor overlap, despite distinct mechanisms of ligand
uptake. The studies provide a dynamic view of the trafficking of FcRn and its ligand and have relevance to understanding how
FcRn functions to maintain IgG homeostasis. The Journal of Immunology, 2004, 172: 2021–2029.
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trations of serum IgG (11–12 mg/ml for humans) (20) would be
predicted to result in efficient uptake via this route. After uptake
and binding to FcRn within acidic vesicles, IgGs are sorted, transported to the cell surface, and released at near neutral pH by poorly
understood mechanisms. In contrast, IgGs that do not bind to FcRn
after uptake into cells enter lysosomal compartments and undergo
degradation (21). Lack of binding of an IgG to FcRn can be due to
either low affinity or competition with other IgG molecules for
interaction with a limited pool of FcRn. Consistent with this
model, IgG/Fc fragments that have increased affinity for FcRn
(while retaining pH-dependent binding) have a longer serum persistence (22).
Although models for FcRn function have been proposed (19,
23), there is a lack of knowledge concerning the intracellular pathways taken by FcRn and its IgG cargo. For example, no data are
available concerning the site and dynamics of intracellular sorting
events. Knowledge of these processes is central to understanding
how IgG levels are controlled throughout the body. In this study
we have used live cell fluorescence imaging of FcRn-green fluorescent protein (GFP)3-transfected endothelial cells to analyze in
real time the trafficking of this receptor and its ligand. A custombuilt, multiwavelength laser excitation microscope imaging system
has been used in conjunction with an intensified camera to analyze
the processes that regulate IgG homeostasis on a rapid time scale
and for a larger number of acquisitions than could be achieved
with a more standard imaging configuration. Our studies provide a
dynamic view of the events that are involved in sorting FcRn-IgG
complexes from uncomplexed IgG and identify the intracellular
site at which these processes occur. They also show that the pathways taken by the transferrin receptor and FcRn within cells intersect, despite fundamentally different mechanisms of ligand uptake. These studies therefore provide novel insight into the
pathways involved in IgG homeostasis.

Materials and Methods
Abs and reagents
Alexa 647-labeled dextran (Mr ⫽ 10 kDa; anionic, fixable), Alexa 546labeled transferrin, and LysoTracker Red were obtained from Molecular
Abbreviations used in this paper: GFP, green fluorescent protein; ␤2m, human ␤2microglobulin; EEA1, early endosomal Ag-1; LAMP-1, lysosome-associated membrane glycoprotein-1.
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ecent data indicate that in addition to its earlier known
role in transferring maternal IgG from mother to young
(1– 4), the MHC class I-related receptor, FcRn, regulates
the serum levels of IgG (5–7). Analyses in mice indicate that endothelial cells lining the (micro) vasculature are a possible site at
which IgG homeostasis is maintained (8). Knowledge about how
FcRn carries out its function in these cells is therefore of relevance
to understanding how IgG levels are regulated and also to the
effective delivery of therapeutic Abs.
FcRn expression in endothelial cells is primarily in intracellular
organelles, with limited cell surface expression (5, 9). For nearly
all FcRn species and IgG isotypes analyzed to date, the FcRn-IgG
interaction is highly pH dependent, with binding occurring at pH
6.0 that becomes progressively weaker as neutral pH is approached
(10 –13). This pH dependence is mediated by the interaction of
conserved IgG histidines located at the CH2-CH3 domain interface
of the Fc region with acidic residues on FcRn (14 –18). pH-dependent binding is consistent with the following model for FcRn function in endothelial cells (19): IgGs are taken up by FcRn-expressing cells and enter acidic endosomes where the FcRn-IgG
interaction can occur. For several reasons, IgG uptake is believed
to be via fluid phase pinocytosis rather than receptor mediated.
First, limited, if any, surface FcRn expression can be detected (5,
9). Second, even if cell surface expression of FcRn occurs, the
extracellular pH is generally not permissive for FcRn binding to
IgG (10 –13). FcRn is therefore unusual in that, unlike other receptors, in the majority of cell types it can only interact with ligand
within acidic intracellular compartments after pinocytic uptake.
Further, unlike many other serum components, the high concen-
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Probes (Eugene, OR). Unlabeled transferrin was obtained from SigmaAldrich (St. Louis, MO). Anti-early endosomal Ag-1 (anti-EEA1) and antiGM130 Abs (both mouse IgG1) were obtained from BD Biosciences (Palo
Alto, CA). Anti-lysosome-associated membrane glycoprotein-1 (antiLAMP-1; mouse IgG1, clone H4A3 developed by Drs. T. August and J.
Hildreth) was obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the National Institute of Child Health and
Human Development and maintained by the University of Iowa (Iowa City,
IA). Alexa 568-labeled anti-mouse IgG (highly cross-adsorbed) was obtained from Molecular Probes. Human IgG1 (HuLys10) (24) and a mutated
variant, His435 to alanine (H435A) (25), were purified using lysozymeSepharose as previously described (25). IgGs were labeled with Alexa 546
or Alexa 647 carboxylic acid (succimidyl ester; Molecular Probes) using
the methods recommended by the manufacturer, except that the molar ratio
of Alexa 546:IgG was 3:1 during the reaction (use of the recommended
10:1 ratio of Alexa 546 dye:IgG during labeling resulted in some nonspecific binding of the labeled IgG). Unincorporated fluorophore was removed
by extensive dialysis. Labeled Abs were analyzed by surface plasmon resonance (21) to ensure that labeling had not affected their binding
properties.

