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Key Points

•Human red pulp mac-
rophages are distinct
from monocytes and
monocyte-derived
macrophages in the
expression of FcgRs
and other surface
markers.

• Red pulp macrophages
phagocytose IgG-
opsonized blood cells
by activating FcgRs
and are sensitive to IV
immunoglobulin
blocking

Tissue-resident macrophages in the spleen play a major role in the clearance of

immunoglobulin G (IgG)–opsonized blood cells, as occurs in immune thrombocytopenia

(ITP) and autoimmune hemolytic anemia (AIHA). Blood cells are phagocytosed via the

Fc-g receptors (FcgRs), but little is known about the FcgR expression on splenic red pulp

macrophages in humans, with only a few previous studies that showed conflicting results.

We developed a novel method to specifically isolate red pulp macrophages from 82 human

spleens. Surface expression of various receptors and phagocytic capacity was analyzed by

flow cytometry and immunofluorescence of tissue sections. Red pulp macrophages were

distinct from splenic monocytes and blood monocyte–derived macrophages on various

surface markers. Human red pulp macrophages predominantly expressed the low-affinity

receptors FcgRIIa and FcgRIIIa. In contrast to blood monocyte–derived macrophages, red

pulp macrophages did not express the inhibitory FcgRIIb. Red pulp macrophages expressed

very low levels of the high-affinity receptor FcgRI. Messenger RNA transcript analysis

confirmed this expression pattern. Unexpectedly and despite these differences in FcgR

expression, phagocytosis of IgG-opsonized blood cells by red pulp macrophages was

dependent on the same FcgRs as phagocytosis by blood monocyte–derived macrophages,

especially in regarding the response to IV immunoglobulin. Concluding, we show the distinct

nature of splenic red pulp macrophages in human subjects. Knowledge on the FcgR

expression and usage of these cells is important for understanding and improving treatment

strategies for autoimmune diseases such as ITP and AIHA.

Introduction

Circulating blood cells that are opsonized by immunoglobulin G (IgG) autoantibodies can be rapidly
cleared from the circulation. For instance, autoantibodies against platelets result in immune
thrombocytopenia (ITP), whereas autoantibodies against erythrocytes result in autoimmune hemolytic
anemia. These blood cells are presumably cleared by macrophages that have direct contact with blood
cells (ie, macrophages of the reticuloendothelial system), which comprise macrophages in the spleen
and the liver.1,2 In vivo studies with radioactively labeled IgG-opsonized platelets and erythrocytes have
revealed that, in the majority of patients, the spleen, not the liver, is the predominant site of blood cell
destruction,3,4 a notion that is supported by the fact that splenectomy can be an effective last-resort
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treatment of refractory ITP.5 Macrophages clear these IgG-opsonized
blood cells by phagocytosis, which is mediated by the receptors for
IgG (Fc-g receptors [FcgRs]).1,6 However, splenic macrophages
have been poorly characterized thus far in humans, especially with
regard to FcgR expression. Functional studies of IgG-mediated
phagocytosis in humans often use monocyte-derived macrophages
instead7,8 because they are readily available. However, because it is
not well known whether these macrophages are similar to splenic
macrophages, the relevance of such studies can be debated. In fact,
recent evidence from studies in rodents has led to a paradigm shift
regarding the origin of macrophages. Many tissue-resident macro-
phage populations, including the red pulp macrophages of the
spleen, have been shown to largely consist of self-renewing
populations derived from embryonic macrophages, established
before birth, instead of differentiating from blood monocytes.9,10 This
suggests that splenic macrophages in humans may also be
phenotypically very different from monocyte-derived macrophages.

Human splenic tissue can be divided into red pulp, which consists of
an open circulation and contains many erythrocytes, and white pulp,
which consists of lymphoid tissue including the periarteriolar
lymphoid sheaths and follicles.11 The area between the follicles and
red pulp has sometimes been designated as a so-called perifollicular
zone.11,12 Within these splenic tissues, different subsets of
macrophages have been identified in humans. The most abundant
type of macrophage is the red pulp macrophage, characterized by
expression of CD163, which is thought to be involved in the
clearance of aged red blood cells from the circulation and iron
metabolism.11,13 The open circulation of the red pulp functions as a
filter for blood, resulting in close contact of red pulp macrophages
with circulating blood cells, facilitating the uptake of senescent
erythrocytes.11 Other types of macrophages have been associated
with capillary sheaths in the red pulp and the perifollicular zone.14

