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ABSTRACT

ARTICLE HISTORY

The maintenance of the homeostasis of immunoglobulin G (IgG) represents a fundamental aspect of
humoral immunity that has direct relevance to the successful delivery of antibody-based therapeutics.
The ubiquitously expressed neonatal Fc receptor (FcRn) salvages IgG from cellular degradation following
pinocytic uptake into cells, conferring prolonged in vivo persistence on IgG. However, the cellular sites of
FcRn function are poorly defined. Pinocytic uptake is a prerequisite for FcRn-mediated IgG salvage,
prompting us to investigate the consequences of IgG uptake and catabolism by macrophages, which
represent both abundant and highly pinocytic cells in the body. Site-specific deletion of FcRn to
generate mice harboring FcRn-deficient macrophages results in IgG hypercatabolism and ~threefold
reductions in serum IgG levels, whereas these effects were not observed in mice that lack functional
FcRn in B cells and dendritic cells. Consistent with the degradative activity of FcRn-deficient macrophages, depletion of these cells in FcRn-deficient mice leads to increased persistence and serum levels
of IgG. These studies demonstrate a pivotal role for FcRn-mediated salvage in compensating for the high
pinocytic and degradative activities of macrophages to maintain IgG homeostasis.
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Introduction
Macrophages are tissue-resident cells of the innate immune
system that are essential for the maintenance of tissue homeostasis and host defense.1,2 For example, macrophages engulf
apoptotic cells throughout the body in an immunologically silent
fashion.3 These innate cells also protect the host from pathogens
by playing a crucial role in the clearance and initiation of an
adaptive immune response against foreign molecules or
organisms.4 For both tissue homeostasis and inflammatory
responses, macrophages use receptor-dependent and independent mechanisms to internalize particulates, soluble
proteins and other macromolecules for subsequent degradation.
Further, both pinocytosis and macropinocytosis, which involve
vesicles/vacuoles of ~100 nm and up to 5 μm diameter, respectively, by these cells is very efficient,5–7 resulting in uptake of
about 26% of the cellular volume per hour.6 In combination with
the high relative abundance of macrophages in organs or tissues
in the body,8,9 this raises the question as to how the homeostasis
of prevalent soluble proteins such as immunoglobulin G (IgG),
which are essential for normal health, is maintained despite the
high pinocytic and degradative capacity of these cells.
At the level of subcellular trafficking, the neonatal Fc receptor, FcRn, which is broadly expressed in hematopoietic and
parenchymal cells, maintains IgG homeostasis by salvaging its
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IgG ligand from lysosomal degradation.10,11 This process
involves the endosomal sorting of FcRn-bound IgG, following
internalization into cells, into recycling or transcytotic pathways
followed by exocytic release.12–14 FcRn binds relatively tightly to
IgG at acidic, endosomal pH, but with negligible to very low
affinity at pH ~7 for almost all IgG isotypes/allotypes.15,16
Consequently, in the majority of cells that are bathed at near
neutral pH, FcRn-mediated salvage of IgG is preceded by receptor-independent, pinocytic uptake of IgG into cells. The expression of FcRn in highly pinocytic macrophages17–19 raises
questions concerning the capacity of this salvage pathway to
rescue internalized IgG from degradation in these cells. In this
context, although earlier studies using bone marrow transfers of
FcRn-sufficient or deficient cells have shown that FcRnmediated recycling in hematopoietic cells contributes to IgG
homeostasis,18,20–22 it was not possible to elucidate the role of
this receptor in individual cell subsets within this class. Further,
bone marrow transfers can result in differing extents of reconstitution, particularly of long-lived tissue-resident macrophages
that are derived from yolk sac erythro-myeloid progenitors
(EMPs) or fetal hematopoietic stem cells (HSCs).23–25
Here, we have used complementary approaches to establish
that FcRn activity in macrophages plays an indispensable role in
regulating IgG homeostasis. Site-specific deletion of FcRn reveals
that, in the absence of FcRn expression, macrophages become
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a degradative sink for IgG. Consistent with this, depletion of
macrophages in FcRn-deficient mice results in increased persistence and serum levels of IgG, further supporting the degradative
activity of FcRn-deficient macrophages. However, macrophage
depletion in FcRn-sufficient (wild type) mice does not affect IgG
persistence, demonstrating that in the presence of FcRn, the
pinocytic uptake of IgG by macrophages is compensated for by
FcRn-mediated recycling of IgG by these cells. Collectively, our
studies demonstrate the importance of FcRn-mediated salvage in
macrophages to avoid hypercatabolism of IgG.

