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Abstract

lgG is the most abundant serum antibody and is an essential component of the humoral immune
response. It is known that the ‘neonatal’ Fc receptor (FcRn) plays a role in maintaining constant
serum IgG levels by acting as a protective receptor which binds and salvages IgG from
degradation. However, the cellular mechanism that is involved in serum IgG homeostasis is poorly
understood. In the current study we address this issue by analyzing the intracellular fate in human
endothelial cells of IgG molecules which bind with different affinities to FcRn. The studies show
that IgG which do not bind to FcRn accumulate in the lysosomal pathway, providing a cellular
explanation for short serum persistence of such antibodies. We have also investigated the
saturability of the homeostatic system and find that it has limited capacity. Our observations have
direct relevance to the understanding and treatment of IgG deficiency, and to the effective

application of therapeutic antibodies.

Introduction

IgG represents the most abundant serum Ig and plays an
essential role in mediating immunity. Knowledge as to how
serum 1gG levels are maintained at constant levels in the
circulation is of central importance in understanding the
regulation of humoral immunity. For example, such information
has obvious relevance to the analysis and treatment of human
IgG (hig@G) deficiencies, in addition to the effective delivery of
antibodies for passive immunization and targeted immu-
notherapy. Despite this, there is limited knowledge of the
cellular and molecular processes which regulate serum IgG
levels. In a classic paper (1), Brambell et al. put forward a
hypothesis to explain serum IgG homeostasis. This hypothesis
proposed that salvage receptors in cells of unknown type
acted to bind and recycle pinocytosed IgG molecules back
into the serum. Brambell et al. also suggested that these
receptors were involved in the transmission of maternal IgG
from mother to young. The putative receptors were believed to
be saturable, so that any IgG molecules not receptor bound
following pinocytosis would suffer degradation. This hypoth-
esis was put forward in the absence of any knowledge of the
receptor or cell types involved, but at the conceptual level

provided a satisfactory model by which IgG homeostasis
could be maintained.

More recent studies in mice indicate that the ‘neonatal’ Fc
receptor (FCRn; n = neonatal) is the salvage receptor which
regulates IgG levels (2-4). These studies were carried out in
mice that do not express functional FcRn and showed that lack
of this Fc receptor results in hypercatabolism of IgG.
Expression of this Fc receptor is not only restricted to the
pre- or neonatal period when it plays a role in the delivery of
maternal 1gG to offspring (5-8), but can also be ubiquitously
found in endothelial cells of adult tissues where it is believed to
be involved in IgG homeostasis (2,9). Thus, at the level of
identification of the receptor, the details of the Brambell
hypothesis (1) have been clarified. In contrast, although
subsequent models which are based on the Brambell hypoth-
esis have been elaborated (10,11), there is still limited
knowledge concerning the events that occur at the cellular
level to regulate serum IgG homeostasis. Here we address this
issue by comparing the intracellular trafficking of wild-type
IgG1 and a site-specifically mutated variant that does not bind
to FcRn. Any differences in trafficking between these anti-
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bodies can therefore be unequivocally attributed to loss of
interaction with this Fc receptor. Significantly, our studies have
been carried out in microvasculature-derived human endothe-
lial cells and are therefore of direct physiological relevance to
understanding 1gG homeostasis.

Primarily due to the obvious ethical constraints of carrying
out experiments in humans, much less is known about human
FcRn than rodent FcRn. A human homolog of rodent FcRn has
been isolated from human syncytiotrophoblasts (12). The use
of an ex vivo placental model has implicated FcRn in the
delivery of IgG across the maternofetal barrier (13), indicating
that as in rodents, human FcRn is an IgG transporter. There is
generally a good correlation between binding affinity of an IgG
for FcRn and serum half-life in both mice and humans (14-16).
Human and rodent FcRn therefore appear to serve similar
functions. However, it has recently been shown that human
and mouse FcRn have significant differences in binding
specificity (16), with human FcRn being highly selective in
binding specificity for IgG from a limited number of species. In
contrast, mouse FcRn does not show this stringency and
binds to IgG of every species analyzed (16). As a conse-
quence of this marked difference in binding specificity,
caution should be exercised in extrapolating data from
functional assays for FcRn in mice to humans.

