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The MHC class I-related receptor FcRn regulates the levels and
persistence of IgG in vivo. This receptor salvages IgG from lysoso-
mal degradation within cells, and the binding properties of an IgG
for FcRn correlate with in vivo half-life. FcRn is expressed at
multiple different sites throughout adult life. However, the cell
types and sites at which FcRn maintains IgG homeostasis are not
well defined. Toward understanding the sites of FcRn function, we
have generated a mouse strain in which this Fc receptor can be
conditionally deleted. In combination with mice that express Cre
recombinase under the control of the Tie2 promoter (Tie2-Cre), the
effect of site-specific deletion of floxed FcRn in endothelial and
hematopoietic cells on IgG persistence was analyzed. The pharma-
cokinetics and steady-state levels of IgG in Tie2-Cre mice that are
homozygous for the floxed FcRn allele reveal a complete loss of
FcRn function in regulating the half-lives of wild-type 1gG. The
primary sites for the maintenance of endogenous IgGs in mice are
therefore endothelial and hematopoietic cells.
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he regulation of IgG levels represents a fundamental aspect

of humoral immunity. The MHC class I-related receptor
FcRn plays a pivotal role in this process by transporting IgGs
across and within cells in the transcytotic or recycling pathways,
respectively (1-4). Cell biological studies indicate that this Fc
receptor salvages bound IgG in endosomes from lysosomal
degradation (5). Most naturally occurring IgGs bind to FcRn at
acidic pH, but not at near-neutral pH (6, 7); consequently,
uptake into cells before endosomal sorting is primarily depen-
dent on fluid phase processes (8, 9). The binding properties of
an IgG for FcRn directly impact uptake, efficiency of endosomal
salvage, and release from cells, which in turn relates to the in vivo
persistence of the antibody (10-14). Recent studies have also
shown that FcRn can affect antigen presentation by regulating
the intracellular trafficking and longevity of antigen in complex
with IgG (9, 15). The properties of FcRn therefore not only offer
opportunities for the engineering of therapeutic IgGs to mod-
ulate their in vivo half-lives, distribution, and transport across
cellular barriers (16), but have implications for T cell-mediated
responses (9, 15). Albumin also binds to FcRn at a site that is
distinct to the region that interacts with IgG, and analyses in mice
indicate that FcRn regulates the levels of this abundant serum
protein (17, 18).

There are multiple candidate cell types and tissues that could be
involved in controlling the concentration and persistence of IgG.
For example, FcRn is present in endothelial, epithelial, and hema-
topoietic cells at diverse body sites throughout adult life (1, 4,
19-23). Although recent studies using bone marrow chimeras have
shown that FcRn-expressing hematopoietic cells such as dendritic
cells (DCs), monocytes, and macrophages play a role in regulating
IgG half-lives, these analyses indicated that there are other con-
tributing sites of FcRn expression (15, 24). The vascular location of
endothelial cells combined with earlier in vivo distribution studies

www.pnas.org/cgi/doi/10.1073/pnas.0810796106

(20, 24) is suggestive of a role for these cells in IgG homeostasis. It
is also possible that epithelial cells are involved in maintaining the
levels of IgG following extravasation.

Site-specific ablation of FcRn expression would provide a
direct approach to investigate the role of this Fc receptor in
different cell types and at distinct sites throughout the body. To
date, although mice in which the FcRn «-chain has been globally
deleted have been described (25), mice in which FcRn can be
conditionally deleted are not available. In the present study we
have generated mice harboring floxed FcRn exons that can be
selectively deleted in endothelial and bone marrow-derived cells
by Cre recombinase expression under the control of the Tie2
promoter (26, 27). Tie2-Cre-mediated deletion of FcRn results
in a complete loss of the regulation of the half-life of wild-type
IgG and abnormally low serum IgG and albumin levels, whereas
the persistence of IgA is not affected. In addition to DCs,
monocytes, and macrophages (21), we show that FcRn is ex-
pressed in primary B cells in wild-type mice. Endothelial and
hematopoietic cells that include DCs, monocytes, macrophages,
and B cells are therefore the primary sites for the maintenance
of IgG and albumin concentrations in vivo. The delineation of
the in vivo sites of FcRn activity has direct relevance to under-
standing how this receptor contributes to multiple aspects of
immunity and albumin homeostasis, and is also of importance
for the effective delivery of antibody-based therapeutics.