Results
The effect of macrophage depletion on the dynamic
behavior of IgG
Depletion of macrophages using clodronate encapsulated in
liposomes can be instrumental for the determination of the
role of macrophages in a physiological process.26 We, therefore,
used this approach to investigate the effect of macrophage depletion on the persistence of injected, radiolabeled mIgG1 in
C57BL/6J mice. Due to their size, intravenously delivered liposomes are primarily taken up by macrophages in the liver and
spleen.26 Following intravenous (i.v.) delivery of clodronate liposomes, 95% depletion of F4/80brightCD11blow [yolk sac EMP- or
fetal HSC-derived] and ~50–65% depletion of F4/80lowCD11bhigh
[bone marrow HSC-derived] macrophages23-25 was
observed in liver and spleen (Figure 1a), indicating that clodronate liposomes are efficient in depleting both subtypes of macrophages. Notably, clodronate liposome-mediated reduction in
macrophage numbers did not affect the in vivo half-life of
mIgG1 [~254 ± 6 (SEM) h with depletion and ~245 ± 2
h without depletion; Figure 1b,c].
Immunohistochemistry was used to further investigate the
fluid phase pinocytic uptake of macromolecules by macrophages
in vivo. An engineered human IgG1 (D265A; to ablate binding to
FcγRs)27,28 was delivered intravenously into mice that lack FcRn
expression [FcRn knockout (KO);29 global KO, G-KO]. FcRndeficient mice were used to avoid a contribution of FcRn to
recycling, and, combined with the loss of FcγR binding,
hIgG1D265A, therefore, represents a fluid phase marker in these
analyses. hIgG1D265A was predominantly detected within macrophages in the liver, skin, muscle and intestine and liver sinusoidal
cells (Supplementary Figures 1–4). The high pinocytic activity of
macrophages, together with our observation that clodronate liposome-mediated reduction of macrophage numbers does not affect
the in vivo half-life of mIgG1, suggest that the pinocytic activity of
these cells is compensated for by IgG salvage.
Compensatory salvage of IgG following pinocytic uptake by
macrophages is most likely mediated by FcRn, which is known
to be expressed in all hematopoietic cells.17-19 This led us to
hypothesize that the depletion of macrophages in mice that do
not express FcRn (G-KO mice) would remove a degradative
compartment and result in increased IgG levels and persistence. The clearance rate of mIgG1 and steady state IgG levels
were therefore determined in G-KO mice following the depletion of liver and splenic macrophages. Significantly, the βphase half-life of mIgG1 was higher in G-KO mice treated
with clodronate liposomes (~54 ± 2 h) compared to mice
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treated with control liposomes (~39 ± 1 h; Figure 2a,b). The
steady state levels of serum IgG in the clodronate liposometreated mice were also increased by ~50 ± 16% (Figure 2c).
Thus, the depletion of macrophages in the liver and spleen,
which are believed to constitute less than 35% of the total
macrophage number in the body,8 results in higher in vivo
persistence and steady state IgG levels in FcRn-deficient mice.
Generation of mice with selective loss of FcRn in
macrophages
To analyze the ability of FcRn to counteract the high pinocytic
activity of macrophages, we next studied the effects of specific
deletion of FcRn in macrophages on IgG homeostasis. We first
generated site-specific, FcRn KO mice using Cre-loxP technology.
This approach involves the crossing of mice expressing Cre
recombinase under the control of cell type-specific promoters
with floxed mice that are engineered to harbor exons 5–7 of the
FcRn gene flanked by loxP sequences.30 We intercrossed FcRnfloxed mice19 with mice transgenic for LysM-Cre31 with the goal
of generating mice that specifically lack FcRn in macrophages.
Our earlier study indicated that hematopoietic cells and/or
endothelial cells are the primary contributors to FcRn-mediated
IgG homeostasis in vivo.19 Therefore, for comparative purposes,
we also used CD11c-Cre,32 CD19-Cre33 and Tie2e-Cre34 mice in
intercrosses with FcRn-floxed mice, with the goal of generating
mice with FcRn deletion in dendritic cells (DCs), B cells and
endothelial cells, respectively. To determine the specificity of
FcRn deletion in these conditional FcRn KO mice, flow cytometry
was used to assess the accumulation of a fluorescently labeled
mutated human IgG1 (MST-HN, M252Y/S254T/T256E/H433K/
N434F,35 specific for hen egg lysozyme) that binds to mouse FcRn
with increased affinity at acidic and near-neutral pH (Kd = 1.2 nM
at pH 6.0; Kd = 7.4 nM at pH 7.2).35 In contrast to wild type
human IgG1, this mutated human IgG1 is efficiently endocytosed
into FcRn-expressing cells by receptor-mediated uptake, and can,
therefore, be used as an indicator of the levels of functional
FcRn.35 The high affinity of this mutated IgG for mouse FcRn at
near neutral pH also results in inefficient release during exocytic
events and retention within cells. As a control for fluid phase
accumulation, a fluorescently labeled mutated human IgG1 variant (H435A) of the same antigen binding specificity, but with
substantially reduced affinity for FcRn relative to its wild type
parent antibody,36 was used.
To demonstrate FcRn-dependent accumulation of MST-HN
within cells, and show a correlation between levels of FcRn
expression and cell-associated MST-HN, we used a human
endothelial cell line (HMEC-1)37 that expresses very low or
negligible levels of endogenous FcRn. HMEC-1 cells were cotransfected with expression plasmids encoding mouse FcRn
tagged with an enhanced green fluorescent protein (mFcRnGFP) and mouse β2-microglobulin (mβ2m). In addition,
HMEC-1 cells were co-transfected with expression plasmids
encoding a human FcRn variant tagged with an enhanced
green fluorescent protein (hFcRn-L136-GFP) and human
β2-microglobulin (hβ2m). Since HMEC-1 cells are of human
origin, a mutated variant of hFcRn, hFcRn-L136, which resembles mFcRn in binding specificity,38 was used in addition to
mFcRn to exclude the possibility that cross-species differences
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Figure 1. Depletion of splenic and liver macrophages in wild type mice does not affect the half-life of IgG. (a) C57BL/6J mice (2–3 mice/group) were intravenously
treated with clodronate (1.5 mg/dose) or PBS (control) liposomes at 0 h and 48 h, and single cell suspensions from spleens and livers were isolated at 120
h. Macrophage populations were analyzed using flow cytometry and data for one representative mouse from each group is shown. The gating strategies used for the
identification of macrophage (MØ) populations are shown in Supplementary Figure 9C and D. (b) C57BL/6J mice (5–6 mice/group) were intravenously treated with
clodronate (1.5 mg/dose) or PBS (control) liposomes at 0 h and 48 h. 125I-labeled mIgG1 was injected (i.v.) at 18 h following the first injection of clodronate
liposomes, and whole body radioactivity levels were determined at the indicated times. (c) β-phase half-lives of mIgG1 in different mice obtained by fitting the
pharmacokinetic data to a decaying bi-exponential model. Error bars indicate SEM. N.S., no significant difference (p > .05; two-tailed Student‘s t-test). Data shown in
panels b and c is representative of two independent experiments.