The amino acids involved in the FcRn-IgG interaction have
been mapped using both functional and structural studies
(14,17-22). IgG residues that are involved in binding to FcRn
are located at the C42-C3 domain interface of the Fc region.
Using this knowledge, the molecular basis for the effects of
mutations of IgG or Fc fragments on FcRn binding affinity can
generally be rationalized. However, knowledge of the intra-
cellular fate of IgG which bind with different affinities to FcRn is
very limited. In addition, there is a paucity of data concerning
the intracellular trafficking of IgG in cells where FcRn is
expressed endogenously, such as in endothelial cells (9).
There is also no information concerning the concentration
dependence of IgG uptake and how this might affect recycling
versus degradation, i.e. the capacity of the homeostatic
system.

In the current study we compare the trafficking of wild-type
higG1 and IgG which do not bind to FcRn in human
endothelial cells. These latter IgG include a variant of higG1
in which mutation of His435 to alanine results in selective loss
of binding to FcRn with retention of all other Fc-mediated
functions (13). The effects of IgG concentration on IgG
trafficking have also been investigated. Our analyses provide
direct evidence to support the concept that the function of
human FcRn expression in endothelial cells is to regulate
serum IgG levels, where it behaves as a saturable receptor of
limited capacity.

Methods

Cell lines

HULEC-5A cells (SV-40 large T antigen-transformed line
derived from human lung microvasculature; F. Candal, pers.
commun.) were obtained from the Center for Disease Control,
and maintained in phenol red-free Ham12K medium
(Biosource, Camarillo, CA) containing 30 pug/ml endothelial

cell growth supplement, 100 ug/ml heparin, 2 mM glutamine,
135 pug/ml CaCl, and 10% FCS. FCS was passed through
Protein G-Sepharose to deplete IgG prior to adding to
medium. Cells were not used in experiments beyond 23
passages as they reach senescence around passage 25 (F.
Candal, pers. commun.).

RT-PCR

RNA was isolated from HULEC-5A cells using the RNAzol
method (Tel-Test, Friendswood, TX). cDNA was synthesized
using standard methods of molecular biology and oligonu-
cleotide primers specific for human FcRn (matching or
complementary to bases 576-600 or 1072-1098). Aliquots of
cDNA were used in the PCR with several primer pairs specific
for FcRn (bases 74-97 and 576-600; 799-819 and 1072-
1098; and 584-609 and 1072-1098 of human FcRn). As a
positive control, primers specific for the 5 (leader peptide)
and 3’ ends of the human Bo-microglobulin gene (size 357 bp)
were used. PCR products were analyzed by agarose gel
electrophoresis.

Immunofluorescence staining

HULEC-5A cells were grown on coverslips and fixed with 3.4%
paraformaldehyde, permeabilized with 0.1% Triton and incu-
bated with PBS/1% BSA for 15 min at room temperature. For
anti-EEA-1 staining, cells were incubated with 5 pg/ml anti-
EEA-1 (BD Transduction, San Diego, CA) or control irrelevant
mouse 1gG1 (mlgG1) for 45 min, washed and incubated in 2
ug/ml Alexa 488-labeled anti-mlgG (extensively cross-ad-
sorbed; Molecular Probes, Eugene, OR) for 45 min. Cells were
washed and coverslips mounted using Prolong (Molecular
Probes).