Results

Generation of a Mouse Strain That Conditionally Expresses FcRn. The
targeting strategy used to generate conditional FcRn knockout
mice involved the flanking of exons 5-7 of FcRn by loxP sites
(Fig. 1). Homologous ES cell recombinants were identified by
Southern blotting using the approach shown in Fig. 1. Mice
containing the loxP-flanked FcRn allele were backcrossed onto a
C57BL/6 background and then intercrossed with Tie2-Cre mice
(26) to generate floxed FcRn/Tie2-Cre heterozygotes. Heterozy-
gotes were intercrossed to produce Cre-expressing mice that were
homozygous for the floxed allele (Tie2-FcRn!lo¥1x) in addition to
littermate controls. Genotypes of these mice were determined using
the PCR (described in SI Text and Fig. S1).
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Fig. 1. Strategy to insert exons 5-7 of FcRn flanked by loxP sites by homologous recombination into the FcRn locus. Schematic representations of wild-type
FcRn allele (36), FcRn allele following homologous recombination with targeting construct (indicated), and Cre-mediated deletion of exons 5-7 of FcRn are
shown. Homologous ES recombinants were screened by Southern blotting of BamHI-digested DNA with the indicated FcRn genomic probe. For clarity, only

BamHI, Hindlll, and Sphl sites are shown.

FcRn Is Not Expressed in Endothelial and Hematopoietic Cells of
Tie2-FcRnflox/flox Mice. The expression of FcRn was analyzed in
tissue sections derived from liver, spleen, and intestine (duode-
num) of adult Tie2-FcRnf'o¥flx mice and their Tie2-FcRnflo¥/*
littermate controls (Cre expressing, heterozygous for floxed
allele). To assess endothelial expression of FcRn in the vascu-
lature of spleens and livers, mice were injected intravenously
with Alexa 647-labeled, mutated human IgGl (MST-HN). In
previous studies we have shown that this IgG, which is engi-
neered to bind to mouse FcRn with high affinity in the pH range
6.0-7.4, can be used as a live cell stain for FcRn-expressing cells
(8). This mutant accumulates in FcRn-expressing cells to rela-
tively high levels because it is internalized by receptor (FcRn)-
mediated uptake and is not released efficiently from FcRn
during exocytic events at the plasma membrane. As controls for
nonspecific binding or possible uptake by the classical FcyRs, we
used Alexa 647-labeled, mutated human IgG1 (H435A) that,
relative to wild-type human IgG1, has a ~103-fold reduced
affinity (Kp ~ 25 uM for H435A vs. Kp =~ 24 nM for wild type)
(7) for mouse FcRn at pH 6.0 and does not bind detectably at pH
7.4. This mutant retains binding to the classical FcyRs (28).
Serum samples of mice were harvested 30 or 90 min following
injection of labeled MST-HN or H435A mutant to assess the
levels of delivered protein (data not shown) to ensure that lack
of staining under some conditions was not due to variations in
injected dose. Subsequently, organs were excised and stained
using an antibody specific for the endothelial marker endomucin.
These analyses show that FcRn is not expressed in the splenic or
liver endothelium of Tie2-FcRnfl¥flox mice, whereas expression
in Tie2-FcRn"*¥* mice can be clearly detected (Fig. 2.4 and B).
The FcRn dependence of uptake into endothelial cells of
Tie2-FcRn'¥* mice was shown by the background levels of
signal when organs were analyzed from mice injected with
labeled H435A (Fig. 2 A and B). For the analysis of FcRn
expression in intestinal epithelial cells, a different approach was
taken because such cells are not directly accessible to intrave-
nously delivered proteins. Duodena were sectioned and stained
with Alexa 647-labeled MST-HN and anti-E-cadherin. Impor-
tantly, and consistent with the expression pattern of Tie2-Cre
reported earlier (26, 27), FcRn is expressed in epithelial cells of
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both Tie2-FcRn!lo¥Mox and Tie2-FcRnf'¥* controls. Back-
ground levels of staining were observed when Alexa 647-labeled
H435A was used (Fig. 20).