in cytosolic tail sequences might affect subcellular trafficking.
Following incubation with fluorescently labeled MST-HN or
H435A, HMEC-1 cells transfected with mFcRn or hFcRn-L136
had high levels of cell-associated MST-HN, whereas the fluorescence signal of H435A within these cells, or accumulation of
either proteins within untransfected cells, was similar to background autofluorescence levels (Supplementary Figure 5).
Importantly, the accumulation of MST-HN was proportional
to the level of FcRn-GFP expression. These analyses, therefore,
validated the use of MST-HN and H435A to assess FcRn expression levels in different cell types.
Consistent with the analyses shown in Supplementary Figure 5,
the levels of fluorescently labeled MST-HN and H435A were

similar (i.e., very low) in all splenic immune cells derived from
G-KO mice (Figure 3a and Table 1). In contrast, the accumulation
of fluorescently labeled MST-HN was greater than that observed
for H435A in all wild type (C57BL/6J) splenic immune cells
analyzed, except in neutrophils, which do not express functional
FcRn.19 Importantly, based on the difference in the uptake of
MST-HN and H435A, the functional FcRn expression levels in
C57BL/6J mice can be ranked in the following order: macrophages > monocytes > DCs ≥ B cells.
In LysM-Cre-FcRnflox/flox mice (M-KO mice), complete loss
of FcRn was observed in splenic macrophages, whereas partial
loss of FcRn activity was observed in splenic monocytes and
DCs (Figure 3a and Table 1). We also analyzed the levels of
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Figure 2. Depletion of splenic and liver macrophages in G-KO mice results in an increase in half-life and serum levels of IgG. G-KO mice were treated with clodronate
(1.5 mg/dose) or PBS (control) liposomes at 0 h and 48 h. (a, b) 125I-labeled mIgG1 was injected (i.v.) at 18 h, and whole body radioactivity levels determined at the
indicated times (a; 3–4 mice/group) post-antibody injection. Data shown is representative of two independent experiments. (b) β-phase half-lives of mIgG1 were
obtained by fitting the pharmacokinetic data to a decaying mono-exponential model. (c) Normalized IgG levels in serum samples collected 0 h prior to and 201
h post-first injection of clodronate liposomes. Error bars indicate SEM. Significant differences (**, p < .01; ***, p < .001; two-tailed Student‘s t-test) between the
groups are indicated. N.S., no significant difference (p > .05; two-tailed Student‘s t-test). Data shown for panels b and c is combined from two independent
experiments (5–9 mice/group).

functional FcRn in F4/80brightCD11blow and F4/80lowCD11bhigh
macrophages23 in lung, kidney, and liver in M-KO mice
(Figure 3b). In control mice, both of these cell subsets had
functional FcRn, whereas loss of FcRn activity was observed
in M-KO mice, with the exception of a fraction of hepatic F4/
80brightCD11blow macrophages. In addition, FcRn function in
both heart and lung endothelial cells in M-KO mice was similar
to that in control mice (Figure 4). Consistent with the observations of others using the LysM-Cre strain to target other
genes,31,39 our analyses show that FcRn deletion in M-KO
mice occurs predominantly in macrophages.
In contrast to the macrophage specificity of FcRn deletion
in M-KO mice, for CD11c-Cre-FcRnflox/flox mice, complete

loss of FcRn activity was observed in macrophages and DCs
(Supplementary Figure 6), indicating that CD11c-Cremediated deletion is of broad specificity. Consequently,
CD11c-Cre-FcRnflox/flox mice were not used further in these
studies. For CD19-Cre-FcRnflox/flox mice (B-DC-KO mice),
loss of FcRn function was observed in both DCs and B cells
(Figure 3a and Table 1). Further analyses revealed that the
homozygous FcRnflox/flox (Cre−) strain, but not the heterozygous strain, has substantially reduced levels of functional
FcRn in DCs compared with wild type mice. In addition,
the generation of several non-DC-targeting Cre-expressing
strains that are homozygous for floxed FcRn alleles resulted
in strains that have different levels of functional FcRn in DCs.
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Figure 3. Specificity of loss of FcRn function in FcRnflox/flox mice with site-specific Cre expression. (a) Splenocytes were isolated, pooled (from 2 to 3 mice/genotype)
and incubated with anti-FcγRIIB/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.
Fluorescence levels associated with each of the indicated cell types were determined using flow cytometry. Cell populations were identified as follows: macrophages,
F4/80brightCD11blow; monocytes, Ly6ChighCD11bint; DCs, CD11c+CD11b+; B cells, CD23highCD21low and neutrophils, Ly6CintCD11bhigh. The gating strategies used for the
identification of these cell types are shown in Supplementary Figure 8A-C. Data shown is representative of at least two independent experiments. (b) Mice were
perfused and kidneys, lungs and livers were harvested. Single-cell suspensions from these organs were isolated, pooled (from 2 mice/genotype) and treated as in
panel A except that CD45+F4/80brightCD11blow and CD45+F4/80lowCD11bhigh macrophages were analyzed. These macrophage populations were identified using the
gating strategy shown in Supplementary Figure 8D. M-KO, LysM-Cre-FcRnflox/flox (macrophage-specific FcRn KO); M-Het, LysM-Cre-FcRnflox/+ (control); B-DC-KO, CD19Cre-FcRnflox/flox (B cell- and DC-specific FcRn KO); B-DC-Het, CD19-Cre-FcRnflox/+ (control); Tie2e-KO, Tie2e-Cre-FcRnflox/flox (multiple cell type-specific FcRn KO); Tie2eHet, Tie2e-Cre-FcRnflox/+ (control); G-KO, FcRn-/- (global FcRn KO); MST-HN, mutated human IgG1 with increased affinity for FcRn;35 H435A, mutated (control) human
IgG1 with negligible binding for FcRn.36 Data shown is representative of at least two independent experiments.

For example, we observed higher levels of functional FcRn in
DCs in M-KO mice compared with B-DC-KO mice (Figure 3a
and Table 1). B-DC-KO mice, therefore, provided a model for
selective loss of FcRn in both B cells and DCs.

Cre expression in Tie2e-Cre mice has been reported to be
specific to endothelial cells.34 However, Tie2e-Cre-FcRnflox/flox
(Tie2e-KO) mice exhibited partial or complete loss of FcRn
function in macrophages, B cells, DCs and heart endothelial
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Table 1. Summary of FcRn expression, half-lives of mouse IgG1 and serum IgG levels in mice expressing FcRn in different cell types.
Cell type
(or phenotype)/Genotype
Macrophages
Monocytes
DCs
B cells
mIgG1
half-life (h)
Serum IgG
level (mg/ml)

M-KO
Deleted
↓
↓
WT
41.9
(± 1.1)
0.48
(± 0.04)

M-Het
WT
WT
WT
WT
247.6
(± 8.6)
1.43
(± 0.11)

B-DC-KO
WT
WT
Deleted
Deleted
202.7
(± 7.9)
0.95
(± 0.05)

B-DC-Het
WT
WT
WT
WT
227.5
(± 9.9)
1.1
(± 0.07)

Tie2e-KO
↓
WT
Deleted
↓
47.8
(± 2.6)
0.54
(± 0.07)

Tie2e-Het
WT
WT
WT
WT
174.6
(± 8.4)
1.34
(± 0.1)

G-KO
Deleted
Deleted
Deleted
Deleted
35.5
(± 0.9)
0.13
(± 0.01)

↓, reduced (~30–80% of corresponding controls); WT, wild type; (± value), SEM.