These capillary sheath–associated macrophages are CD1632, and
the part of this population that is located close to follicles
(ie, perifollicular zone) is strongly positive for sialoadhesin (CD169).12,14

Macrophages throughout the red pulp of the spleen are known to
express receptors for IgG and bind IgG-opsonized erythrocytes.15

The FcgR are considered important for clearance of IgG complexes
and IgG-opsonized cell material. Five of the 6 isoforms of human
FcgR, all with differences in affinities for IgG and function, can be
found on monocyte-derived macrophages.16 However, there is little
conclusive evidence available for the isoforms of FcgR that are
expressed on splenic macrophages in humans. Immunohistochem-
istry studies have shown that FcgRIII is present throughout the red
pulp, but was unclear which cell type is responsible for the
expression of this IgG receptor isoform.17 Another study using
immunohistochemistry suggested that FcgRI, FcgRII, and FcgRIII all
are present on macrophages of the spleen.18 These studies could
not distinguish between the isoforms of FcgRII and FcgRIII.

Recent studies have investigated FcgR expression and function of
splenic phagocytes using isolated splenic cells. This suggested that
FcgRI, FcgRIIa, and FcgRIII are all expressed on splenic macro-
phages, whereas FcgRIIb was expressed on only 30% of cells.19 In
phagocytosis assays with ex vivo obtained splenic macrophages,
FcgRI was suggested as the critical FcgR, whereas blocking
FcgRIII had little or no effect.20,21 However, all of these studies used
isolation methods that cannot distinguish between circulating
monocytes and red pulp macrophages.

Altogether, the evidence about FcgR expression on human splenic
macrophages has remained confusing. In the present study,
we developed a protocol to specifically obtain splenic red pulp
macrophages, and used a set of FcgR isoform-specific monoclonal
antibodies (MoAbs) as well as functional assays to determine the
cell type–specific expression and function as compared with
monocytes and monocyte-derived macrophages. Our studies show
major differences between these different cell types.

Methods

Human subjects

Spleen tissue from organ transplant donors was used in this study,
as described previously.22 Written informed consent for organ
donation was obtained according to national regulations regarding
organ donation. Splenic tissue of the organ donor was obtained
during transplantation surgery as part of the standard diagnostic
procedure for HLA typing, and was transported in University of
Wisconsin Fluid at 4°C. In case of excess splenic tissue for
diagnostic procedures, the excess of splenic tissue was used in an
anonymous fashion for research in the present study, in accordance
with the Dutch law regarding the use of rest material for research
purposes. Blood samples used were rest material from blood taken
from the same organ donors, drawn at the time of surgery as a
standard diagnostic procedure. In some cases, when matched
blood samples were not available, control blood from age-matched
healthy volunteers was used. Written informed consent was
obtained from all healthy volunteers. The study was approved by
the Medical Ethics Committee of the Academic Medical Center and
Sanquin in Amsterdam, and was performed in accordance with the
Declaration of Helsinki.

Preparation of single-cell suspension of splenocytes

Splenocytes were isolated by injecting a piece of spleen at several
sites with collagenase buffer containing 100 U/mL collagenase
(CLSPA; Worthington Biochemical Corporation), 2 Kunitz units/mL
DNase (deoxyribonuclease I, bovine recombinant) (Sigma-Aldrich),
0.5 mg/mL Aggrastat (Merck, Sharp & Dohme), 1 mg/mL glucose
(Sigma-Aldrich), and 1 mM calcium chloride (Merck) in HEPES.
Connective tissue was removed and subsequently incubated in the
collagenase buffer for 30 minutes at 37°C. Tissue was then filtered
using a 100-mm filter. Subsequently, erythrocytes were lysed with
an isotonic ammonium chloride buffer for 5 minutes at 4°C, after
which the lysis buffer was washed away.

Preparation of blood leukocytes and

monocyte-derived macrophages

Whole blood leukocytes were isolated from heparin or EDTA
blood (spleen donors) or from heparin blood (healthy controls)
by lysis of red blood cells with an isotonic ammonium chloride
buffer. Monocyte-derived macrophages were cultured for 9 days
with either macrophage colony-stimulating factor (M-CSF) or
granulocyte-macrophage colony-stimulating factor (GM-CSF) from
monocytes isolated from heparin blood of healthy controls, as
previously described.8

Elutriation

To enrich for large cells from the single cell suspension of splenocytes
before sorting, the splenocytes were purified by counterflow centrifugal
elutriation (JE-6B Beckman-Coulter centrifuge; Beckman Instruments
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Inc, Palo Alto, CA). During this purification, the fractions were
monitored on a Forward scatter, Side scatter plot on a FACS Canto
II machine (BD).