In addition, although the Tie2-Cre transgenic line that we used
was originally reported to result in Cre recombinase expression
only in endothelial cells (26), Tie2-Cre transgenes have in some
cases been shown to also be active in hematopoietic cells (27).
We therefore assessed whether FcRn was expressed in splenic
DCs, monocytes, macrophages, and B cells of Tie2-FcRnflo¥/flox
mice. In earlier studies, FcRn was shown to not be expressed in
primary B cells and in vitro B cell-derived lines (15, 19, 21).
However, our recent RT-PCR and functional analyses in H-2"
(B10.PL) mice indicate that this receptor is expressed in primary
splenic B cells (9) and these cells were therefore analyzed in the
present study. Splenocytes were incubated with Alexa 647-
labeled MST-HN, and uptake was quantitated by flow cytometry
(Fig. 34). To assess the FcRn dependence of uptake, accumu-
lation of MST-HN was compared with that of the H435A mutant
(Fig. 34), and assays were also carried out in the presence of the
anti-FcyR (IIB/III) blocking antibody 2.4G2 (Fig. 3B). The
analyses show that DCs, monocytes, macrophages, and B cells do
not express FcRn in Tie2-FcRn!o¥lx mice, whereas FcRn is
present in these cells in Tie2-FcRnf'¥* controls. Uptake of
MST-HN protein in CD4* T cells that do not express FcRn and
FcyRs (15, 19, 21, 29) was at background autofluorescence
levels, analogous to those observed for the antigen-presenting
cell (APC) subsets in Tie2-FcRn!o¥fox mice (Fig. 34).

Rapid Clearance of Wild-Type IgG in Tie2-FcRnflox/flox Mice. Having
established that FcRn is not expressed in the endothelial and
hematopoietic cells of Tie2-FcRn!lo¥flox mice, the impact of
FcRn deficiency at these sites on the clearance rate of human
IgG1 was investigated (Fig. 4 and Table 1). The (B-phase)
half-life of IgG1 is 8.2 £ 1.6 h in Tie2-FcRn!o¥x mice vs.
169.8 + 27.5 h in FcRn-sufficient Tie2-FcRn!™¥" controls
(Table 1). The short half-life in Tie2-FcRnf!oVtox mice is also less
than that of ~24 h reported for human IgG1 in FcRn a-chain
knockout mice (30). The half-life of human IgG1 in FcRnflo¥/flox
mice (no Cre recombinase expression, homozygous for floxed
FcRn) is 146.1 = 439 h (n = 9 mice) and is not significantly
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Fig.2. FcRnisnotexpressed in the endothelium of Tie2-FcRnfloxflox mice, but
can be detected in the duodenal epithelial cells. Liver (A) or spleen (B) sections
from Tie2-FcRnflo¥'+ or Tie2-FcRnflo¥flox mice following i.v. injection with Alexa
647-labeled MST-HN or H435A mutants. Sections were incubated with anti-
endomucin antibody followed by Alexa 488-labeled anti-rat IgG to detect
endothelium. (C) Sections of duodena from Tie2-FcRnflo¥+ or Tie2-FcRnflox/flox
mice. Sections were incubated with Alexa 647-labeled MST-HN (or H435A) and
anti-E-cadherin followed by Alexa 488-labeled anti-rat IgG to detect FcRn and
epithelial cells, respectively. For each organ, the same exposure times were
used for Alexa 647-labeled IgGs. Data are representative of at least 2 inde-
pendent experiments. (Scale bars: 10 um.)

different from that in Tie2-FcRnf°¥* mice. In addition, the
clearance rate of human IgG1 in wild-type mice (i.e., no floxed
alleles in the absence of Cre recombinase expression) is not
significantly different from that in Tie2-FcRn"*¥* mice (Table
1), indicating that deletion of one functional FcRn allele and/or
Cre recombinase expression does not impact the persistence of
IgG1. We also compared the half-lives of mouse IgA, which is not
regulated by FcRn (19), in wild-type, Tie2-FcRnf'o¥f1ox and Tie2-
FcRnf'** mice. Importantly, there is no significant difference in
IgA clearance rates between the 3 mouse strains, and the half-lives
of wild-type IgG1 and IgA are similar in Tie2-FcRnflo¥lox mice
(Table 1). Collectively, the data show that the effect of FcRn
deletion is specific for IgGs.