M-KO

M-Het

Tie2e-KO

Tie2e-Het

G-KO

Heart ECs

Events

Lung ECs

MST-HN

H435A

IgG-Alexa 647
Figure 4. The levels of functional FcRn are reduced in endothelial cells in Tie2e-KO mice but not in M-KO mice. Single cell suspensions from heart and lung were
isolated, pooled (from 3–5 mice/genotype) and incubated with anti-FcγRIIB/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. Fluorescence levels associated with heart- or lung-derived CD31+CD105+isolectin B4+ endothelial cells (ECs) were determined
using flow cytometry. ECs were identified according to the gating strategies shown in Supplementary Figure 9A and B. M-KO, LysM-Cre-FcRnflox/flox (macrophagespecific FcRn KO); M-Het, LysM-Cre-FcRnflox/+ (control); Tie2e-KO, Tie2e-Cre-FcRnflox/flox (FcRn KO in multiple different cell types); Tie2e-Het, Tie2e-Cre-FcRnflox/+
(control); G-KO, FcRn-/- (global FcRn KO); MST-HN, mutated human IgG1 with increased affinity towards FcRn;35 H435A, mutated (control) human IgG1 with negligible
binding towards FcRn.36 Data shown are representative of at least two independent experiments.

cells, although this activity was retained in lung endothelial
cells (Figures 3a, 4 and Table 1), excluding their possible use
as endothelial-specific knockouts. However, these mice exhibited the normal activity of FcRn in monocytes compared with
the corresponding control mice, Tie2e-FcRnflox/+ (Tie2e-Het;
Figure 3a and Table 1), and therefore provided a model to
differentiate the contribution of monocytes and macrophages
to IgG homeostasis.
FcRn expression in macrophages compensates for their
high degradative capacity
In order to assess the effect of site-specific deletion of FcRn in
macrophages on IgG homeostasis in vivo, we next analyzed the
pharmacokinetics of mIgG1 and steady state serum IgG levels
in M-KO, Tie2e-KO, B-DC-KO, their corresponding controls
and, as comparators, G-KO, and wild type C57BL/6J mice. The
β-phase half-life of mIgG1 was the longest in C57BL/6J mice
(~329 ± 16 h; Figure 5 and Table 1). Notably, the β-phase halflife of mIgG1 in M-KO mice (~42 ± 1 h) was substantially
reduced compared with that in the corresponding control mice
(M-Het, LysM-Cre-FcRnflox/+; ~248 ± 9 h), and was slightly
longer than that observed in G-KO mice (~36 ± 1 h) (Figure 5

and Table 1). In addition, the half-life of mIgG1 in Tie2e-KO
mice (~48 ± 3 h), which have normal levels of FcRn activity in
monocytes but greatly reduced levels in macrophages, was
substantially lower compared with that in the respective control mice (Tie2e-Het; ~175 ± 8 h) and marginally higher than
that in M-KO mice (Figure 5 and Table 1). In contrast, the halflife of mIgG1 in B-DC-KO mice (~203 ± 8 h) was not significantly different from that in the corresponding control mice
(B-DC-Het, CD19-Cre-FcRnflox/+; ~228 ± 10 h) (Figure 5 and
Table 1), indicating that FcRn expression in DCs and B cells
does not contribute to IgG homeostasis.
The steady state levels of IgG in the sera of M-KO, G-KO,
Tie2e-KO, and B-DC-KO mice were also determined. The
IgG levels in M-KO and G-KO mice were ~0.48 mg/ml and
~0.13 mg/ml, respectively, compared with ~1.43 mg/ml in the
control mice (M-Het) (Figure 6a and Table 1). The IgG levels
in Tie2e-KO mice were ~0.54 mg/ml, and 1.34 mg/ml in the
control mice (Tie2e-Het) (Figure 6a and Table 1). This represents ~threefold and ~2.5-fold reductions in IgG levels
in M-KO and Tie2e-KO mice, respectively, compared with
corresponding controls. Consistent with the lack of effect of
FcRn deletion in B cells and DCs on IgG pharmacokinetics
(Figure 5 and Table 1), the steady state serum IgG levels were
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Figure 5. Loss of FcRn function in macrophages results in substantial reductions in the half-life of IgG. (a) Different FcRn KO and control mice (3–6 mice/genotype)
were injected (i.v.) with 125I-labeled mIgG1 and whole body radioactivity levels determined at the indicated times. Data shown are representative of at least two
independent experiments. (b) β-phase half-lives of mIgG1 in different FcRn KO and control mice were determined by fitting the pharmacokinetic data to a monoexponential (M-KO, Tie2e-KO, and G-KO) or bi-exponential model (M-Het, Tie2e-Het, B-DC-Het, B-DC-KO and C57BL/6J). Error bars indicate SEM. Significant differences
(*, p < .05; **, p < .01; ***, p < .001; one-way ANOVA followed by Tukey‘s multiple comparisons test) between the groups are indicated. M-KO, LysM-Cre-FcRnflox/flox
(macrophage-specific FcRn KO); M-Het, LysM-Cre-FcRnflox/+ (control); B-DC-KO, CD19-Cre-FcRnflox/flox (B cell- and DC-specific FcRn KO); B-DC-Het, CD19-Cre-FcRnflox/+
(control); Tie2e-KO, Tie2e-Cre-FcRnflox/flox (FcRn KO in multiple different cell types); Tie2e-Het, Tie2e-Cre-FcRnflox/+ (control); G-KO, FcRn-/- (global FcRn KO). Data
shown in panel b is combined from at least two independent experiments (n = 6–14 mice/group).