Antibodies and labeling with Alexa fluor

Wild-type hlgG1 [HuLys10; k (23)] and a mutated derivative
(His435 to Ala; H435A) that does not bind to FcRn (13) were
used in these studies. These humanized IgG are specific for
hen egg lysozyme (HEL) and were purified from culture
supernatants using HEL-Sepharose (23). The cell line
expressing HulLys10 (23) was a generous gift of Dr Jeff
Foote (Fred Hutchinson Cancer Center, Seattle, WA). higG1
(x) was purchased from Sigma (St Louis, MO). RFB4 or HD37
[anti-CD22 and anti-CD19 respectively (24)] were used as
sources of migG1. IgG were labeled with Alexa Fluor 647
(‘Alexa 647’) using Alexa Fluor 647 succinimidyl ester
(Molecular Probes) and the protocol recommended by the
manufacturer. Following extensive dialysis or the use of a
Sephadex G-25 column to remove free fluorophore, Alexa 647
incorporation into IgG was assessed by Agsonm Values. For all
comparative studies, 1gG with similar levels of fluorophore
incorporation were used. Unlabeled hlgG (a mixture of all four
higG isotypes; designated IVIg) were purified using Protein
G-Sepharose from commercially available Sandoglobulin (a
mixture of pooled higG with minor amounts of IgA for use in
therapy; generously provided by Dr Richard Wasserman).
Protein concentrations were determined using BCA protein
assay kits (Pierce, Rockford, IL) and/or ODagonm Values.
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Surface plasmon resonance (SPR)

SPR was used to assess the activity of the Alexa 647-labeled
IgG following addition to the labeling mixes that were added to
HULEC-5A cells (see below). CM5 sensor chips were coupled
with recombinant mouse FcRn (25) at a density of 1724 RU.
Mouse FcRn was used in preference to human FcRn for these
experiments as we have found that it is more stable on the
sensor chip surface. Mouse FcRn binds to higG1 and migG1,
but not to H435A (13). In addition, for use as a reference cell,
one flow cell was treated with coupling buffer only during the
coupling reaction. Labeling mixes (in medium, pH 7) were
diluted 10-fold in PBS (pH 6.0) plus 0.01% Tween 20 (so that
the pH was permissive for binding) and injected at a flow rate
of 10 ul/min. Bound IgG was ‘stripped’ from the chip during the
dissociation phase by injection of PBS (pH 7.2) plus 0.01%
Tween 20. Data were processed by zero adjusting and
reference cell subtraction using BlAevaluation 3.0 software.

Analysis of IgG trafficking by pulse chase experiments

HULEC-5A cells were grown on coverslips in 24-well plates
and pulsed with mixtures of Alexa 647-labeled IgG (at
concentrations indicated in legends) and 5 ug/ml Dil-labeled
low-density lipoprotein (Dil-LDL; Molecular Probes) for 20 min
at 37°C in a 5% CO, incubator. In some experiments, Dil-LDL
was replaced with 0.5 mg/ml Alexa 546-labeled dextran (M,
10,000, lysine fixable; Molecular Probes). All mixtures were
prewarmed to 37°C prior to addition to cells. In some
experiments, Alexa Fluor 488 (‘Alexa 488’)-labeled holotrans-
ferrin (Tf; Molecular Probes) was added to the mixtures at 100
ug/ml. Immediately following the pulse period, cells were
washed 3 times with ice-cold PBS (pH 7.2) and either fixed
immediately or incubated in prewarmed (37°C) chase med-
ium. Chase medium contained unlabeled IVIg at the concen-
tration of labeled IgG used to pulse the cells and, if Alexa 488
Tf was used, unlabeled Tf (Sigma) at 2 mg/ml. Cells were
chased at 37°C in a CO, incubator for 10, 20 or 40 min (as
indicated), washed 3 times with cold PBS and fixed. Cells were
fixed by treatment with 3.4% paraformaldehyde at room
temperature for 30 min, then washed 3 times with cold PBS
and mounted in Prolong (Molecular Probes). In all experi-
ments, cell samples for background autofluorescence were
prepared by using the same treatment without the fluorescent
labels. Also, to analyze ‘bleed through’ from one fluorophore to
another during imaging with the different filter sets (see
below), cells were also labeled individually with each
fluorophore.