We reasoned that if FcRn expression at sites such as epithelium
had an impact on the persistence of IgGs in Tie2-FcRnf'o¥flox mice,
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then the behavior of IgGs with different affinities for FcRn would
differ in these mice. The half-lives of the H435A mutant in
Tie2-FcRnf'o¥flox and Tie2-FeRn!¥* mice were therefore com-
pared with those of wild-type IgG1 (Fig. 4 and Table 1). Both
wild-type IgG1 and H435A show negligible binding to FcRn at
near-neutral pH (8) but differ in their affinities at pH 6.0 by about
103-fold. Hence they are both dependent on fluid-phase uptake but
differ at the level of endosomal sorting and recycling in FcRn-
expressing cells (5, 8). The analyses show that the half-lives of
wild-type human IgG1 and H435A are indistinguishable in Tie2-
FeRn!lox¥lox mice (8.2 + 1.6 h for wild-type IgG1, 9.2 = 0.9 h for
H435A). Consistent with earlier studies (28), the half-life of H435A
is substantially shorter than that of wild-type IgGl in FcRn-
sufficient Tie2-FcRn Y+ mice (26.4 = 8.1 vs. 169.8 = 27.5 h; Table
1). The low residual affinity of H435A for FcRn results in a longer
half-life in these FcRn-sufficient mice relative to Tie2-FcRnflox/flox
mice (Table 1). Collectively, the data show that there is no
detectable contribution of FcRn to the persistence of wild-type
IgGl1 in Tie2-FcRnf'o¥flox mice.

A Mutated IgG with Reduced pH-Dependent Binding to FcRn Shows
Different in Vivo Behavior Relative to Wild-Type IgG1. The half-life
of wild-type IgG1 in wild-type mice is governed by highly
pH-dependent binding, which results in fluid-phase uptake into
cells followed by endosomal sorting and recycling or transcytosis
(5, 8). By contrast, in ref. 8 we described an engineered IgG
(“Abdeg”) that competitively inhibits FcRn function. Mutated
IgGs such as MST-HN have high affinity for FcRn at near-
neutral pH and therefore preferentially accumulate in FcRn-
expressing cells due to receptor (FcRn)-mediated uptake and
poor exocytic release (8, 9, 14) (Fig. 3). By contrast with
wild-type IgGs that are recycled and released, IgGs of the Abdeg
class accumulate in lysosomes following uptake into cells (9).

We compared the behavior of the MST-HN mutant in FcRn-
sufficient and -deficient mice. Consistent with earlier analyses of
Abdegs (12, 14), the half-life of MST-HN is shorter than that of
wild-type IgG1 in FcRn-sufficient Tie2-FcRn'¥* mice (41.6 =
7.0 vs. 169.8 = 27.5 h; Table 1 and Fig. S2). In Tie2-FcRnflox/flox
mice, MST-HN and wild-type IgG1l show similar clearance
properties until 12 h postinjection (Fig. S2). Following this initial
phase, the clearance rate of MST-HN in Tie2-FcRn!lo¥flox mice
approaches that observed in Tie2-FcRn'*¥* mice (Fig. S2). The
high affinity of MST-HN for FcRn at near-neutral pH most likely
enables accumulation in a subset of FcRn-expressing cells in
Tie2-FcRn1o¥flox mice, resulting in a B-phase half-life (26.9 =
8.8 h) that approaches that in Tie2-FcRn"*¥* mice. However,
this cell subset does not contribute detectably to the homeostasis
of IgGs such as wild-type IgG1, which bind with marked pH
dependence to FcRn and consequently do not selectively target
FcRn-sufficient cells in vivo (8, 9).

Reduced Serum IgG and Albumin Levels in Tie2-FcRnflox/flox [lice. We
also compared the serum IgG levels in Tie2-FcRnlo¥flox mice with
their FcRn-sufficient Tie2-FcRn!'¥* littermate controls (Table 1).
Consistent with the increased clearance rate of IgG in Tie2-
FeRnflo¥lox mice, the serum IgG levels were approximately 4-fold
lower than those in Tie2-FcRnf'*¥* or wild-type mice. In addition,
serum albumin levels in Tie2-FcRnlo¥flox mice were approximately
2-fold lower than in FcRn-sufficient controls (Table 1), indicating
that FcRn expression in endothelial and hematopoietic cells regu-
lates both IgG and albumin homeostasis.