similar between B-DC-KO and B-DC-Het mice
(Supplementary Figure 7 and Table 1). In addition to the
regulation of IgG homeostasis, FcRn maintains albumin
levels.40 The serum albumin levels were also reduced
in M-KO and Tie2e-KO mice, although the decreases relative
to corresponding controls were lower compared with those
observed for IgG (Figure 6b). This difference is possibly due
to feedback regulation of albumin synthetic rates.41 The levels
of IgG and albumin are ~3.8-fold and ~1.7-fold higher,
respectively, in M-KO mice relative to G-KO mice, indicating
FcRn-mediated salvage of these ligands by FcRn-sufficient
cells in M-KO mice. Collectively, our observations using conditional knockout mice indicate that FcRn-mediated salvage
of IgG in macrophages plays a major role in maintaining IgG
levels.

with increased affinity to mouse FcRn. This mutant is
a specific inhibitor of FcRn-mediated recycling of IgG, and
therefore enhances the degradation of endogenous antibodies
when delivered into mice.35 As expected, MST-HN treatment
did not modulate the already low serum IgG levels in G-KO
mice (Figure 6c). Serum IgG levels in control, M-Het mice
were reduced by ~33%, 50%, 68% and 62% at 6, 12, 24 and 48
h post-treatment, respectively, and the IgG levels recovered to
only ~51% of the levels in untreated mice at 120 h posttreatment (Figure 6c). In M-KO mice, a ~38% decrease in
the relatively low serum IgG levels was observed at 24 h posttreatment (Figure 6c). These observations indicate that in the
presence of FcRn inhibitors, macrophages represent a major
degradative sink for IgG.

Discussion
The effect of FcRn inhibition is reduced in mice bearing
FcRn-deficient macrophages
To further investigate the activity of FcRn in M-KO mice,
serum IgG levels in M-KO, control M-Het, and G-KO mice
were determined following the treatment of these mice with
the MST-HN mutant19 (‘Abdeg’) that is engineered to bind

Antibodies of the IgG class are essential for humoral immunity. In
addition, the use of IgG-based therapeutics to treat cancer, autoimmune and infectious diseases, and prevent transplant rejection
has expanded enormously over the past several decades.42 FcRnmediated salvage of IgG from degradation provides a homeostatic
mechanism to regulate IgG levels and transport in the body. The
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Figure 6. Loss of FcRn function in macrophages results in ~2–3 fold reductions in steady state levels of serum IgG and albumin and reduces the effects of FcRn inhibition.
Serum IgG (a) and albumin (b) levels in the different mouse strains. Data shown are derived from 5 to 13 mice/genotype. (c) M-KO, M-Het, and G-KO mice were treated (i.v.)
with 1 mg MST-HN mutant and serum IgG levels determined at the indicated times post-injection. Error bars indicate SEM. Significant differences [*, p < .05; **, p < .01; ***,
p < .001; one-way ANOVA followed by Tukey‘s (a, b) or Dunnett‘s (c) multiple comparisons test] between the groups are indicated. M-KO, LysM-Cre-FcRnflox/flox (macrophagespecific FcRn KO); M-Het, LysM-Cre-FcRnflox/+ (control); Tie2e-KO, Tie2e-Cre-FcRnflox/flox (multiple cell type-specific FcRn KO); Tie2e-Het, Tie2e-Cre-FcRnflox/+ (control); G-KO,
FcRn-/- (global FcRn KO); MST-HN, FcRn inhibitor. Data shown in panel c is combined from two independent experiments (n = 8–9 mice/group).

majority of IgG isotypes are internalized into cells by fluid phase,
pinocytic uptake due to their very low binding affinity for FcRn at
extracellular, near neutral pH.15,16 This raises the question as to
whether pinocytically active cells such as macrophages, which are
also of relatively high abundance, have compensatory FcRnmediated salvage pathways to avoid dysregulation of IgG homeostasis and consequent immunodeficiency. Here, we demonstrate
that such compensatory pathways exist, and this is supported by
our observations that, although macrophage depletion in FcRnsufficient mice does not affect IgG clearance rate, specific loss of
FcRn expression in macrophages results in IgG hypercatabolism.
Consistent with the activity of FcRn-deficient macrophages as
a degradative sink, the steady state serum levels and half-life of
IgG are increased in FcRn-/- mice following clodronate liposome-mediated depletion of splenic and liver macrophages.
The lack of such an effect in wild type mice indicates that
FcRn function counteracts the high pinocytic activity in macrophages to maintain IgG homeostasis. Such a compensatory
mechanism may inhibit major changes to IgG homeostasis
under pathological conditions such as infection, obesity, and