Cell sorting

The elutriated fraction of splenocytes was stained with CD163-PE
(Trillium Diagnostics) and CD14-PE-Cy7 (BD Pharmingen) for 30
minutes in the dark, shaken, at 4°C, and washed twice. Cells were
sorted on a FACS ARIA II machine (BD), and were collected at 4°C.
Purity of the sorted fractions was checked by flow cytometry on a
FACS Canto II machine (BD). Red pulp macrophages were
subjected to a second round of sorting, consistently yielding a
purity .95%. Cytospins were made after sorting and stained with
May-Grünwald Giemsa for morphological analysis.

Flow cytometry

For determination of expression levels on different cell populations
from the spleen, the single-cell suspension of splenocytes was
stained with directly labeled specific MoAb. Samples were
measured on a FACS CANTO II (BD). For a list of MoAb, see
supplemental Table 1.

Genetic analysis

Genomic DNA was isolated from splenocytes with the QIAamp
Blood Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions.

Copy number variations and single nucleotide polymorphisms in
the low-affinity FCGR genes FCGR2A, FCGR2B, FCGR2C,
FCGR3A, and FCGR3B were routinely determined with an
FCGR-specific multiplex ligation-dependent probe amplification
assay (MRC-Holland, Amsterdam, The Netherlands) as described
previously.23

Quantitative mRNA analysis

Messenger RNA (mRNA) was isolated from the different cell
populations with the QIAamp RNA blood mini kit (Qiagen, Hilden,
Germany). Complementary DNA (cDNA) synthesis was performed
as described previously.24 Real-time quantitative polymerase chain
reaction (qPCR) on the cDNA was performed on a LightCycler
machine (Roche Applied Science), and expression was measured
as described previously24 for FCGR1A1 (encoding FcgRI),
FCGR2A (encoding FcgRIIa), FCGR2B2 (encoding FcgRIIb on
myeloid cells16), FCGR3A (encoding FcgRIIIa), FCGR3B (encod-
ing FcgRIIIb), and housekeeping genes glyceraldehyde-3-
phosphate dehydrogenase and b-glucuronidase. A list of primers
used is shown in supplemental Table 2. cDNA from pooled whole
blood leukocytes of 4 healthy blood donors was used as a standard
curve, with serial 10-fold dilutions of this cDNA quantified with the
method described in Technical Note No. LC 13/2001 (Roche
Applied Science). Expression levels in the different cell populations
were always compared with this standard curve of pooled whole
blood leukocytes, as calculated by Lightcycler software. Sub-
sequently, the values obtained were corrected for cDNA input by
dividing the values obtained for each transcript of interest by
the value of the geometric mean of housekeeping genes
glyceraldehyde-3-phosphate dehydrogenase and b-glucuronidase
of that sample, following the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments guidelines.25 This
resulted in the relative expression reported in the figures.

Immunofluorescence

Small pieces of human spleen were embedded in Tissue Tek
(Sakura, Alphen aan de Rijn, The Netherlands), frozen in liquid
nitrogen vapor, and stored at 280°C. Cryostat sections of 7-mm
thickness were cut, fixed in acetone for 10 minutes, and rehydrated
in phosphate-buffered saline (PBS). The sections were blocked
with 5% human serum in PBS for 15 minutes at room temperature.
The sections were subsequently stained with directly labeled
specific MoAb (supplemental Table 1) identifying macrophages and
FcgR for 30 minutes at room temperature. After washing with PBS,
the sections were embedded in vinol containing 496-diamidino-2-
phenylindole to stain the nuclei. Isotype-matched antibodies were
used as negative controls. For each wavelength, the detection limit
of the microscope was calibrated to the isotype control (ie, the
detection limit was increased until the level was reached at which
the isotype control did not show any fluorescent signal anymore,
thereby correcting for aspecific binding as well as autofluores-
cence). Stainings were analyzed using a DM6000 Leica immuno-
fluorescence microscope.

Phagocytosis assays

Red blood cells of healthy volunteers positive for the rhesus D
(RhD) blood group were isolated and stained with carboxyfluor-
escein diacetate succinimidyl ester (CFSE; Life Technologies) for
30 minutes. The stained erythrocytes were subsequently opsonized
with human polyclonal anti-RhD (RheDQuin, Sanquin) for 30 minutes
or left unopsonized, after which the cells were washed twice.