Discussion

The MHC class I-related receptor FcRn is expressed at a diverse
array of sites in adult tissues (1, 4, 19-23), raising the question
as to which cell types contribute to the maintenance of IgG levels
in vivo. This question is of fundamental importance for effective
immunity and also has implications for the engineering of
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Fig.3. SplenicDCs, monocytes, macrophages, and B cells in Tie2-FcRnfloXflox mice do not express FcRn. (A) Splenocytes were isolated and incubated with anti-FcyRIIB/III
(2.4G2) antibody at 4 °C followed by Alexa 647-labeled MST-HN or H435A mutant at 37 °C to assess FcRn-mediated uptake. (B) Splenocytes were treated with MST-HN
as in (A), except that data for cells treated with isotype control antibody are also shown. Data are representative of at least 4 independent experiments.

therapeutic or diagnostic IgGs with modulated in vivo half-lives.
In the present study we have generated mice harboring a
“floxed” FcRn allele to investigate the impact of Cre recombi-
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Fig. 4. 1gG1 has a short half-life in Tie2-FcRnfloXflox mice that is the same as
the half-life of a mutated 1gG1 that binds with very low affinity to FcRn.
Tie2-FcRnfloxflox and Tie2-FcRnfloX'+ mice were injected with '25I-labeled hu-
man wild-type IgG1 or H435A mutant, and radioactivity levels assessed at the
indicated times. Data shown represents means of 5 mice (Tie2-FcRnfloxflox,
19G1), 4 mice (Tie2-FcRnflo¥'*, 1gG1), 6 mice (Tie2-FcRnfloX*, H435A mutant),
and 7 mice (Tie2-FcRnfloxflox H435A mutant). Data are compiled from at least
2 independent experiments and are derived from a subset of the total num-
bers of mice shown in Table 1.
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nase-mediated deletion of FcRn in endothelial and hematopoi-
etic cells, such as DCs, monocytes, macrophages, and B cells, on
the regulation of IgG persistence. In combination with analyses
involving bone marrow transfers from FcRn-deficient mice (15,
24), our studies show that endothelial and hematopoietic cells
are the primary cell types responsible for controlling the clear-
ance rate of wild-type IgG, with no detectable contribution from
other sites, such as epithelium.

Due to the absence of an appropriate mouse strain in which
FcRn can be site-specifically deleted, the contribution of the
endothelium to IgG homeostasis has to date not been analyzed.
Recent studies using bone marrow transfers have shown that
hematopoietic cells partially contribute to the regulation of the
half-life of IgG (15, 24). Here we show a complete loss of
function in the regulation of persistence of wild-type IgGl1 in
mice lacking FcRn expression in endothelial and hematopoietic
cells (Tie2-FcRnfo¥flox mice). In combination with the reduced
steady-state levels of serum IgG in Tie2-FcRnflo¥tlox mice, our
findings therefore underscore the important contribution of
endothelial cells to the maintenance of IgG levels. Earlier studies
have shown that FcRn is expressed in small arterioles and
capillaries but not in larger vessels such as the portal vasculature
and central vein, with skin, muscle, and, to a lesser extent, liver
and adipose tissue being the major sites (20). This is consistent
with recent analyses of FcRn expression in mice, in which this
receptor was found to be highly expressed in the vasculature of
skin, muscle, and liver (24). In addition, the high levels of
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Table 1. B-phase half-lives of IgGs and serum levels of IgG and albumin in FcRn-sufficient and -deficient mice

B-phase half-life, h

Wild-type 1gG1 H435A

MST-HN IgA

19G, mg/ml Albumin, mg/ml

Tie2-FcRnflow+
Tie2-FcRnfloxflox
Wild type

169.8 £ 27.5(n = 11)2 26.4 =8.1(n=9)°
8.2 £ 1.6 (n = 7)°c
217.8 =33.3(n = 8)? ND

41.6 £7.0(n = 4)b
9.2 +£0.9(n=7)c 26.9+88(n=6)°

147 +34(n =42 1.66=*04(n=8)a
116 +07(n=4)2 0.6+ 0.1(n=8)P
1M17+14(n=4)2 174+03(n=09)

339x52(nh=¢6)?
19.0 £3.4(n=7)°
340*33(n=¢6)?

aNot significantly different within each Ig group, 1gG level group, or albumin level group. ND, not determined.
bSignificantly different within each Ig group, 1gG level group, or albumin level group.
¢B-phase half-lives of wild-type IgG1 and H435A mutant in Tie2-FcRnfloxflox mice were not significantly different.

expression of FcRn in splenic microvessels (ref. 24 and this
study) suggest that the spleen is an important site of IgG
homeostasis.