lymphedema, which are characterized by significant increases
in macrophage numbers.43–45
In this study, we used Cre-loxp technology to generate cell
type-specific FcRn KO mice. To produce macrophage-specific
FcRn KO mice, LysM-Cre mice31 were crossed with FcRnflox/flox
mice.19 Although it is established that Cre expression in LysM-Cre
mice is limited to macrophages and neutrophils,31 neutrophils in
C57BL/6J mice do not express FcRn.19 Analysis of the efficiency
and specificity of FcRn deletion in LysM-Cre-FcRnflox/flox mice
revealed almost complete loss of FcRn function in splenic macrophages and partial loss of FcRn function in monocytes and DCs.
In contrast to the specificity of Cre-mediated deletion in LysMCre-FcRnflox/flox mice, the use of CD11c-Cre mice32 resulted in
complete loss of FcRn activity in macrophages in addition to DCs.
These observations are consistent with several recent reports
highlighting the lack of specificity of Cre expression in multiple
mouse lines, including CD11c-Cre.39,46 Although ‘off-target’ deletion has not been reported for CD19-Cre mice,33 crossing these
mice with FcRn-floxed mice generated a mouse strain with loss of
FcRn activity in both B cells and DCs. The loss of FcRn function in
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DCs in these mice can be explained by our observation that Cre+FcRnflox/flox mice have different levels of functional FcRn in DCs,
dependent on the particular Cre strain (non-DC targeting) used.
The mechanistic basis for this differential reduction in FcRn levels,
which is not seen in the corresponding mice heterozygous for the
floxed FcRn allele, is currently not understood. Nevertheless,
CD19-Cre-FcRnflox/flox mice provided a model to investigate the
effect of reduced FcRn function in both DCs and B cells. The
generation of a mouse line in which deletion of FcRn is specific to
B cells was not pursued further, since the pharmacokinetic behavior and steady state serum levels of IgG were not affected in the
double B cell/DC FcRn knockout strain, indicating that FcRn in
these cells does not significantly contribute to the maintenance of
IgG levels. Further, the use of Tie2e-Cre-FcRnflox/flox mice, which
exhibit partial loss of FcRn function in heart endothelial cells and
in all hematopoietic cells except monocytes, which are less pinocytically active than macrophages47 and are present in relatively
low numbers,48 allowed us to exclude a major contribution of
FcRn in monocytes to IgG homeostasis.
Earlier studies using bone marrow chimeras of FcRn-/- and wild
type mice demonstrated an important contribution of FcRn activity in the hematopoietic compartment to IgG homeostasis,
although variability in this contribution was observed.18,20–22
Further, it was not possible to elucidate the role of individual
hematopoietic cell subsets in these analyses. In contrast to our
observations using mice that specifically lack FcRn activity in
macrophages, loss of FcRn function in B cells and DCs does not
have a significant effect on IgG homeostasis. The low pinocytic
rates of B cells and mature DCs,47 combined with the relatively
small numbers of highly pinocytic (immature) DCs in the body,
could provide an explanation for the substantial difference in the
contribution of FcRn in B cells and DCs to maintaining IgG levels
compared with macrophages. In addition to steady state IgG levels,
we analyzed serum albumin levels in mouse strains that lack FcRn
activity in macrophages. Although substantial reductions of albumin levels occur in these mice, the decreases are not as marked as
for IgG. Earlier studies demonstrated that albumin biosynthesis by
hepatocytes increases by 20% in FcRn-/- mice,41 suggesting that the
reduced effect on albumin levels in our study is most likely due to
compensatory upregulation of albumin biosynthesis.
The inhibition of FcRn using (engineered) antibodies that
interact with high affinity with FcRn through their Fc region
or variable domains is effective in the treatment of autoantibody-mediated pathologies in various animal models of
disease.49–51 Further, recent clinical trials have indicated that
these FcRn inhibitors have promise for use as therapeutics.52–
54
The results of this study suggest that FcRn blockade in
macrophages is a major contributor to the decrease in IgG
levels that are observed.52–54 In addition to a role in IgG
homeostasis, studies have shown that FcRn plays diverse
roles in other processes, such as antigen presentation and
IgG transport across epithelial barriers.10,55 In particular, the
role of FcRn in both cross-presentation and delivery of
immune complex-associated antigen to MHC Class II processing/loading compartments in DCs is well documented,22,56,57
and leads to the suggestion that in DCs, the primary function
of FcRn may be to serve this role rather than to regulate IgG
homeostasis. In contrast, although the involvement of FcRn in
antigen presentation in macrophages has to date not been

explored, it is likely that this receptor serves dual functions,
namely in both recycling (‘monomeric’) IgG and, for immune
complexes, antigen presentation in this cell type.
In summary, this study underscores a major contribution of
FcRn-mediated recycling in macrophages to compensate for their
extraordinarily high fluid phase pinocytic activity. Importantly,
loss of FcRn function in these cells leads to IgG hypercatabolism,
whereas depletion of FcRn-deficient macrophages removes
a degradative sink, resulting in an increase in IgG levels. These
findings not only have relevance to understanding the dynamic
behavior of therapeutic and diagnostic antibodies, but also to the
homeostatic regulation of humoral immunity.