Spleen macrophages and monocytes were purified as described
previously, after which the cells were resuspended in Iscove
modified Dulbecco medium (Gibco), containing 10% fetal calf
serum (Bodinco), glutamine, and antibiotics. Cells were incubated
with erythrocytes in a ratio of 1:10. After a 2-hour incubation at
37°C, phagocytosis was stopped by transferring the cells to ice and
lysing the nonphagocytosed erythrocytes by an isotone ammonium
chloride lysis buffer for 5 minutes at 4°C. After washing in PBS, the
ingestion of CFSE-positive erythrocytes by macrophages was
quantified by flow cytometry on a FACS CANTO II (BD Biosci-
ences). IgG-mediated phagocytosis was calculated as percentage
positive macrophages minus the percentage positive macrophages
of the unopsonized control, as described previously.8 FcgRs were
blocked by adding monoclonal antibodies at 10 mg/mL 5 minutes
before the addition of erythrocytes: intact anti-CD64 clone 10.1
(BioLegend), F(ab9)2 fragment anti-CD64 clone 10.1 (Ancell),
F(ab9)2 fragment anti-CD32 clone 7.3 (Ancell), F(ab9)2 fragment
anti-CD16 clone 3G8 (Ancell), and F(ab9)2 fragment of mouse IgG1
isotype control (Ancell).

Preparations of IV immunoglobulin (Nanogam, Sanquin) were used
in 10, 1, and 0.1 mg/mL and also added 5 minutes before the
addition of red blood cells.

Results

FcgR-expression on splenic macrophages as

detected by immunofluorescence

To investigate the FcgR expression pattern of splenic macro-
phages, we performed immunofluorescent stainings on sections of
human spleen tissue. FcgRIIa and FcgRIII were expressed on
CD163pos macrophages in the red pulp, whereas FcgRI and
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FcgRIIb were not detectable on these cells (Figure 1A,C,E). In the
tissue sections, we also detected the CD1691 macrophages in
the perifollicular zone. These perifollicular zone macrophages
only demonstrated a clear expression of FcgRIIa, possibly a low
expression of FcgRIIb, but no detectable expression of FcgRI and
FcgRIII (Figure 1B,D-E).

The spleen contains an autofluorescent cell

population of the monocyte/macrophage lineage

To be able to more specifically investigate splenic macrophages for
FcgR surface expression and functional experiments, we set out to
isolate resident splenic macrophages from splenic tissue by gentle
collagenase digestion. We analyzed the single-cell suspensions of
splenocytes by flow cytometry, which revealed a consistent
population of autofluorescent cells in unstained samples, which
did not occur in suspensions of whole blood leukocytes (Figure 2A).
Apart from the autofluorescent cells, the splenocyte suspension
contained, based on canonical forward sideward scatter patterns,
populations of neutrophils, monocytes, and a large population
of lymphocytes (Figure 2A). Autofluorescence is a well-known
characteristic of macrophages,26 and these cells showed a similar

pattern in autofluorescence as monocyte-derived macrophages,
albeit somewhat more pronounced (Figure 2B). To confirm that the
autofluorescent splenic cells represented macrophages, we stained
for canonical lineage markers of leukocytes, corrected for
appropriate isotype controls. First, these cells were positive for the
leukocyte common antigen CD45 (Figure 2C), confirming hematopoi-
etic origin. Second, these cells were positive for the commonmonocyte/
macrophage markers CD14, CD33, and CD36 (Figure 2D-F), while
being negative for the lymphocyte markers CD3 (T cells), CD19
(B cells), and CD56 (NK cells) (supplemental Figure 1). Thus, we can
conclude that the autofluorescent cells are of the monocyte/
macrophage lineage.

Splenic red pulp macrophages can be identified as

autofluorescent CD163highCD14low cells

Intracellular staining with the macrophage marker CD68 identified
the autofluorescent cells to be macrophages, not monocytes
(Figure 3A). We then set out to stain these macrophages with
the known markers for splenic macrophages, CD163 and CD169.
The autofluorescent cells were highly positive for the red pulp
macrophage marker CD163 (Figure 3B), although a small

CD163 FcRIII CD19 CD169 FcRIII CD19

CD163 FcRI FcRIIb

CD163 FcRIIa+b

CD169 FcRI FcRIIb

CD169 FcRIIa+b

A B

C

E F

D

Figure 1. Immunofluorescence of spleen tissue shows

FcgR expression pattern of splenic macrophages. Immuno-

fluorescent costainings of (A) CD163, FcgRIII, and CD19; (B)

CD169, FcgRIII, and CD19; (C) CD163, FcgRI, and FcgRIIb;

(D) CD169, FcgRI, and FcgRIIb; (E) CD163 and FcgRIIa1b;

and (F) CD169 and FcgRIIa1b. Original magnification 310.