By contrast with DCs, monocytes, and macrophages, earlier
studies showed that FcRn is not expressed in cultivated B-cell
lines or primary B cells isolated ex vivo (15, 19, 21, 24). In the
present study we have directly compared the uptake of a
high-affinity ligand for FcRn (MST-HN mutant of human IgG1)
in FcRn-sufficient and -deficient B cells. Consistent with our
recent analyses using wild-type B10.PL mice (9), FcRn is present
in primary B cells of C57BL/6 mice, albeit at low functional
levels. The role of FcRn in these cells is currently unknown, but
analogous to observations with DCs (15), this receptor could
contribute to antigen presentation. In addition, given the relative
abundance of B cells in the body, FcRn in this APC subset might
contribute to IgG homeostasis. In this context, the expression of
FcRn in the major classes of professional APCs combined with
recent studies of the T-cell stimulatory activity of antibody-
antigen complexes or Fc fusion proteins (9, 15) indicate that this
Fcreceptor serves a dual role in regulating both the intracellular
trafficking and longevity of antigen in complex with IgGs.

Wild-type IgG1 does not bind detectably to FcRn at near-
neutral pH and is therefore primarily dependent on fluid-phase
uptake for entry into cells (8). We recently described a class of
engineered IgGs, such as the MST-HN mutant, that have high
affinity for FcRn at near-neutral pH and efficiently accumulate
in FcRn-expressing cells due to receptor-mediated uptake and
poor exocytic release (8, 9, 14). MST-HN has different clearance
properties relative to wild-type IgG1 in Tie2-FcRn!o¥flox mice.
This can be explained by the ability of this mutant to target
FcRn-expressing cells (of nonhematopoietic/nonendothelial or-
igin) in these mice. Although we cannot exclude the possibility
that FcRn-expressing cells in Tie2-FcRn!o¥flox mice also con-
tribute to the persistence of wild-type IgG1, our observations
indicate that the cell subset targeted by MST-HN does not
significantly impact IgG1 homeostasis.

Under some circumstances, epithelial expression of FcRn can
affect IgG persistence. For example, overexpression of FcRn in
mammary gland epithelium of mice results in elevated levels of
serum IgG (31). However, the data in the current study indicate
that under normal, steady-state conditions, epithelial function of
FcRn does not contribute to the homeostasis of IgGs that exhibit
pH-dependent binding to FcRn. It is possible that under con-
ditions leading to the extravasation of IgG, such as inflammation
(32), the exposure of IgGs to epithelial surfaces might result in
an impact of FcRn at these sites on whole-body IgG levels.

A large body of evidence indicates that in addition to its role
in IgG homeostasis, FcRn also regulates serum albumin levels
(17, 18). Our analyses show that ablation of FcRn expression in
endothelial and hematopoietic cells results in an approximate
2-fold decrease in serum albumin. This decrease is not as marked
as the 4-fold reduction seen for IgG, and similar observations
were made in mice in which the FcRn a-chain is globally deleted
(17). In this context, the half-life of albumin in wild-type mice is
considerably shorter than that of IgG (17), suggesting that FcRn
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is a more effective salvage receptor for IgG than for albumin.
Consequently, site-specific deletion of FcRn would be expected
to have a lower impact on the steady-state levels of albumin
relative to IgG. In addition, albumin biosynthesis is upregulated
during hypoalbuminemia (33), whereas this is not observed for
IgG in mice that are, for example, deficient in FcRn due to
deletion of B2-microglobulin (4, 34).

In conclusion, FcRn is a receptor that is expressed in a large
variety of cell types and has been shown to have a multitude of
functions (1, 4, 19-23). An analysis of the relevance of the
specific expression site for a particular function has been im-
peded by the lack of a conditional mouse model. Here, the
generation and analysis of mice that conditionally express FcRn
has allowed us to determine that endothelial and hematopoietic
cells are the primary contributors to the homeostasis of wild-type
IgG in vivo. Knowledge of the cell types involved in FcRn-
mediated activities interfaces both humoral and cellular immu-
nity, and also impacts the use of antibody engineering to
optimize the delivery of therapeutic IgGs.