Materials and methods
Mice
FcRn-/-,29 LysM-Cre,31 CD11c-Cre,32 CD19-Cre33, and C57BL/
6J mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Mice with a floxed FcRn allele have been
described previously;19 these mice will be available at the
Jackson Laboratory (Bar Harbor, ME) with the stock number
032630. Tie2e-Cre mice34 were a kind gift from Dr. Xiaoxia Li
(Cleveland Clinic, OH). Mice were bred in a specific pathogenfree facility at the University of Texas Southwestern Medical
Center or Texas A&M University, and were handled in compliance with institutional policies and protocols approved by
the Institutional Animal Care and Use Committees.
Antibodies and labeling
A mutated variant, hIgG1D265A, which does not bind to
FcγRs,27,28 was purchased from Crown Bioscience (cat#
C0020-3; San Diego, CA). NS0 transfectants expressing
mutated derivatives of humanized anti-hen egg lysozyme
IgG1 (HuLys10),58 MST-HN (M252Y/S254T/T256E/H433K/
N434F) and H435A, which bind to FcRn with increased
affinity or negligible affinity, respectively, were generated
and cultured as described previously.35,36 The recombinant
antibodies were purified from culture supernatants using
lysozyme-Sepharose.58 mIgG1 (anti-hen egg lysozyme,
D1.359) was purified from hybridoma culture supernatants
using lysozyme-Sepharose.58
Iodination (125I) of mIgG1 was carried out using Iodogen
as previously described.16 MST-HN and H435A were labeled
with Alexa Fluor 647 (Alexa 647) carboxylic acid (succinimidyl ester; Life Technologies, Grand Island, NY) using previously described methods.13 The binding behavior of Alexa
647-labeled antibodies was analyzed using surface plasmon
resonance (BIAcore).
Pharmacokinetic experiments
6–10-week old male and female mice were fed 0.1% Lugol (SigmaAldrich, St. Louis, MO) in drinking water starting from 72 h prior
to i.v. injection in the tail vein with 125I-labeled mIgG1 (10–15 μg
per mouse). Levels of whole body radioactivity were measured at
the indicated times using an Atom Lab 100 dose calibrator
(Biodex Medical Systems, Shirley, NY).
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To investigate the effects of splenic and liver macrophage
depletion on mIgG1 pharmacokinetics, C57BL/6J and GKO
mice were intravenously injected with clodronate (1.5 mg/
dose) or control (phosphate-buffered saline (PBS)) liposomes
(Encapsula NanoSciences, Brentwood, TN) at 0 h and 48 h.
125
I-labeled mIgG1 was injected (i.v.) at 18 h and whole body
clearance analyzed as described above.
To determine the half-lives of injected mIgG1 in mice that
exhibit relatively slow clearance of injected antibody (M-Het,
Tie2e-Het, B-DC-Het, B-DC-KO, and C57BL/6J), the whole
body counts over time were fitted to bi-exponential decay
curves. In mice that exhibit rapid clearance of injected
mIgG1 (M-KO, Tie2e-KO, and G-KO), the α- and β-phases
cannot be clearly defined. Consequently, the whole body
counts obtained from these mice over time were fitted to
mono-exponential decay curves. The α- and β-phase halflives were determined using a non-linear least squares minimization method implemented using custom scripts written
in MATLAB (Mathworks, Natick, MA).
Flow cytometry analyses
CDC/EU.HMEC-1 (HMEC-1),37 a human dermal microvascular-derived endothelial cell line, was generously provided by
F. Candal (Centers for Disease Control, Atlanta, GA). The cells
were transiently co-transfected with expression plasmids
encoding mouse FcRn tagged with enhanced green fluorescent
protein (mFcRn-GFP)35 and mouse β2-microglobulin (mβ2m)
or mutated human FcRn variant tagged with enhanced green
fluorescent protein (hFcRn-L136-GFP)60 and human
β2-microglobulin (hβ2m) using previously described
methods.13 Following culture (~18 h) in phenol red-free, IgGdepleted Ham’s F-12K medium, transfected cells were pulsed
with 5 µg/ml Alexa 647-labeled MST-HN or H435A for 45 min
at 37°C in medium adjusted to pH 7.2–7.4. The cells were
washed with Dulbecco’s phosphate-buffered saline (DPBS),
harvested by trypsinization and analyzed using flow cytometry.
For the analysis of functional FcRn levels in hematopoietic cell
types in the spleen, 6–12 week old male and female mice were
euthanized, and spleens were harvested and used to make single
cell suspensions by mechanical disruption and forcing cells
through 70 µm cell strainers (Becton-Dickinson, San Jose, CA).
The cell suspensions were depleted of erythrocytes using red
blood cell lysis buffer and washed with DPBS. Subsequently, the
cells were incubated with anti-FcγRIIB/III antibody (purified
from the 2.4G2 hybridoma; HB-197 available from the ATCC)
for 15 min at 4°C, followed by incubation in IgG-depleted13
phenol red-free cDMEM (pH 7.2–7.4) containing 5 μg/ml Alexa
647-labeled MST-HN or H435A mutant for 45 min at 37°C.
Following one wash with DPBS, the cells were incubated on ice
with fluorescently labeled antibodies to identify the following
cell types: macrophages (F4/80brightCD11blow), monocytes
(Ly6ChighCD11bint), classical DCs (CD11c+CD11b+), follicular
B cells (CD23highCD21low) and neutrophils (Ly6CintCD11bhigh).
The gating strategies employed for the identification of these cell
types are shown in Supplementary Figure 8A-C.
To evaluate functional FcRn levels in heart and lung
endothelial cells, a modified version of a previously described
protocol61 was followed to prepare single-cell suspensions from
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these tissues. Briefly, the animals (6–12-week old male and
female mice) were euthanized, and the heart and lungs were
harvested and washed with calcium- and magnesium-free
Hank‘s Balanced Salt Solution (HBSS; Life Technologies,
Grand Island, NY) to remove excess blood. The washed tissues
were then mechanically dissociated into small pieces. To obtain
single cell suspensions, the diced tissues were incubated in
calcium- and magnesium-free HBSS containing 1 mg/ml of
collagenase type 1 (Worthington Biochemical Corp.,
Lakewood, NJ) and 2.4 mg/ml of dispase (Life Technologies,
Grand Island, NY) for 45 min at 37°C. Following incubation,
the tissue homogenates were filtered through 100 μm cell
strainers (Becton-Dickinson, San Jose, CA) and the resulting
cell suspensions were depleted of erythrocytes using red blood
cell lysis buffer. Cells were washed with HBSS and incubated
with anti-FcγRIIB/III (2.4G2) antibody for 15 min at 4°C,
followed by incubation in IgG-depleted13 phenol red-free
cDMEM (pH 7.2–7.4) containing 5 μg/ml Alexa 647-labeled
MST-HN or H435A mutants for 45 min at 37°C. The cells were
subsequently washed, and, while on ice, stained with fluorescently labeled isolectin B4 (cat# FL-1201; Vector Laboratories,
Burlingame, CA) and antibodies to identify endothelial cells
(CD31+CD105+isolectin B4+) according to the gating strategies
shown in Supplementary Figure 9A and B.
Analysis of functional FcRn expression in tissue-resident
macrophages was carried out using the protocol described above
for endothelial cells, except that the animals (6–12 week old male
and female mice) were anesthetized and intracardially perfused
with 10–20 ml 10 U/ml heparin in DPBS before the collection of
organs (kidneys, lungs and livers) and washes were performed
with calcium- and magnesium-free DPBS. Yolk sac EMP- (or fetal
HSC-) and bone marrow HSC-derived macrophages were identified as CD45+F4/80brightCD11blow and CD45+F4/80lowCD11bhigh,
respectively (Supplementary Figure 8D).23 To evaluate the percentage of macrophages in the spleen and liver following treatment
with clodronate or control liposomes, the animals were euthanized, and the spleens and livers were harvested and then used to
make single cell suspensions using the protocol described above.
Since the mice were not perfused, macrophage subsets were identified following the exclusion of monocytes and neutrophils
(Ly6ChighCD11bint and Ly6CintCD11bhigh, respectively) as follows:
spleen yolk sac EMP- or fetal HSC-derived macrophages, F4/80bright
CD11blow; spleen bone marrow HSC-derived macrophages,
F4/80lowCD11bhigh; liver yolk sac EMP- or fetal HSC-derived
macrophages, CD45+F4/80brightCD11blow; liver bone marrow
HSC-derived macrophages, CD45+F4/80lowCD11bhigh.23 The gating strategies used for the identification of these cells are shown in
Supplementary Figure 9C and D.
Flow cytometry analyses were performed using a FACSCalibur
(Becton-Dickinson, San Jose, CA), LSRFortessa (BectonDickinson, San Jose, CA) or Accuri C6 (Becton-Dickinson, San
Jose, CA), and data were analyzed using FlowJo (Tree Star,
Ashland, OR). The following antibodies for flow cytometry analyses were purchased from Becton-Dickinson (BD, San Jose, CA),
eBioscience (San Diego, CA) or Biolegend (San Diego, CA): antiLy-6C-FITC (BD cat# 553104), anti-F4/80-PE (eBioscience cat#
12–4801-82), anti-CD11b-PerCP-Cy5.5 (BD cat# 550993), antiCD11b–FITC (BD cat# 553310), anti-CD11c–PE (BD cat#
557401), anti-B220 – PerCP (BD cat# 553093), anti-CD23-FITC
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(BD cat# 553138), anti-CD21-PE (BD cat# 552957), anti-CD45FITC (BD cat# 553079), anti-CD45-APC (BD cat# 559864),
anti-CD105-PE (eBioscience cat# 12–1051-82) and anti-CD31PerCP-efluor710 (eBioscience cat# 46–0311-82).
Quantitation of serum IgG and albumin levels