CD163 marks the red pulp macrophages, CD169 marks the

perifollicular zone macrophages, CD19 marks B cells in the

follicles. B cells in the follicle are also positive for FcgRIIb.

Figures are representative of n 5 3 spleens from different

donors.
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Figure 2. Splenocytes contain an autofluorescent cell population of the monocyte/macrophage lineage. (A) Representative flow cytometry plots of unstained

single-cell suspensions of splenocytes (left) and blood leukocytes (right) showing an autofluorescent cell population in splenocytes but not in blood. Another consistent feature

of splenocytes is the large proportion of lymphocytes, which are in part larger than blood lymphocytes. Percentages are indicated, figure is representative of n 5 82 spleens.
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percentage (;10%) of the cells was usually negative, especially
in spleens that had been removed .24 hours before handling.
These CD1632 autofluorescent events consisted merely of
cellular debris and dying cells upon morphological analysis (data
not shown). CD169 appeared to be present in very low levels,
just above background staining, but we never detected a
CD169high population, suggesting that we did not recover the
small population of perifollicular zone macrophages in our spleen
suspensions (Figure 3C). The monocytes in the spleen also
expressed low levels of CD163 (Figure 3B) and no CD169
(Figure 3C). To further confirm that the autofluorescent CD1631

cells in the spleen are red pulp macrophages, we set out to obtain
pure fractions of these cells for morphological analysis. We first
enriched for large cells by elutriation of the splenocytes, which
increased the percentage of autofluorescent CD163highCD14low

cells by approximately 4 times. Cells were subsequently sorted for
autofluorescent CD163highCD14low cells and nonautofluorescent
CD163intCD14high monocytes (Figure 3D). Morphological anal-
ysis of autofluorescent CD163highCD14low cells revealed a
typical macrophage phenotype, with a round nucleus, multiple
granular bodies, and, in some cases, whole ingested erythro-
cytes (Figure 3D). The monocytes were similar to normal blood
monocytes (Figure 3D).

Red pulp macrophages are distinct from monocytes

and monocyte-derived macrophages

Next, we compared these autofluorescent CD163highCD14low red
pulp macrophages with monocytes and monocyte-derived macro-
phages for several canonical phagocyte surface receptors. This
revealed several marked differences, such as the absence of the
integrin CD11b on red pulp macrophages (Figure 4D), whereas the
other integrins that we tested for were present (Figure 4A,C-D).
Various other surface markers (Figure 4E-I) showed marked
differences from both monocytes and monocyte-derived macro-
phages, most notably the very high surface expression of gp91phox,
one of the essential proteins of the reduced NADPH oxidase
complex required for the production of reactive oxygen species
(Figure 4H). Altogether, our results indicate that red pulp
macrophages are highly distinct from both monocytes and
monocyte-derived macrophages. On the other hand, monocytes of
spleen and blood were similar to each other in their expression of all
tested surface markers.

Red pulp macrophages have a distinct FcgR

expression pattern

FcgR isoform expression on spleens from 82 individuals revealed
a distinct expression pattern (Figure 5A,C). When compared
with monocytes and monocyte-derived macrophages, levels of
the high-affinity FcgRI (CD64) were low (Figure 5D). In fact, red
pulp macrophages from some individuals showed no detectable
expression at all, whereas others showed clear expression of this

receptor. Because FcgRI is known to be induced in inflammatory
states in neutrophils,27 we investigated whether this could be
the case in our spleen donors. Indeed, there was a strong
correlation of FcgRI expression on red pulp macrophages with
FcgRI levels on neutrophils in the same spleen (Figure 5B).
FcgRIIa (CD32a) was expressed in both monocytes and red pulp
macrophages at similar levels, although lower than the levels
detected in monocyte-derived macrophages (Figure 5C-D). The
inhibitory FcgRIIb (CD32b) appeared not to be present on red
pulp macrophages at all (Figure 5C-D). On monocytes, only a
small subset expressed FcgRIIb,16 whereas FcgRIIb levels on
monocyte-derived macrophages were high (Figure 5D). FcgRIIc
(CD32c), an activating Fc receptor that has an extracellular
domain identical to FcgRIIb, was not present (supplemental
Figure 2). Finally, FcgRIII (CD16) was always expressed by the
whole population of red pulp macrophages (Figure 5C-D), which
is strikingly different from both monocytes and monocyte-derived
macrophages. Blood and spleen monocytes and monocyte-
derived macrophages only show a small subset of CD161 cells,
with CD16 being low or absent on the majority of cells (data not
shown).8,16 We then investigated which isoform of FcgRIII was
present on the red pulp macrophages by staining with MoAb 5D7
(also known as CLBgran11), which specifically recognizes the
neutrophil-specific, phospatidyl inositol–anchored FcgRIIIb. The
negative staining with this MoAb revealed that red pulp
macrophages exclusively express the transmembrane form of
FcgRIII, FcgRIIIa (Figure 5A; supplemental Figure 3A). Finally, we
performed a qPCR analysis of mRNA expression of the FcgR
isoforms, confirming the expression differences between the
different cell types (Figure 5E; supplemental Figure 3B).