Plasmid constructs

Cells and transfections
The human endothelial cell line HMEC-1.CDC (28), a dermal-derived microvasculature cell line, was provided by F. Candal (Centers for Disease
Control, Atlanta, GA). These cells were maintained in phenol red-free
Ham’s F-12K medium (BioSource International, Camarillo, CA) before
use in transfections. FCS was depleted of bovine IgG by passage over
protein G-Sepharose. HMEC-1 cells were transiently transfected with
FcRn-GFP and ␤2m expression constructs (2–3 g of each) using Nucleofector technology (Amaxa Biosystems, Cologne, Germany) and the protocol recommended for the transfection of human endothelial cells. Immediately after transfection, cells were plated in phenol red-free Ham’s
medium on MatTek dishes (35-mm, glass-bottom, microwell dishes; MatTek, Ashland, MA) for live cell imaging or on coverslips (size 1.5, 12 mm
diameter; Fisher Scientific, Houston, TX) in a 24-well plate for immunofluorescence staining. Cells were used in experiments between 19 –27 h
post-transfection. Transfection with a GFP expression construct (pEGFPN1) resulted in a diffuse location of GFP signal throughout the cell, indicating that the distribution of FcRn-GFP is specific for FcRn (data not
shown).

Immunofluorescence studies of fixed cells
Transfected cells were fixed using 3.4% paraformaldehyde (20 –30 min at
room temperature) and were permeabilized using 0.05% saponin in PBS.
Fixed/permeabilized cells were stained with 5 g/ml anti-EEA1, 10 g/ml
anti-LAMP-1, or 5 g/ml anti-GM130 Abs in 1% BSA in DPBS2⫹ (PBS
containing 1 mM CaCl2, 0.5 mM MgCl2, and 0.25 mM MgSO4). After a
30-min incubation, cells were washed in DPBS2⫹, and bound Ab was
detected by incubation in 4 g/ml Alexa 568-labeled anti-mouse IgG. Cells
were washed, fixed, and mounted in Prolong (Molecular Probes). To analyze the distribution of Alexa 647-labeled IgG in cells, transfectants were
incubated with 1 mg/ml IgG for 60 min in a 37°C, 5% CO2 incubator. After
the pulse period, cells were washed with DPBS2⫹ and chased in prewarmed phenol red-free Ham’s medium at 37°C for 60 min. Cells were
washed, fixed, permeabilized, and stained with anti-LAMP-1, followed by
Alexa 568-labeled anti-mouse IgG as described above.

Sample preparation for live cell imaging
Cells were pulsed with fluorescently labeled proteins or dextran in prewarmed, phenol red-free Ham’s medium for 1 h at 37°C in a 5% CO2
incubator at the following concentrations: Alexa 546-labeled IgGs at 0.5 or
1 mg/ml, Alexa 647-labeled dextran at 0.5 mg/ml, Alexa 546-labeled transferrin at 10 –50 g/ml. The dishes were then mounted onto an Axiovert
microscope (Carl Zeiss, Thornwood, NY) and were heated through the
objective to maintain a temperature of 37°C using a ⌬T objective warmer
(Bioptechs, Butler, PA). The cells were then washed five times with phenol
red-free Ham’s medium (prewarmed to 37°C) by adding 2–3 ml and rap-

idly removing medium via a vacuum line. After the final wash was complete, 1 ml of prewarmed Ham’s medium was added. In some cases where
cells were pulsed with labeled transferrin, 1 mg/ml unlabeled transferrin
was added to the chase medium. When used, LysoTracker Red was added
to the chase medium at 24 g/ml. Cells were immediately imaged (1–2 min
expired between the first wash and the start of data acquisition) for up to
40 min (in a minority of experiments for which data are not shown, images
were collected for up to 60 min). For imaging of FcRn-GFP in transfected
cells, the same procedure was followed, except that cells were not pulsechased with fluorescently labeled material before imaging.