(cat# A21245; Life Technologies, Grand Island, NY) diluted in 5%
goat serum. Subsequent to washes with DPBS containing 0.05%
Tween 20, coverslips were mounted using Vectashield mounting
medium
containing
DAPI
(Vector
Laboratories,
Burlingame, CA).
Sections were imaged using a Zeiss Axio Observer Z1 inverted
epifluorescence microscope (Zeiss, Oberkochen, Germany)
equipped with a Zeiss 20X, 0.8 NA Plan-Apochromat objective,
a Hamamatsu Orca-ER camera (Hamamatsu Photonics,
Hamamatsu city, Japan) as detector and a broadband LED lamp
(X-Cite 110LED, Excelitas Technologies, Waltham, MA) as excitation source. Images were acquired with standard filtersets for
Alexa 555 (Cy3-4040C-ZHE M327122; Semrock, Rochester, NY),
Alexa 647 (Cy5-4040C-ZHE M327126; Semrock, Rochester, NY)
and DAPI (DAPI-5060C-ZHE M327119; Semrock, Rochester,
NY). The data were processed and displayed using in-house written software, MIATool.62 To allow comparison between different
organs, the same lamp intensity and exposure times were used for
acquiring data for the Alexa 647 channel (hIgG). No intensity
adjustments were carried out for the Alexa 647 channel, and the
images are presented as acquired. For adjustment of background
levels for the Alexa 555 channel (CD31 or F4/80), the mean of the
50th percentile pixel values from all images obtained using secondary antibody only for each individual organ was used as the
threshold, except for muscle. For muscle, due to the relatively
high background signal, independent linear adjustments were
made for the Alexa 555 channel for display purposes. Images
were exported into Inkscape for final composition of the figures.

Serum IgG and albumin levels were assessed using sandwich
ELISAs and previously described methods.19 Polyclonal rabbit
anti-mouse IgG (cat# 616000; Life Technologies, Grand
Island, NY) and polyclonal goat anti-mouse albumin (cat#
ab19194; Abcam, Cambridge, MA) were used as coating antibodies. Horseradish peroxidase (HRP)-conjugated polyclonal
rabbit anti-mouse IgG (cat# 616520; Life Technologies, Grand
Island, NY) and HRP-conjugated polyclonal goat anti-mouse
albumin (cat# ab19195; Abcam, Cambridge, MA) were used
as secondary antibodies. Mouse IgG (cat# 015–000-002) and
albumin (cat# A3139) standards were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA) and SigmaAldrich (St. Louis, MO), respectively.
To study the effects of splenic and liver macrophage depletion
on serum IgG levels, 8–10 week old male and female G-KO mice
were intravenously injected with clodronate (1.5 mg/dose) or
control (PBS) liposomes (Encapsula NanoSciences, Brentwood,
TN) at 0 h and 48 h, and IgG levels determined in serum samples
at 0 h (before administration of liposomes) and 201 h.
For analyzing the effects of FcRn inhibition on serum IgG
levels, 10 week old male and female M-KO, M-Het and G-KO
mice were intravenously treated with 1 mg MST-HN and serum
samples were collected at 0 (immediately prior to administration
of MST-HN), 6, 12, 24, 48 and 120 h to determine IgG levels.

Statistical analyses

Immunofluorescence analyses

Statistical analyses of data were carried out using two-tailed Student’s
t-test or one-way ANOVA (GraphPad Software, La Jolla, CA). p values of
less than 0.05 were taken to be significant.

To analyze the accumulation of intravenously administered IgG
in vivo, 8 week old male and female mice were injected (i.v.) with
1.5 mg hIgG1D265A (cat# C0020-3; Crown Bioscience, San Diego,
CA). Ten hours later, mice were anesthetized and intracardially
perfused with 10–20 ml 10 U/ml heparin in DPBS, followed by
excision of organs or tissues. The organs/tissues were immediately
embedded in Tissue-Tek® OCT compound (Sakura Finetek USA,
Torrance, CA), frozen and stored at −80°C. Eight-micrometer
thick sections were prepared, and either used immediately for
fixation/staining or stored at −80°C for subsequent fixation/staining. Tissue sections were dried for ~16–20 h, fixed in acetone (−20°
C) for 2.5 min, and dried again for ~16–20 h. After washing with
DPBS, sections were blocked using 3% bovine serum albumin
(Fisher Scientific, Fair Lawn, NJ), followed by incubation with
rabbit anti-human IgG (cat# SA5-10223; Thermo Fisher
Scientific, Rockford, IL) and rat anti-mouse CD31 (clone 390
(cat# 102412) and/or MEC13.3 (cat# 102501); Biolegend, San
Diego, CA) or rat anti-mouse F4/80 (cat# ab6640; Abcam,
Cambridge, MA) diluted in 3% bovine serum albumin.
Following washes with DPBS containing 0.05% Tween 20
(Fisher Scientific, Fair Lawn, NJ), the sections were incubated
with 1% goat serum (Sigma-Aldrich, St. Louis, MO). Bound primary antibodies were detected using cross-adsorbed Alexa 555labeled polyclonal goat anti-rat IgG (cat# 405420; Biolegend, San
Diego, CA) and Alexa 647-labeled polyclonal goat anti-rabbit IgG

Data availability
The data that supports the findings in this study are available upon
request from the corresponding author.

Code availability
Software is available upon request at www.wardoberlab.com/software/
miatool.
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