Isolated red pulp macrophages phagocytose

IgG-opsonized red blood cells, using all FcgRs,

most notably FcgRI

To determine whether red pulp macrophages do indeed phagocy-
tose IgG-opsonized erythrocytes, we isolated pure fractions of red
pulp macrophages as shown in Figure 3D. Incubating these
cells with CFSE-labeled, RhD1 human erythrocytes, opsonized
with human anti-RhD antibodies, we observed that these cells
phagocytosed IgG-opsonized erythrocytes, whereas unopson-
ized erythrocytes were essentially not phagocytosed at all
(Figure 6A). Phagocytic capacity of the vast majority of red
pulp macrophages was shown by their capacity to phagocytose
serum-treated zymosan particles. Because the FcgR expression
pattern of the red pulp macrophages is notably different from
the expression on monocyte-derived macrophages (Figure 5),
we determined the relative contribution of the isoforms of FcgR
on the phagocytosis by blocking with FcgR-specific F(ab9)2
fragments. Despite low-to-absent surface expression, FcgRI
was involved in phagocytosis, because blocking this receptor
greatly reduced phagocytosis of IgG-opsonized erythrocytes

Figure 2. (continued) (B) MFIs for allophycocyanin (APC) and peridinin-chlorophyll protein-Cy5.5 (PerCP-Cy5.5) in unstained samples, comparing the autofluorescent cells in

the spleen and spleen monocytes gated as in panel A, with blood monocytes, M-CSF Mw, and GM-CSF Mw cultured monocyte-derived macrophages. (C-F) Stainings of

CD45, CD14, CD33, and CD36 on various cell types in spleen and blood. Mean 6 standard error of the mean (SEM) of n $ 8 are shown for each group. FSC, forward

scatter; MFI, median fluorescence intensity; D MFI, MFI corrected for staining with an isotype control; M-CSF Mw , monocyte-derived macrophages cultured for 9 days with

M-CSF; GM-CSF Mw, monocyte-derived macrophages cultured for 9 days with GM-CSF; SSC, side scatter.
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(Figure 6B). This was the case using F(ab9)2 fragments as well as
intact antibodies of MoAb clone 10.1, which showed similar
blocking potential (supplemental Figure 4A). Blocking of FcgRIIa
and FcgRIIIa with well-characterized inhibiting F(ab9)2 fragments
also significantly reduced phagocytosis, but to a lesser extent

than the FcgRI MoAb 10.1 (Figure 6B). Comparing the rela-
tive contribution of the different FcgRs to phagocytosis be-
tween red pulp macrophages, monocyte-derived macrophages
and spleen monocytes showed a similar pattern (supplemental
Figure 4B-G). M-CSF macrophages were more dependent on
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FcgRIIa (supplemental Figure 4C) and GM-CSF macrophages were
more dependent on FcgRI when blocked with intact MoAb 10.1
(supplemental Figure 4F). Finally, we showed that IgG-mediated
phagocytosis by red pulp macrophages can be inhibited by

preparations of IV immunoglobulins (IVIg) in a dose-dependent
manner (Figure 6C). This inhibition was similar to IVIg-mediated
inhibition in monocyte-derived macrophages and spleen monocytes
(Figure 6D).
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Discussion