Image acquisition and processing
Images of fixed cells were acquired using a Zeiss (Axiovert 200M) inverted
epifluorescent microscope fitted with a ⫻100 (1.4 NA) Plan Apo objective
(Carl Zeiss) using a cooled CCD camera (Orca ER, Hamamatsu, Bridgewater, NJ). Standard fluorescent (HQ) filter sets for GFP, TRITC, and Cy5
were obtained from Chroma Technology (Brattleboro, VT). For live cell
imaging, series of images were acquired using a Zeiss Axiovert 100TV
inverted fluorescence microscope fitted with a ⫻100 (1.65 NA) apochromatic objective (Olympus, Melville, NY). A Zeiss ⫻1.6 Optovar was used
to further increase magnification. Using a custom-built, right side-facing
filter cube, three laser lines were used for wide-field excitation: a 488-nm
laser (Laser Physics, West Jordan, UT), a 543-nm laser (Research ElectroOptics, Boulder, CO), and a 633-nm laser (JDS Uniphase, San Jose, CA).
Custom filter sets and beam splitters were used (Chroma Technology) for
combining the laser lines on a breadboard and guiding the emitted fluorescence to the camera. Images were acquired with an intensified CCD
camera (IpentaMax; Roper Scientific, Trenton, NJ). Three acquisition configurations were used. In the first configuration, single-color images of cells
were acquired using Winview 2.5 software (Roper Scientific, Trenton, NJ).
The exposure time was the repetition rate, which ranged from 100 –500 ms.
In the second configuration, cells were imaged in two colors. Sequential
images were acquired for each color by switching between laser lines with
fast shutters (Uniblitz, Rochester, NY) and using a dual-band emission
filter. The exposure time for each color was 500 ms, and each pair was
acquired every 1.2 s. In the third configuration, cells were imaged in two
and three colors. Sequential images were acquired for each color by switching between laser lines with fast shutters and placing the corresponding
emission filter into position using an emission filter wheel (Ludl Electronic
Products, Hawthorne, NY). The exposure time for each color was 500 ms,
and a set of images was acquired every 4 s. For the second and third
approaches, custom-written software was used to control the various hardware components. In all cases, background fluorescence levels obtained
from untreated cells in medium at the exposure times used for each fluorophore were analyzed and were found to be negligible. In addition, emission bleed-through of one fluorophore into the emission for a distinct fluorophore was negligible.
All data were processed and displayed using a custom-written software
package in the high level programming language Matlab (The Mathworks,
Nantick, MA). If necessary, for overlay images of cells the intensities of
the individual components were adjusted to similar levels. The final images
were exported for presentation in Canvas 8. Image series (overlays and
single color) were translated in MatLab into movie format and exported for
presentation in QuickTime format.

Results
FcRn-GFP is expressed in intracellular vesicles and tubules in
transfected endothelial cells
In the current study we have analyzed the intracellular localization
and trafficking of FcRn and its IgG ligand in the human endothelial
cell line HMEC-1.CDC (28). This cell line has been chosen because it is derived from skin microvasculature, which is believed
to be a possible site for the regulation of serum IgG levels (8, 29).
Cells were transfected with a human FcRn-GFP fusion construct
together with a human ␤2m construct to facilitate live cell imaging.
The ␤2m construct was used to minimize the possibility that the
expression of this protein becomes limiting for assembly of FcRn
␣-chain-␤2m heterodimers in endothelial cells, which would result
in functional abnormalities of FcRn (30, 31). The expression of
FcRn-GFP is primarily intracellular (Fig. 1), and the distribution is
similar to that seen previously for endogenous expression in untransfected endothelial cells (8, 9). Analysis of the distribution of
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The plasmid for the expression of human FcRn with C-terminally fused
enhanced GFP was made using pEGFP-N1 (BD Biosciences, Palo Alto,
CA) and has been described previously (26). A construct for the expression
of human ␤2-microglobulin (␤2m) was made by cloning the ␤2m gene into
pCB7, which is a hygromycin-resistant variant of pCB6 (27). The pCB7
was provided by Dr. M. Roth (University of Texas Southwestern Medical
Center).
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FcRn-GFP in transfected cells indicates that this receptor is expressed in EEA1-positive compartments, but not in LAMP-1-positive lysosomes (Fig. 1, a and b). Within these endosomes, of
which the majority range in size from 1–2.5 m, FcRn and EEA1
are generally distributed in discrete subdomains (Fig. 1a, right
panel). Thus, although both FcRn and EEA1 codistribute within
the same endosomes, their sublocalizations within these compartments appear to be distinct. In a high proportion of transfected
cells, strong perinuclear staining was also observed and corresponded to Golgi expression (assessed using anti-GM130, a
marker for the Golgi; Fig. 1c).
In addition to expression in 1- to 2.5-m diameter endosomes,
FcRn-GFP was present in tubules and smaller vesicles within the
cells (Fig. 2). Live cell imaging was used to analyze the dynamics
of FcRn movement on a rapid time scale (frames every 100 or 500
ms). In contrast to the larger, FcRn-expressing endosomes, which
generally do not move over large distances in the cell, small,
FcRn-positive vesicles and tubules are highly motile and show
movement rates of up to 3 and 0.6 m/s for vesicles and tubules,
respectively (Fig. 2 and Web Movie 1 on the online supplementary
information page4). Fusion of the vesicles and tubules with the
endosomes can frequently be seen (Fig. 2 and Web Movie 1). In
some cases, FcRn-positive tubules separate from one endosome
before fusing with another (Fig. 2b).
FcRn-GFP is present in sorting endosomes
We first characterized the properties of the endosomes by pulsing
cells with transferrin and dextran for 60 min. These markers are
4