Flow cytometry

HULEC-5A cells were pulse-chased with different concentra-
tions of Alexa 647-labeled mlgG1 or wild-type higG1
(HuLys10) using the same protocol as above. Cells were
removed by treatment with 5 mM EDTA/PBS or trypsin,
washed and analyzed by flow cytometry using a
FACSCalibur. Data was processed and geometric mean
intensities determined using WinMDI 2.8 (http://facs.scripp-
s.edu). For geometric mean intensity values, background
autofluorescence values of cells treated with medium only
were subtracted.
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Fluorescence microscopy

Images were acquired using a Zeiss Axiovert 100TV inverted
fluorescence microscope with a X100 PlanApo objective. For
Alexa 488, a Zeiss/Chroma filter set was used (Ex: D470/40;
Em: D535/40; Bs: 500DCLP). Dil-LDL and Alexa 647-labeled
IgG were imaged using a Chroma HQ:TRITC/DII filter set (Ex:
HQ545/30; Em: HQ610/75; Bs: Q570LP) and a Chroma
HQ:cy5 filter set (Ex: HQ620/60; Em: HQ700/75; Bs:
Q660LP) respectively. Images were acquired with a cooled
12-bit Hamamatsu (Shizuoka, Japan; Orca100) camera using
custom-written software. For Alexa 647-labeled IgG, images
acquired with the same exposure times and lamp power were
compared. In all cases, background fluorescence levels
(obtained from cells treated with medium only during labeling;
see above) at the exposure times used for each fluorophore
were analyzed and found to be negligible. In addition, ‘bleed
through’ of one fluorophore into the filter set of a distinct
fluorophore was at background levels.

Data processing

Images were overlaid in the software package Matlab,
exported in TIFF format and incorporated for presentation in
Canvas 8. No processing was performed on the images. For
visualization purposes, Alexa 647 is represented in the images
as green (Figs 3-5) or red (Fig. 6).

Results

A human endothelial cell line derived from microvasculature
(HULEC-5A) was used in these studies. Microvasculature-
derived cells were used in preference to endothelial cells
isolated from large vessels as analyses in mice indicate that
FcRn is preferentially expressed in microvessels (9).
Expression of human FcRn in HULEC-5A cells could be
detected using RT-PCR with human FcRn-specific primers
(Fig. 1).

We next carried out a comparative analysis of the uptake
and intracellular localization of higG1 (HuLys10) (23) and a
mutated 1gG derived from hlgG1 (His435 to Ala, designated
H435A) (13). HuLys10 and the H435A mutant are humanized
anti-HEL antibodies. The H435A mutant was used in these
studies as it does not bind detectably to mouse or human
FcRn (13). SPR was used to exclude the possibility that Alexa
647 labeling might affect the FcRn-binding properties of the
IgG (Fig. 2). Immobilized mouse FcRn was used in these
analyses as we have found immobilization of human FcRn to
the sensor chip results in significant loss of activity (data not
shown). Importantly, the binding properties of human and
mouse FcRn to hlgG1 and H435A are similar (13), validating
the use of mouse FcRn. The SPR analyses showed that the
labeled higG1 bound to FcRn in a pH-dependent way [binding
at pH 6.0 with rapid dissociation at pH 7.2, as shown for
unlabeled Fc fragments or IgG in earlier studies (25,30)]. In
contrast, the labeled H435A mutant did not bind detectably to
FcRn at pH 6.0 (Fig. 2) and this was also seen at higher
concentrations of H435A (data not shown).

Endothelial cells were pulsed with Alexa 647-labeled IgG
(hlgG1 or H435A) in the presence of Dil-LDL. When used in
pulse—chase experiments, LDL is a marker for the lysosomal
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Fig. 1. RT-PCR analysis of FcRn expression in the human
endothelial cell line, HULEC-5A. Primers used annealed to bases
799-819 and 1072-1098 of human FcRn, and give the expected
product size of 300 bp (12). As a positive control, RT-PCR analysis
of Bo-microglobulin was also carried out and gave the predicted
product size of 357 bp. Other FcRn-specific primers (see Methods)
resulted in products of the predicted sizes (data not shown).
‘Control’ had no cDNA added to the PCR.