We have characterized the major resident macrophages in the
human spleen, the red pulp macrophages, as a unique population
with major differences in expression for surface receptors such as
the FcgRs, as opposed to monocytes and monocyte-derived
macrophages. Our newly developed isolation method takes advan-
tage of the autofluorescence of these cells and allows for specific
isolation of red pulp macrophages from the spleen through a
combination of autofluorescence, CD163, and CD14. We did not
find any single surface marker that could absolutely distinguish red
pulp macrophages from monocytes on its own. We show that
human red pulp macrophages express the low-affinity FcgRIIa
and FcgRIIIa, but not the inhibitory FcgRIIb, and appear to have
an inducible expression of the high-affinity FcgRI, because we
detected FcgRI in these cells only under inflammatory conditions.
This is in stark contrast with monocytes (either from spleen or
blood) and monocyte-derived macrophages, which constitutively
express FcgRI and FcgRIIIa only on a small subset of the population.
The difference in surface expression of various receptors between
red pulp macrophages and monocyte-derived macrophages may
reflect a different origin of these cells, similar to the situation in
rodents, where red pulp macrophages consist of a self-renewing
and highly specialized population established before birth.9

However, because there are many differences between rodent
and human spleen, caution must be taken in the translation of these
findings to the human situation.

Although it is not exactly known which phagocyte population in the
spleen is responsible for the uptake of IgG-opsonized blood cells
from the circulation, red pulp macrophages, which we have now
shown to phagocytose IgG-opsonized erythrocytes via FcgRs ex
vivo, are likely candidates. First, they are the most abundant
macrophages in the spleen. Second, they are in direct contact with
the cells in the circulation, as opposed to the minor fraction of
CD1632 macrophages in the perifollicular zone, which surround
endothelial cells in capillary sheaths.12 Possibly, neutrophils may
also play a role in the uptake of IgG-opsonized blood cells because
neutrophils from the human spleen were shown to be highly potent
in the phagocytosis of erythrocytes opsonized with high concen-
trations of murine IgG antibodies.28 However, neutrophils were not
capable of phagocytozing anti-RhD opsonized erythrocytes.28

Because we have only tested phagocytosis by red pulp macro-
phages with anti–RhD-opsonized erythrocytes, we cannot be sure
that our findings can be extrapolated to other opsonized antigens or
blood groups. However, we have previously shown that different
antibodies and antigens showed similar results in erythrophagocy-
tosis by monocyte-derived macrophages.29

Our finding of FcgRIIIa being constitutively expressed on all red pulp
macrophages is in line with several older publications showing
FcgRIII in the red pulp of the spleen, but is in direct contrast with an
immunohistochemistry study by Wu et al that proposed that FcgRIII
is only expressed on splenic macrophages in a minority of
individuals.30 However, we consistently observed FcgRIIIa on red
pulp macrophages of 82 individuals, as tested by immunofluores-
cence of spleen sections and flow cytometry of freshly isolated
single-cell suspensions. Supporting evidence for an important role
of the low-affinity FcgRIIa and FcgRIIIa in the uptake of IgG-
opsonized blood cells comes from the finding that genetic variation
in these receptors is associated with ITP.31 Similarly, the removal of
transfused IgG-opsonized erythrocytes in human volunteers corre-
lated with SNPs in FcgRIIa and FcgRIIIa.32 However, such studies
do not indicate which immune cell may be predominantly involved.

Previous publications have reported the expression of FcgRI19-21

and FcgRIIb19,33 on splenic macrophages. Our data are in contrast
with these findings. We clearly observed that red pulp macro-
phages do not constitutively express the high levels of FcgRI that
are expressed by monocytes or monocyte-derived macrophages.
Nevertheless, its expression can be induced under inflammatory
conditions, and even these very low levels of FcgRI expression on
red pulp macrophages appeared to be functional.

Also, the inhibitory FcgRIIb is absent or at most very lowly expressed
on red pulp macrophages, both in normal state and inflammatory
circumstances. Given that FcgRIIb is often attributed an important
role in balancing the immune response and preventing uncontrolled
immune activation, its near absence is remarkable.

The most likely explanation for the differences between our findings
and previous studies with regard to FcgR expression on isolated
splenic macrophages is the difference in isolation protocols. The
previously used isolation methods (ie, selecting for adherent cells21

or CD14 bead isolation),19,20 assumingly result in cell preparations
with mainly monocytes, which are numerous in the spleen,34 or
cell preparations with monocyte-derived macrophages cultured
from spleen monocytes. We now show that a specific isolation of
red pulp macrophages as we described is crucial for correct
interpretation.