Materials and Methods

Generation of the Targeting Construct. Genomic DNA clones encoding mouse
FcRn were isolated by screening a A2001 library of strain 129-derived E14 TG2a
ES cell DNA (35) using FcRn-specific probes. These clones were used to gen-
erate the targeting construct shown in Fig. 1. In brief, a fragment encoding a
loxP site was cloned at the 3’ end of a genomic 2.5-kb HindllI-BamHI fragment
encoding exons 5-7 of FcRn (36). A 3.6-kb BamHI-Sphl fragment encoding the
3’ genomic sequences of the FcRn locus were then cloned downstream of this
loxP site. Subsequently, a floxed neomycin gene (37) was inserted 5’ to the
Hindlll-BamHI genomic (exons 5-7) fragment. This was followed by insertion
of an additional 1.1-kb Hindlll fragment of genomic DNA that, in the wild-type
allele, is located at the 5’ end of exon 5. Finally, the insert of this construct was
combined as a Sfil-Pvul fragment with a 2-kb NotI-Pvul fragment encoding the
thymidine kinase gene (37) in a 3-way ligation with Sfil-Notl-digested pHEN1
(38). All cloning was carried out using standard methods of molecular biology,
and (intermediate) constructs were verified by PCR and sequencing.

Generation of Mice Harboring a Floxed FcRn Allele. ES cells derived from 1295V
mice were cultured and transfected with linearized (using Sfil) targeting
vector as in ref. 39. Forty-eight hours following transfection, cells were se-
lected using 380 pg/ml G418. Genomic DNA was extracted from selected
clones, digested with BamHI, and analyzed by Southern blotting using a
~250-bp Sall-Hindlll fragment that corresponds to the flanking DNA that is
immediately 5’ to the genomic insert of the targeting construct. Clones with
the homologously recombined floxed allele were identified by the presence of
a hybridizing 9.6-kb BamHI fragment (10.8 kb in wild-type allele; Fig. 1). The
presence of the loxP site at the 3’ end of exons 5-7 was confirmed using the
PCR and primers 4 and 5 described in S/ Text. ES cells from a homologously
recombined clone were injected into blastocysts of CB20 mice. Tail DNA of
offspring of fur-colored chimeras bred with C57BL/6 mice was analyzed for
germline transmission using Southern blotting (Fig. 1). Mice were subse-
quently bred onto a C57BL/6 background for 5-7 generations and typed by
PCR for the presence of the floxed allele using the primers shown in S/ Text.
Mice harboring the floxed allele were crossed with Tie2-Cre mice on a C57BL/6
background (26) (generously provided by Dr. M. Yanagisawa, University of
Texas Southwestern Medical Center) and offspring intercrossed to generate
Tie2-FcRnfloxflox mice and their littermate controls. Mice were typed for the
presence of Tie2-Cre, floxed FcRn, deleted FcRn, or wild-type FcRn alleles using
the PCR and the primers shown in S/ Text. For use in experiments, mice were
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6-10 weeks old. All mouse experiments were carried out with the approval of
Institutional Animal Care and Use Committees.

Antibodies. Mouse IgA (Cappel™) was purchased from MP Biomedicals. The
humanized anti-hen egg lysozyme antibody HuLys10 (human IgG1; cell line
generously provided by Dr. J. Foote, Arrowsmith Technologies, Seattle, WA), a
mutated derivative (MST-HN; Met-252 to Tyr, Ser-254 to Thr, Thr-256 to Glu,
His-433 to Lys, and Asn-434 to Phe) that binds to FcRn with increased affinity at
pH6and7.2(8) and a mutated derivative (His-435 to alanine, H435A) that has very
low affinity for mouse FcRn, were purified as described (28, 40). Binding prop-
erties of the antibodies were confirmed using surface plasmon resonance. Anti-
bodies were labeled with Alexa Fluor 647 (Alexa 647) carboxylic acid (succimidyl
ester; Invitrogen) using methods as in ref. 5. Degrees of labeling of the MST-HN
and H435A mutants were 5.14 and 5.42 mol fluorophore/mol IgG, respectively.

Surface Plasmon Resonance. Surface plasmon resonance experiments were
carried out as described in S/ Text.

Immunohistochemistry and Flow Cytometry. Inmunohistochemical and flow
cytometry analyses were carried out as described in S/ Text.

1. Dickinson BL, et al. (1999) Bidirectional FcRn-dependent IgG transport in a polarized
human intestinal epithelial cell line. J Clin Invest 104:903-911.