The on-line version of this article contains supplemental material.

known to be sorted into the recycling (transferrin) and lysosomal
pathways (dextran) in the sorting endosome. Their distribution was
analyzed using live cell imaging for 7-min periods within a chase
period of up to 20 min. Imaging was conducted using a custombuilt, multiwavelength laser excitation imaging setup. This setup
was designed to allow relatively rapid image acquisition for multiple fluorophores for large numbers of acquisitions. The use of
laser excitation allowed wide bandpass emission filters to be employed to maximize the efficiency of collection of emission signal.
In turn, this, in conjunction with the use of an intensified camera,
resulted in the need for only low excitation power, reducing the
undesirable loss of signal due to photobleaching. A complete set of
images was acquired for the three fluorophores every 4 s. Transferrin can be seen in vesicles and tubules that extend from the
endosomes, whereas dextran is located in the center of the compartment (Fig. 3). The tubules extend and in some cases separate from the
endosome (not shown). Thus, these endosomes can be classified as
sorting endosomes. In nearly all cases, FcRn-GFP in the sorting endosome is colocalized with transferrin, and transferrin-positive tubules also contain FcRn (Fig. 3). Therefore, at least during stages of
trafficking that involve the sorting endosome, this FcR appears to
follow the same pathway as the transferrin receptor.
Trafficking pathways of IgGs with different affinities for FcRn
bifurcate in the sorting endosome
Having identified the sorting endosome in endothelial cells, we
next analyzed whether this organelle is the site at which FcRn-IgG
complexes are sorted from lysosomally destined IgG that is not
bound to FcRn. Although IgGs that do not bind to FcRn have been
shown to enter the lysosomal pathway (21), there is no knowledge
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FIGURE 1. Analysis of distribution of FcRn in transfected HMEC-1 cells. FcRn-GFP-transfected HMEC-1 cells were fixed, permeabilized, and stained
with anti-EEA1 (a), anti-LAMP-1 (b), or anti-GM130 (c). Bound primary Ab was detected using Alexa 568-labeled anti-mouse IgG. The right panel of
a– c shows an expanded image of the overlay (boxed area). Images were acquired and processed as described in Materials and Methods. Data are
representative of those obtained from at least five (anti-EEA1, anti-LAMP-1) or two (anti-GM130) independent experiments. Bar ⫽ 5 m.
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of the processes and dynamics of the events that lead to sorting of
FcRn-bound IgG away from free IgG. FcRn-GFP-transfected cells
were therefore pulsed with fluorescently labeled IgGs that have
different affinities for binding to FcRn: the wild-type human IgG1
molecule binds to FcRn, whereas a mutated variant (His435 to alanine, or H435A) does not interact with this receptor with a measurable affinity (25). This mutated IgG retains binding to Fc␥Rs
and to its Ag, hen egg lysosome, indicating that it is folded cor-

rectly (25). After a pulse of 60 min, labeled IgG was washed out,
and live cell images of FcRn-GFP and Alexa 546-labeled IgG were
collected. Dual-color, time-lapse experiments were conducted for
up to 10-min (human IgG1, H435A mutant) or 20-min (H435A
mutant) periods within a 20-min (human IgG1) or 40-min (H435A
mutant) chase period after the washes. A complete set of images
was acquired for the two fluorophores every 1.2 s for a total of up
to 1000 two-color sets.