pathway (26,27). In endothelial cells a scavenger pathway is
also involved in LDL uptake, but the scavenger receptor binds
only to acetylated LDL (28,29). Following a 20-min pulse of
HULEC-5A cells with 5 pug/ml Dil-LDL and 0.25 mg/ml IgG
(Alexa 647-labeled wild-type higG1 or H435A), the cells were
washed and chased in medium containing unlabeled IgG for
varying times (0-40 min; Fig. 3). All pulse-chase experiments
were carried out at 37°C in medium (depleted of serum IgG) at
pH 7. Pulsing at this pH precluded the possibility that IgG
binds to cell-surface FcRn prior to uptake, as the FCRn-IgG
interaction is not permissive at near neutral pH (25,30). Thus,
under the conditions of the experiments IgG uptake occurs via
fluid-phase pinocytosis and not via a receptor-mediated
process. Following pinocytosis, acidification of endosomal
vesicles results in a pH (5.5-6.5) that is permissive for the
FcRn-IgG interaction (25, 30).

Figure 3 shows that there are marked differences between
the trafficking of wild-type higG1 and the H435A mutant. For
all chase times, there is significantly more H435A than wild-
type hlgG1 within the cells and this cannot be accounted for
by different labeling efficiencies of the IgG (see Methods).
H435A shows extensive co-localization with the lysosomal
pathway marker, LDL, at all chase times. When it can be
detected, wild-type higG1 is also co-localized with LDL,
although the low intensity of the higG1 signal makes this
difficult to visualize. Similar results were obtained for both the
recombinant antibody, HuLys10, and commercially available
polyclonal higG1 (Fig. 3), indicating that these observations
are not restricted to HuLys10. The use of the lysosomal tracer
dextran (M, 10,000) also resulted in significant co-localization
with H435A (Fig. 3). In contrast to LDL, dextran is taken up via
a fluid-phase rather than via a receptor-mediated process. As
an additional control in these experiments, HULEC-5A cells
were pulse-chased with Alexa 488-labeled Tf. With no chase,
Tf uptake could be seen as punctate vesicles throughout the
cytoplasm (data not shown). As expected from earlier studies
in different cell types (26), Tf was nearly undetectable after a
10-min chase and had disappeared to below detectable levels
following a 20-min chase (data not shown).
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— pH7.2 |
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Fig. 2. Analysis of binding of Alexa 647-labeled higG1 (HulLys10)
and H435A to FcRn. Aliquots of labeling mixes were diluted 10-fold
in PBS 6.0 plus 0.01% Tween 20 and injected over a sensor chip
coupled with recombinant FcRn. The concentration of IgG injected
was 25 ug/ml. The start of the dissociation phase (in PBS 6.0 plus
0.01% Tween 20) is indicated and the effect of injecting PBS 7.2
plus 0.01% Tween 20 is shown.

In earlier studies, we have shown that wild-type migG1 does
not bind detectably to human FcRn (16). We therefore
analyzed the uptake and trafficking of Alexa 647-labeled
mlgG1, using similar methods to those described above. The
labeling efficiencies of mlgG1 and higG1 used in these
analyses were very similar (see Methods). mlgG1 behaves in a
way that is indistinguishable from H435A, with a substantial
amount of co-localization with LDL at both early and late chase
times (Fig.4). The lysosomal fate of migG1 gives an explan-
ation at the cellular level as to why migG1 is cleared rapidly
from the circulation in humans (31,32).