2. McCarthy KM, Yoong Y, Simister NE (2000) Bidirectional transcytosis of IgG by the rat
neonatal Fc receptor expressed in a rat kidney cell line: A system to study protein
transport across epithelia. J Cell Sci 113:1277-1285.

3. Claypool SM, et al. (2004) Bidirectional transepithelial IgG transport by a strongly
polarized basolateral membrane Fc-y receptor. Mol Biol Cell 15:1746-1759.

4. Ghetie V, Ward ES (2000) Multiple roles for the major histocompatibility complex class
I-related receptor FcRn. Annu Rev Immunol 18:739-766.

5. Ober RJ, et al. (2004) Visualizing the site and dynamics of IgG salvage by the MHC class
I-related receptor, FcRn. J Immunol 172:2021-2029.

6. Raghavan M, Bonagura VR, Morrison SL, Bjorkman PJ (1995) Analysis of the pH
dependence of the neonatal Fcreceptor/immunoglobulin G interaction using antibody
and receptor variants. Biochemistry 34:14649-14657.

7. Zhou J, Mateos F, Ober RJ, Ward ES (2005) Conferring the binding properties of the
mouse MHC class I-related receptor, FcRn, onto the human ortholog by sequential
rounds of site-directed mutagenesis. J Mo/ Biol 345:1071-1081.

8. Vaccaro C, Zhou J, Ober RJ, Ward ES (2005) Engineering the Fc region of immunoglob-
ulin G to modulate in vivo antibody levels. Nat Biotechnol 23:1283-1288.

9. Mi W, et al. (2008) Targeting the neonatal Fc receptor for antigen delivery using
engineered Fc fragments. J Immunol 181:7550-7561.

10. Medesan C, et al. (1997) Delineation of the amino acid residues involved in transcytosis
and catabolism of mouse 1gG1. J Immunol 158:2211-2217.

11. Ghetie V, et al. (1997) Increasing the serum persistence of an IgG fragment by random
mutagenesis. Nat Biotechnol 15:637-640.

12. Dall’Acqua W, et al. (2002) Increasing the affinity of a human IgG1 to the neonatal Fc
receptor: Biological consequences. J Immunol 169:5171-5180.

13. Hinton PR, et al. (2004) Engineered human IgG antibodies with longer serum half-lives
in primates. J Biol Chem 279:6213-6216.

14. Vaccaro C, et al. (2006) Divergent activities of an engineered antibody in murine and
human systems have implications for therapeutic antibodies. Proc Nat/ Acad Sci USA
103:18709-18714.

15. Qiao SW, et al. (2008) Dependence of antibody-mediated presentation of antigen on
FcRn. Proc Natl Acad Sci USA 105:9337-9342.

16. Carter PJ (2006) Potent antibody therapeutics by design. Nat Rev Immunol 6:343-357.

17. Chaudhury C, et al. (2003) The major histocompatibility complex-related Fc receptor
for I9G (FcRn) binds albumin and prolongs its lifespan. J Exp Med 197:315-322.

18. Andersen JT, Dee QJ, Sandlie | (2006) The conserved histidine 166 residue of the human
neonatal Fc receptor heavy chain is critical for the pH-dependent binding to albumin.
Eur J Immunol 36:3044-3051.

19. GhetieV, etal. (1996) Abnormally short serum half-lives of IgG in beta 2-microglobulin-
deficient mice. Eur J Immunol 26:690-696.

20. Borvak J, et al. (1998) Functional expression of the MHC class I-related receptor, FcRn,
in endothelial cells of mice. Int Immunol 10:1289-1298.

21. Zhu X, et al. (2001) MHC class I-related neonatal Fc receptor for IgG is functionally
expressed in monocytes, intestinal macrophages, and dendritic cells. J Immunol
166:3266-3276.

60f6 | www.pnas.org/cgi/doi/10.1073/pnas.0810796106

Analyses of Pharmacokinetics, Serum IgG, and Albumin Levels. Methods for the
pharmacokinetic analyses and determination of serum IgG and albumin levels
are described in S/ Text.

Statistics. Statistical analyses were carried out using ANOVA or Student'’s t test
in the statistics toolbox of MATLAB (Mathworks). For ANOVA, paired com-
parisons between different mouse groups were conducted using the Tukey-
Kramer test at a 95% confidence level. P values of less than 0.05 for Student’s
t test were taken to be significant.
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