FIGURE 3. Trafficking of dextran and transferrin in FcRn-GFP-transfected HMEC-1 cells. a and b, FcRn-GFP-transfected HMEC-1 cells were pulsed
for 60 min with 0.5 mg/ml Alexa 647-labeled dextran and 50 g/ml Alexa 546-labeled transferrin, washed, and then imaged at 37°C. Individual frames
from movies are shown. The left panels of a and b show images of whole cells, with boxed regions indicating the areas that were expanded in the adjacent
panels. Times in seconds of frame relative to start of imaging are shown. For the images shown this was immediately after the beginning of the chase period.
Arrowheads show FcRn-GFP- and transferrin-positive tubules extending from a dextran-positive endosome. Images were acquired and processed as
described in Materials and Methods (filter wheel configuration). Representative cells from at least 21 independent experiments are shown. Bar ⫽ 5 m
(whole cell images) or 1 m (expanded images).
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FIGURE 2. Tracking FcRn-GFP in transfected HMEC-1 cells. FcRn-GFP-transfected HMEC-1 cells were imaged at 37°C. The movement of FcRn-GFP
was tracked with a fast image acquisition rate of 100 ms/frame (a) and a slower image acquisition rate of 500 ms/frame (b). The left panels of a and b show
images of whole cells, with the boxed regions indicating the areas that were expanded in the adjacent panels. The arrows indicate areas of movement of
FcRn-GFP-positive tubules or vesicles (times in seconds of frame relative to start of imaging are shown). These images are individual frames of movies,
and Web Movie 1 that corresponds to the data shown in a can be viewed on the online supplementary information page. Images were acquired and processed
as described in Materials and Methods (single-color configuration). Data show representative cells from at least six (a) or three (b) independent experiments.
Bar ⫽ 5 m (whole cell images) or 1 m (expanded images).
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to our observations with IgG1, the sorting endosomes within a cell
show differences in the extent of IgG accumulation (Fig. 5, b and
d). For IgG1-treated cells, FcRn-GFP-positive tubules are tethered
and occasionally leave the sorting endosome (Fig. 5, a– c, and Web
Movie 3). They also tether adjacent endosomes, and occasionally
two endosomes with different amounts of labeled H435A fuse to
mix their contents (Fig. 5d). However, and in contrast to human
IgG1, labeled H435A mutant cannot be detected in the FcRn-GFPpositive tubules. FcRn-GFP is therefore gradually depleted from
these compartments by loss of tubules and vesicles, and ultimately
(after ⬃20 – 40 min) round, H435A-positive, FcRn-GFP-negative
compartments remain (Fig. 5e). These compartments are generally
characterized by higher mobility than their FcRn-GFP-positive
progenitors and frequently move out of the focal plane or field of
view (data not shown). To verify that the ultimate fate of the
H435A mutant in these compartments is lysosomal, pulse-chase
experiments were conducted under analogous conditions, but cells
were fixed and stained with anti-LAMP-1 after a 60-min chase.
Alexa 647-labeled H435A is extensively colocalized with
LAMP-1 under these conditions (Fig. 5f).
The sorting endosomes mature to generate a multivesicular
bodies
To further analyze the evolution of the sorting endosomes, LysoTracker Red was used. This fluorescently labeled weak base accumulates in acidic compartments (pH ⬃5.0 or below) and can