We next analyzed the uptake of IgG using concentrations
that were closer to physiological levels [11-12 mg/ml (33)].
higG1 or mlgG1 were added at concentrations ranging from
0.25 to 2.5 mg/ml in the presence of Dil-LDL. Due to technical
limitations, the amount of added IgG was not increased >2.5
mg/ml. Following a 20-min pulse, the distribution of IgG was
analyzed following a 20-min chase for concentrations ranging
from 0.25 to 2.5 mg/ml IgG. For all concentrations of migG1,
extensive co-localization with LDL was seen (Fig. 5A). At
higher concentrations of mlgG1, greater accumulation of
mlgG1 was consistently seen relative to that at lower concen-
trations (Fig. 5). Variation of the concentration of higG1 had
marked effects on accumulation and co-localization with LDL
(Fig. 5A): at low concentrations, and consistent with the data
shown in Figs 3 and 4, limited uptake was seen which was
difficult to detect in most cells. However, an increase in both
hlgG1 accumulation and trafficking to lysosomes was seen as
the concentration was increased from 0.25 to 2.5 mg/ml.
Similar results were seen for 40-min chase times (data not
shown). Flow cytometric analyses were used to quantitate the
uptake of fluorescently labeled IgG (Fig. 5B). For both migG1
and hlgG1, uptake increased as more IgG was added during
the pulsing of the cells. At all concentrations of 1gG, mlgG1
accumulated to 2- to 3-fold greater levels in the cells relative to
higG1 (Fig. 5B). Again, this difference could not be explained
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Fig. 3. Fate of Alexa 647-labeled wild-type higG1 (HuLys10) or mutated variant (H435A) in HULEC-5A cells. Cells were pulsed with 0.25 mg/
ml IgG and 5 pg/ml Dil-LDL, and chased for 0, 10, 20 and 40 min. The lower right-hand panel shows data for cells that were pulsed with 0.25
mg/ml H435A and 0.5 mg/ml Alexa 546-labeled dextran, and chased for 20 min. Images were acquired and processed as described in
Methods. Representative cells from at least five independent experiments for Dil-LDL/IgG treatment and two for dextran/IgG treatment are
shown.

higG1 migG1

Alexa 647-1gG Dil-LDL Overlay Alexa 647-1gG Dil-LDL Overlay

Fig. 4. Fate of Alexa 647-labeled wild-type higG1 or migG1 in HULEC-5A cells. Cells were pulsed with 0.25 mg/ml IgG and 5 ug/ml Dil-LDL,
and chased for 0, 10 and 40 min. Images were acquired and processed as described in Methods. Data show representative cells from at
least four independent experiments.
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by lower labeling efficiency of higG1 relative to migG1 as in
the experiment shown, Alexa 647 incorporation into hlgG1 was
slightly greater than that for migG1.

We further investigated the trafficking of IgG by immuno-
fluorescence staining with anti-EEA1, an early endosomal
marker. HULEC-5A cells which had been pulsed with Alexa
647-labeled H435A and then chased for O or 20 min were
stained with this marker. These analyses demonstrated that
following uptake, IgG is primarily seen in early endosomes
(Fig. 6). Subsequently, the IgG trafficks into EEA1-negative
vesicles (Fig. 6). H435A therefore migrates through early
endosomes en route to lysosomes and similar results were
observed for wild-type higG1 (data not shown).

Discussion

In the current study we have used fluorescence imaging to
investigate the fate of IgG following pinocytic uptake into
human endothelial cells. Microvasculature-derived endothelial
cells are believed to be a major site of serum IgG homeostasis
(9). We have compared higG1 and a variant in which mutation
of a key contact residue for FcRn binding (13,14,20) results in
loss of detectable interaction with FcRn. Our observations
provide experimental support for the hypothesis which was
originally proposed by Brambell et al. (1), and expounded
upon later in more detail (10,11), to explain the mechanism at
the (intra)cellular level by which serum IgG homeostasis is
maintained: IgG molecules are taken up by endothelial cells
and if they bind to FcRn, are recycled or transcytosed. In
contrast, IgG molecules that do not bind to FcRn enter the
cells and are trafficked into the lysosomal route where they
undergo degradation. Our analyses also indicate that FcRn is
saturable and provide some insight into the capacity of the
homeostatic system.