Although FcgR expression differed greatly between red pulp
macrophages and monocyte-derived macrophages, FcgR usage
in phagocytosis of IgG-opsonized erythrocytes was unexpectedly
similar for red pulp macrophages and monocyte-derived macro-
phages. The relative contribution of FcgRII was higher in M-CSF
macrophages, reflecting the very high expression of this receptor on
this type of macrophage. Other differences could not be found.
Most remarkable was the effect of FcgRI in phagocytosis by red

Figure 5. (continued) (MoAb IV.3), n 5 57; FcgRIIb (MoAb 2B6), n 5 43; FcgRIIIa1b (MoAb 3G8), n 5 82; FcgRIIIb (MoAb 5D7), n 5 7. (B) Correlation of FcgRI

expression on red pulp Mw with FcgRI levels on neutrophils in the same spleen (n 5 82). (C) Representative histograms on autofluorescent CD163highCD14low red pulp

macrophages from spleen for FcgRI, FcgRIIa, FcgRIIb, and FcgRIIIa1b (blue line: specific staining, red shading: isotype control). (D) Comparison of flow cytometry stainings on

nonautofluorescent CD163intCD14high spleen monocytes, CD14high blood monocytes gated on FSC/SSC pattern, autofluorescent CD163highCD14low red pulp macrophages

from spleen, and M-CSF and GM-CSF cultured monocyte-derived macrophages. FcgRI: n $ 24 for each group. FcgRIIa: n $ 10 for each group. FcgRIIb: n $ 15 for each

group. To ensure specificity for FcgRIIb, only samples from individuals that cannot express FcgRIIc and with wild-type FCGR2B promoters are presented. FcgRIIIa1b: n $ 23

for each group. Mean 6 SEM are shown for each group. (E) Quantitative mRNA analysis of various FCGR transcripts encoding FcgRs. The relative expression compared with

the expression in pooled whole blood leukocytes, corrected for housekeeping genes, is shown for each transcript. Mean 6 SEM of n 5 3 are shown for each group.
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pulp macrophages, because this receptor has a low expression on
red pulp macrophages. Blocking experiments against FcgRI with
MoAb 10.1 should be interpreted with caution, because the
blocking effect of F(ab9)2 fragments of this MoAb is only partial.8

We assume that the actual contribution of FcgRI in our assay is
somewhere in between the effect seen with F(ab9)2 fragments and
the intact form of MoAb 10.1. F(ab9)2 fragments of MoAb 10.1
specifically block FcgRI but are weak in the competition with human
IgG for this receptor.8 On the other hand, the intact form of MoAb
10.1 may not be specific for FcgRI because the Fc region of the
MoAb may interact with the other FcgR on the cell surface,
especially when MoAb 10.1 is cell-bound by molecules of FcgRI, a
phenomenon known as the Kurlander effect.35 In any case, our data
showed that the low levels of FcgRI still cause a major contribution
to the phagocytosis by these macrophages, in cooperation with

FcgRIIa and FcgRIIIa. Possibly, a rapid upregulation of surface
expression of FcgRI after initial stimulation of FcgRIIa and FcgRIIIa
by inside-out signaling takes place, as has been suggested
before.36 Our qPCR analysis indeed showed that mRNA transcripts
of FCGR1 were present in red pulp macrophages, albeit lower
than in (splenic) monocytes and monocyte-derived macrophages
(Figure 5E). These mRNA transcripts were also present in red
pulp macrophages of 2 individuals that did not show any detectable
surface expression of FcgRI on red pulp macrophages by flow
cytometry (data not shown).

Corresponding with the similarity between red pulp macrophages
and monocyte-derived macrophages in FcgR usage in IgG-opsonized
blood cell phagocytosis, the different types of macrophages also
responded similarly to inhibition by soluble human IgG in the form
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Figure 6. Red pulp macrophages phagocytose IgG-opsonized erythrocytes. (A) Sorted red pulp macrophages phagocytose erythrocytes opsonized with human anti-
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M-CSF, n 5 26. Data in panels B-D are normalized against phagocytosis by unblocked macrophages. Mean 6 SEM are shown for each group throughout this figure.
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of IVIg. The dose-response to IVIg was identical across different types
of macrophages. Our data suggest that, despite differences in FcgR
expression levels, monocyte-derived macrophages are an equally
suitable model as isolated red pulp macrophages when studying the in
vitro effects of IVIg on macrophage phagocytosis.8,29

Concluding, we describe the splenic architecture and FcgR
expression on splenic macrophages both in situ and with a
novel method for the specific isolation of splenic red pulp
macrophages. These red pulp macrophages have an expres-
sion profile that is highly distinct from monocytes and monocyte-
derived macrophages. Our data demonstrate that all activating
FcgR, but not the inhibitory FcgRIIb, are involved in the process
of clearance of IgG-opsonized blood cells from the human
circulation by red pulp macrophages. This knowledge is important
for the design of targeted therapies for ITP and autoimmune
hemolytic anemia.
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