FIGURE 4. Trafficking of human IgG1 in FcRn-GFP-transfected HMEC-1 cells. Transfected cells were pulsed for 60 min with 0.5 mg/ml (d and e) or
1 mg/ml (a– c) Alexa 546-labeled IgG1. After the pulse, cells were washed and imaged at 37°C. Individual frames of movies are shown. The left panels
of b– e show images of whole cells, with the boxed regions indicating the areas that were expanded in the adjacent panels. Times in seconds of each frame
relative to start of imaging are shown; imaging was started at 0 s (b and e) or ⬃600 s (c and d) after the beginning of the chase period. The image in a
was taken ⬃2 s after the beginning of an imaging period that immediately followed the start of the chase period. Arrowheads show the following: a, two
FcRn-GFP-positive sorting endosomes within the same cell, which contain markedly different amounts of IgG1; b, an FcRn-GFP-positive, IgG1-positive
tubule extending from a sorting endosome; c, an FcRn-GFP-positive, IgG1-positive tubule leaving a sorting endosome; d, an FcRn-GFP-positive, IgG1positive vesicle leaving a sorting endosome; and e, FcRn-GFP-positive, IgG1-positive sorting endosomes tethered together by a tubule. Images were
acquired and processed as described in Materials and Methods (dual-band emission filter configuration). Representative cells from at least 8 (d and e) and
34 (a– c) independent experiments are shown. Web Movie 2 (c) can also be viewed online. Bar ⫽ 1 m (a and expanded images in b–e) or 5 m (whole
cell images in b– e).
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At the concentrations of IgG used (0.5 or 1 mg/ml), human IgG1
is frequently colocalized with FcRn-GFP in small vesicles, tubules, and sorting endosomes (Fig. 4). However, some FcRn-GFPpositive compartments do not contain detectable levels of IgG1,
and this is particularly marked for the sorting endosomes (Fig. 4a).
This suggests that there may be trafficking hot spots within a cell
to which internalized proteins (or other molecules) are directed.
IgG1 can be seen in FcRn-GFP-positive tubules, which extend
from the sorting endosome (Fig. 4, b– d, and Web Movie 2). These
tubules are motile and can frequently be seen tethered to the sorting endosome, whereas in rarer cases the tubules detach and move
at high speeds (⬃0.6 m/s) through the cytosol (Fig. 4c and Web
Movie 2). Frequently, the detached tubules move out of the focal
plane or field of view, limiting the length of time for which they
can be followed. In addition to detachment of tubules that contain
FcRn-GFP and IgG1, smaller FcRn-GFP-positive, IgG1-positive
vesicles (or possibly tubules) can also be seen leaving the sorting
endosomes (Fig. 4d). The loss of FcRn-GFP-positive tubules and
vesicles results in a progressive depletion of this receptor from the
sorting endosome. Tubules attaching sorting endosomes to each
other can also sometimes be observed, consistent with the sorting
compartment being a continuous tubulo-vesicular network (Fig.
4e) (32, 33).
The behavior of the H435A mutant, which does not bind detectably to FcRn (25), is distinct from that of IgG1. This mutant
accumulates in the vacuolar part of the sorting endosome and does
not colocalize with FcRn-GFP (Fig. 5 and Web Movie 3). Similar
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therefore be used to analyze late endosomal or lysosomal acidification. Addition of LysoTracker Red indicated that as FcRn-GFPpositive tubules were progressively shed from the sorting endosome, the intensity of LysoTracker Red signal increased (Fig. 6, a
and b). Furthermore, in some cases, LysoTracker Red was confined to a subcompartment within the endosome, suggesting that
internalization of membrane was occurring (Fig. 6c). These LysoTracker Red compartments therefore most likely represent maturing multivesicular bodies described in other systems (34 –37).

Discussion
In the current study we have analyzed the trafficking of FcRn and
its ligand, IgG, in human endothelial cells. Studies in mice suggest
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FIGURE 5. Trafficking of mutated human IgG1
(H435A) in FcRn-GFP-transfected HMEC-1 cells.
Transfected cells were pulsed for 60 min with 1
mg/ml Alexa 546-labeled H435A. a– e, Live cell imaging was conducted at 37°C immediately after the
pulse and washes. Individual frames of movies are
shown. The left panels of a– e show images of whole
cells, with the boxed regions indicating the areas that
were expanded in the adjacent panels. Times in seconds of each frame relative to the start of imaging are
shown; imaging was started at 0 s (c), ⬃600 s (a and
d), or ⬃1200 s (b and e) after the beginning of the
chase period. Arrowheads show the following: a and
b, FcRn-GFP-positive tubules leaving an H435Apositive sorting endosome; c, FcRn-GFP-positive tubules tethered to an endosome containing H435A; d,
merging of an FcRn-GFP, H435A positive endosome
with an FcRn-GFP (no detectable H435A) endosome; and e, depletion of FcRn-GFP tubules from a
sorting endosome to generate an H435A-positive,
FcRn-GFP-negative compartment. For a– e, representative cells from at least 18 independent experiments are shown. f, Images of transfected cells
pulsed with Alexa 647-labeled H435A followed by a
60-min chase and then fixation, permeabilization and
staining with anti-LAMP-1. Bound anti-LAMP-1
was detected using Alexa 568-labeled anti-mouse
IgG. The right panel in f shows an expansion of the
overlay (boxed area). f, Data are representative of
those obtained from at least three independent experiments. Live cell images (a– e) were acquired and
processed as described in Materials and Methods
(dual-band emission filter configuration). Web
Movie 3 (a) can also be viewed online (see Footnote
4). Bar ⫽ 5 m (whole cell images in a– e and both
panels in f) or 1 m (expanded images in a– e).