Our studies demonstrate that IgG (mutated higG1 or
migG1) that do not bind to human FcRn accumulate in
endothelial cells and enter the lysosomal pathway. In contrast,
at relatively low concentrations (0.25 mg/ml), IgG such as wild-
type hlgG1 which bind to FcRn accumulate in cells at
significantly lower levels. By fluorescence microscopy, these
levels are almost indistinguishable from background levels.
Trivial reasons for this difference in behavior between the 1gG,
such as different labeling efficiencies, source of higG1, etc.,
have been excluded. Thus, at steady state the recycling (or
transcytotic) compartment for FcRn-IgG complexes appears
to be difficult to detect at relatively low concentrations of 1gG.
This suggests that recycling is very rapid or involves limited
numbers of vesicles/receptors or both. Others have reported
that recycling vesicles containing fluorescently labeled Tf may
result in more diffuse staining (26). The possibility that the
difficulty in detecting higG1 (HuLys10 or commercially avail-
able higG1) inside cells when used at 0.25 mg/ml is due to
inefficient uptake is made unlikely by the observation that
under the same conditions, the mutant H435A or migG1
accumulate to significant, readily detectable levels in the cells.
Since the only difference between wild-type higG1 and the
H435A mutant is a single amino acid change that affects FcRn
binding, we would not expect efficiencies of uptake to differ.
This mutation is known to have no effect on binding to FcyRl, I
and Il or C1g (13), indicating that it does not cause

perturbations in the conformation of the Fc region. Further, if
the mutation affected binding to an as yet unknown surface
receptor that might be involved in uptake and delivery of IgG
to FcRn in acidic, intracellular compartments [permissive for
FcRn binding (25,30)], then it is unlikely that the H435A
mutation would serendipitously enhance binding. Similar
arguments would be expected to hold for the less closely
related mlgG1. Thus, uptake of both wild-type higG1 and
H435A/mlIgG1 is apparently efficient, but the retention of the
two classes of ligands shows marked differences.

When the concentration of wild-type hlgG1 is increased to
higher levels (0.5-2.5 mg/ml), significant co-localization with
the lysosomal pathway marker, LDL, is seen. Quantitative
analyses using flow cytometry indicate that as the concentra-
tion of higG1 is increased, the accumulation of labeled IgG in
the cellsincreases. A similar effect of concentration increase is
seen for mlgG1. However, for a given IgG concentration, the
levels of mlgG1 that accumulate in the cells are consistently 2-
to 3-fold higher than those of higG1. As a consequence, co-
localization of mIgG1 with LDL can be clearly seen at even the
lowest concentration (0.25 mg/ml) of migG1 used. The
observations for wild-type hlgG1 demonstrate that FcRn is
saturable in its role as a salvage receptor, which is a
prerequisite if it is to act as a homeostat. Perhaps unexpec-
tedly, however, trafficking of hlgG1 into the lysosomal pathway
can be readily detected at a concentration of exogenous IgG
of 0.5 mg/ml (~3 uM), which is significantly lower than the
levels of circulating IgG in humans [11-12 mg/ml (33)]. It is
probable that lysosomal trafficking occurs at even lower
concentrations of hlgG1, but is undetectable due to the
limitations of fluorescence microscopy. This trafficking into the
lysosomal route, which presumably precedes degradation, is
consistent with earlier biochemical studies in ex vivo human
placental models showing that during IgG transcytosis a
significant proportion of IgG is degraded (13,34). Similarly,
high levels of degradation occur during the transport of IgG
across the rodent yolk sac (35) and neonatal intestine (36).
However, and in contrast to the current analyses, the precise
levels of endogenous IgG were not known in these studies of
IgG transport (13,34-36). FcRn has evolved to carry out
diverse roles involving both IgG transport and homeostasis
(10,11). As a consequence of using a ‘shared’ receptor, 1gG
degradation therefore appears to be an undesirable side-
reaction that occurs during processes such as delivery of
maternal IgG, for which transcytosis without any degradation
would be optimal.