that FcRn expression in endothelial cells plays a role in regulating
serum IgG levels (8), and the available data indicate a similar
function in humans (21). In endothelial cells, FcRn is expressed
primarily in intracellular vesicles, where it can bind to IgG in a
highly pH-dependent way, with binding at pH 6.0 and release at
pH 7.3 (12, 13). In contrast to the majority of other receptors (e.g.,
transferrin receptors), FcRn therefore functions at an intracellular,
rather than cell surface, location and relies on fluid phase uptake for
ligand delivery. In this study we have used live cell imaging with a
custom-built microscope set up in conjunction with an intensified
camera to analyze the intracellular events that discriminate IgGs that
bind to FcRn from those that do not. This imaging set-up has allowed
us to analyze the dynamics and the site of FcRn-mediated sorting in
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live cells and to demonstrate that the transferrin receptor and FcRn
pathways intersect. Significantly, recent data have shown that FcRn
plays a broad role not only in maintaining serum IgG homeostasis, but
also in delivering IgG across epithelial cells to diverse body sites
(38 – 42). Thus, knowledge of FcRn-mediated processes has relevance
to understanding how IgG levels are regulated at diverse sites
throughout the body.
The transfection of microvasculature-derived HMEC-1 cells
with a FcRn-GFP construct results in FcRn-GFP expression
throughout the cytosol in vesicles and tubules, with very limited
cell surface expression. This distribution is consistent with earlier
analyses of endogenous expression in endothelial cells, where
punctate, vesicular staining throughout the cytosol was seen (8, 9).
However, in these earlier studies the nature of the vesicles was not
characterized. In this study we show that a high proportion of the
FcRn-GFP-expressing compartments are also positive for the early
endosomal marker, EEA1. Many of these endosomes have a size
of 1–2.5 m and, based on their handling of transferrin and dextran, have the properties of sorting endosomes. Endosomes of similar size have been described in other cell types after transfection
with expression constructs for a GTPase-deficient form of the
Rab5 GTPase, Rab5Q79L, or rabaptin-GFP (43, 44). Significantly,
in the current study the size of the endosomes is not a consequence
of transfection, as they are also present in untransfected cells (data
not shown), suggesting that this may be a general feature of endothelial cells. Within the sorting endosomes, FcRn-GFP and
EEA1 are generally not colocalized and are seen in distinct sub-

domains. As EEA1 binds to Rab5 GTPase (45), which has been
shown to form discrete subdomains in endosomes (46), this suggests that FcRn-GFP is associated with subdomains containing
other effectors, such as Rab4 GTPase. This would be consistent
with the proposed role of Rab4 in recycling, whereas Rab5 regulates endosome docking and fusion (46 – 48). The distribution of
FcRn is distinct from that of LAMP-1, indicating that, consistent
with its salvage function, it is not present in lysosomes.
Live cell imaging of FcRn-GFP on a rapid time scale indicates
that FcRn-positive vesicles and tubules, with the exception of the
sorting endosomes, are highly motile and can be propelled through
the cytosol at speeds up to 3 m/s. Fusion of these vesicles and
tubules with the sorting endosomes can be visualized. By analyzing the trafficking of transferrin in FcRn-GFP-transfected cells, we
observed that the pathways taken by FcRn and the transferrin receptor intersect. Thus, although IgG and transferrin are taken up by
fluid phase and receptor-mediated mechanisms, respectively, their
sorting occurs at the same intracellular site, i.e., in the sorting
endosome.
The use of a custom-built multicolor laser excitation imaging
system has allowed us to analyze the location and trafficking of
FcRn and its IgG ligand in endothelial cells on a fast time scale for
relatively long periods. This system is optimized for maximal collection of emission signal, thereby minimizing adverse effects due
to photobleaching. Pulsing of cells with labeled human IgG1 followed by a chase has allowed us to visualize in real time the
salvage of IgG away from the lysosomal route. Tubules positive
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FIGURE 6. Trafficking of dextran and LysoTracker Red in FcRn-GFP-transfected HMEC-1
cells. Cells were incubated with 24 g/ml LysoTracker Red (a and b) and imaged. c, Cells were first
pulsed with 0.5 mg/ml Alexa 647-labeled dextran,
washed, and incubated in 24 g/ml LysoTracker
Red. Individual frames are shown. The left panels of
a and b show images of whole cells, with the boxed
regions indicating the areas that were expanded in the
adjacent panels. Times in seconds of each frame relative to start of imaging are shown; imaging was
started at ⬃600 s (a) or ⬃1200 s (b) after the beginning of the chase period. The image in c was taken
⬃80 s after the beginning of an imaging period that
immediately followed the start of the chase period.
Arrowheads show the following: a, FcRn-GFP-positive, LysoTracker Red-positive endosome with
gradual depletion of FcRn-GFP; b, FcRn-GFP-positive, LysoTracker Red-positive endosome showing
an increase in LysoTracker Red fluorescence; and c,
dextran-positive, FcRn-GFP-positive endosome in
which only a subcompartment of the endosome is
strongly LysoTracker Red positive, suggesting membrane internalization. Images were acquired and processed as described in Materials and Methods (both
multicolor imaging configurations). Representative
cells from at least eight (a), three (b), and nine (c)
independent experiments are shown. Bar ⫽ 5 m
(whole cell images in a and b) or 1 m (c and expanded images in a and b).
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therefore provide new insight into the mechanism by which this
receptor maintains IgG homeostasis.
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for both FcRn and IgG can be seen extending from the vacuole of
the sorting endosome. Frequently, these tubules are tethered and
can extend for large distances in the cytosol. Detachment of the
tubules containing FcRn-GFP and IgG from the body of the sorting
endosome can also be observed, and this is followed by rapid
movement of the tubule and its disappearance. This loss of signal
may be due to fusion of the tubule with the plasma membrane and
rapid dispersal of the contents into (FcRn) and outside (IgG) the
membrane. Alternatively, it may simply be due to movement of the
tubule out of the focal plane or field of view. Similarly, less elongated vesicles containing FcRn and IgG also bud off the sorting
endosomes. This results in a gradual depletion of FcRn-GFP and
its IgG cargo from the sorting endosome.
A mutated variant of human IgG1 (H435A) that does not bind
detectably to FcRn (25) follows a pathway distinct from that of its
wild-type counterpart. This pathway is consistent with the short
serum persistence of this Ab (25), which is retained by endothelial
cells and ultimately colocalized with the lysosomal marker,
LAMP-1. The H435A mutant accumulates in the vacuole of the
sorting endosome and can rarely be seen in FcRn-positive tubules.
Bifurcation of the pathways taken by human IgG1 and H435A
after uptake into endothelial cells therefore occurs in the sorting
endosome, and our images provide a dynamic view of the processes that occur to achieve this. In some cases complete loss of
FcRn-GFP from the sorting endosome to leave a residual, IgG
(H435A)-containing vesicle can be observed. Analyses with LysoTracker Red, a weak base-fluorophore conjugate that preferentially accumulates in acidic vesicles of pH 5.0 or less, indicate that
acidification of the sorting endosomes to pH levels typical of late
endosomes (or multivesicular bodies)/lysosomes (34) occurs while
FcRn-positive tubules and vesicles are still being sorted. In some
cases only a subcompartment of the vacuole is LysoTracker Red
positive, which most likely is due to the extensive membrane internalization that characterizes multivesicular body formation (32,
49). Similarly, sorting of recycling receptors from lysosomally directed proteins in multivesicular bodies has been observed in other
cell types, such as HEp-2 and NIH-3T3 cells (36, 49). Our data are
consistent with maturation models of endosomal biogenesis in
which (sorting) endosomes gradually mature into multivesicular
bodies (34 –37), rather than models in which endocytic carrier vesicles shuttle between early and late endosomes (50).
Endothelial cells are usually polarized with both apical and basolateral surfaces. In the current study we have analyzed transfected cells as subconfluent monolayers. It is probable that, as
reported by others for epithelial cells (51), the endothelial cells
have some polarized character when grown on glass. In contrast to
epithelial cells (such as Madin-Darby canine kidney cells), for
which extensive analyses of apical and basolateral endosomes and
other intracellular compartments have been conducted (51–54),
there is limited knowledge concerning intracellular trafficking in
endothelial cells. Further studies will be necessary to determine
which class of epithelial endosomes, if any, is analogous to the
sorting endosomes analyzed in this study.
In summary, we have analyzed the dynamics and properties of
trafficking of human FcRn in live endothelial cells. We have provided a dynamic view of the endosomal sorting of IgG that binds
to FcRn into FcRn-positive tubules and vesicles. In contrast, IgG
that does not interact with this FcR remains in the vacuole of the
sorting endosome, which gradually matures into a multivesicular
body. Our data show that the primary site at which FcRn sorts IgGs
for either salvage or lysosomal degradation is the sorting endosome. In addition, the intracellular pathways taken by the transferrin receptor and FcRn overlap, although the mechanisms of ligand uptake for these two receptors are distinct. The analyses
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