Our earlier analyses showed that mlgG1 does not bind
detectably to soluble, recombinant human FcRn (16), which
provided a possible reason for the short serum half-life of
migG1 in humans (31,32). Here, we demonstrate that in
human endothelial cells, migG1 is efficiently taken up from the
extracellular medium into the lysosomal pathway where it most
likely undergoes degradation. Lysosomal trafficking appears
to be relatively independent of the concentration of exogenous
mlgG1 added. These studies therefore provide an explanation
at the cellular level for the rapid catabolic rates of migG1 in
humans (31,32) and this has implications for the effective use
of such antibodies in therapy.

Although earlier studies have analyzed the trafficking of IgG
in FcRn-transfected epithelial cells (37-39) and untransfected

GTOZ ‘6T AInr uo 1s9nb Aq /610°sfeunofpiojxo wiwnul//:dny wolj pspeojumoq


http://intimm.oxfordjournals.org/

placental endothelial (40) or trophoblast cells (41), in these
analyses the intracellular fate of IgG ligands which do not bind
to FcRn was not analyzed. In several analyses, prebinding of
IgG to cell surface FcRn at pH 6.0 had to be carried out for

A higG1
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significant uptake of 1gG to be seen (37-39) and this is most
likely due to the lower concentrations of IgG used. By
analyzing the concentration dependence of IgG passage
into the lysosomal pathway, we have obtained clear evidence

migG1
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mg/ml

0.5
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0.25
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Fig. 5. (A) Concentration dependence of IgG uptake by HULEC-5A cells. Cells were pulsed for 20 min with the concentrations shown of Alexa
647-labeled wild-type higG1 or migG1 and 5 pg/ml Dil-LDL, and then chased for 20 min. Images were acquired and processed as described
in Methods. Data show representative cells from two independent experiments. (B) Flow cytometric analysis of uptake of Alexa 647-labeled
IgG by HULEC-5A cells pulsed with different concentrations (0.25-1.5 mg/ml) of wild-type higG1 or migG1 and chased for 20 min. Filled
histograms represent cells treated with medium only. GMI = geometric mean intensity following subtraction of autofluorescence levels (5.9).

Data are representative of two experiments,
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Fig. 6. Analysis of trafficking of H435A into early endosomes. Cells
were pulsed for 20 min with 1 mg/ml Alexa 647-labeled H435A and
chased for 0 or 20 min. Cells were fixed, permeabilized and stained
with anti-EEA1 followed by Alexa 488-labeled anti-migG. Images
were acquired and processed as described in Methods. Data show
representative cells from two independent experiments.

Overlay

for saturability of FCRn in microvasculature-derived endothelial
cells that express this Fc receptor at physiological levels. In
this context, higher levels of FcRn expression in transfected
cells, lower concentrations of exogenous IgG and/or lack of
expression of human Bs-microglobulin (39) might account for
the apparent differences in lysosomal trafficking of IgG in our
study and that of Praetor et al. (37).

It is possible that our observations concerning human
FcRn and its ligands can be extrapolated to other species.
However, although it was previously believed that data in mice
could be extended to humans (42-44), this has recently been
shown to not always be the case (16). Unexpectedly, human
and mouse FcRn have been found to show marked differ-
ences in binding specificity for IgG from different species, with
human FcRn being highly selective relative to the highly
promiscuous mouse FcRn (16). Thus, although mouse and
human FcRn share a high degree of homology (12,45), there
may be other differences in the behavior of human and mouse
FcRn which could impinge on the intracellular routing, IgG
capacity, etc. Indeed, the different ratios of vascular area:-
blood volume and different circulating levels of IgG might be
expected to necessitate variations in FCRn properties across
Species.

In summary, our data provide support for a role for FcRn in
salvaging IgG from degradation in human endothelial cells.
The analysis of trafficking of two closely related antibodies
which differ only in their affinity for FcRn has allowed us to infer
that the alterations in I1gG trafficking that we observe are due to
differences in handling by FcRn. Thus, these studies impact
on the molecular and cellular mechanisms involved in 1gG
homeostasis. Our observations are of significance for the
understanding and treatment of disorders involving abnor-
malities in IgG levels. They also have relevance to the effective
application of therapeutic antibodies, where serum persist-
ence is known to be a critical parameter.
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