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KEY PO INT S

l Aged erythrocytes
interact with the
extracellular matrix of
the spleen, resulting in
hemolysis and ghost
formation.

l Ghost formation
enables recognition
and phagocytosis of
senescent
erythrocytes by RPMs.

Red pulp macrophages (RPMs) of the spleen mediate turnover of billions of senescent
erythrocytes per day. However, the molecular mechanisms involved in sequestration of
senescent erythrocytes, their recognition, and their subsequent degradation by RPMs
remain unclear. In this study, we provide evidence that the splenic environment is of
substantial importance in facilitating erythrocyte turnover through induction of hemolysis.
Upon isolating human spleen RPMs, we noted a substantial lack of macrophages that were
in the process of phagocytosing intact erythrocytes. Detailed characterization of eryth-
rocyte and macrophage subpopulations from human spleen tissue led to the identification
of erythrocytes that are devoid of hemoglobin, so-called erythrocyte ghosts. By using
in vivo imaging and transfusion experiments, we further confirmed that senescent
erythrocytes that are retained in the spleen are subject to hemolysis. In addition, we
showed that erythrocyte adhesion molecules, which are specifically activated on aged

erythrocytes, cause senescent erythrocytes to interact with extracellular matrix proteins that are exposed within the
splenic architecture. Such adhesion molecule–driven retention of senescent erythrocytes under low shear conditions
was found to result in steady shrinkage of the cell and ultimately resulted in hemolysis. In contrast to intact senescent
erythrocytes, the remnant erythrocyte ghost shells were prone to recognition and breakdown by RPMs. These data
identify hemolysis as a key event in the turnover of senescent erythrocytes, which alters our current understanding of
how erythrocyte degradation is regulated. (Blood. 2020;136(14):1579-1589)

Introduction
Erythrocytes circulate for an average of 120 days before be-
coming prone to removal from the circulation.1,2 Various
processes and factors have been identified that may contribute
to sequestration and phagocytosis of senescent erythrocytes.
These include accumulation of removal signals such as phos-
phatidylserine exposure,2 conformational changes in CD47,3

oxidation of proteins4 and lipids that render them susceptible to
complement deposition,5,6 loss of membrane deformability,7-9

and activation of adhesion molecules.10,11 These observations
can explain why certain genetic diseases that affect erythrocyte
membrane deformability, such as sickle cell disease and
spherocytosis, result in anemia.

Strikingly, loss of deformability is not always associated with
enhanced erythrocyte turnover. An interesting example is

southeast Asian ovalocytosis (SAO). SAO is an uncommon he-
reditary disorder in which themembrane protein Band3 interacts
with the underlying cytoskeleton in a stronger than normal
manner, resulting in poorly deformed erythrocytes.12,13 In con-
trast to sickle cell disease and spherocytosis, SAO is clearly not
associated with large-scale erythrocyte destruction.14 This is one
of the reasons why it has been proposed that, next to loss
of deformability, other factors may contribute to retention of
erythrocytes within the spleen, leading to their turnover. One
example is the activation of adhesion molecules such as Lu/
BCAM and CD44 specifically on aged erythrocytes.10,11 It is not
yet clear how erythrocyte retention in the spleen is orchestrated.

Next to retention of senescent erythrocytes, their subsequent
recognition and phagocytosis by splenic red pulp macrophages
(RPMs) is also a process that is not well understood. This is
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exemplified in a mouse study in which physiologically aged
erythrocytes were found to undergo phagocytosis by RPMs
in vivo but not in vitro.15 This finding suggested that the splenic
architecture may play an important role in facilitating erythro-
cyte turnover. It was also concluded that studies demonstrat-
ing acquisition of specific senescence markers, which may
include heat-hardening of red blood cells, opsonization, fixation,
or otherwise damaging the erythrocyte, may not be represen-
tative for what is occurring during physiological ageing of
erythrocytes.

Thus, it is clear that there are many uncertainties regarding the
factors that drive turnover of physiologically aged erythrocytes
and the impact of the splenic architecture on this process. To
gain insight into these processes, we studied RPMs and eryth-
rocytes isolated from human spleen tissue.We found that human
spleen tissue is filled with erythrocyte ghosts, the membrane
remnants of erythrocytes that have lost their hemoglobin con-
tent. By performing in vivo transfusion experiments, we showed
that these erythrocyte ghosts form as a consequence of pro-
longed erythrocyte retention under low shear stresses. In ad-
dition, we showed that laminin-a5, the ligand of Lu/BCAM that is
specifically activated on aged erythrocytes, is exposed in human
spleen tissue. Indeed, the physical interaction between Lu/
BCAM and laminin-a5 was found to similarly induce hemolysis.
Finally, the remnant erythrocyte ghosts that form as a result of
this interaction were readily recognized and phagocytosed by
RPMs in vivo and in vitro. These findings thus demonstrate that
hemolysis is a key contributor to erythrocyte turnover.

Methods
Blood samples and buffers
Venous blood was obtained in heparinized tubes from healthy
volunteers after informed consent. Blood studies were approved
by the Medical Ethical Committee of Sanquin Research and
performed in accordance with the 2013 Declaration of Hel-
sinki. Erythrocytes were isolated by centrifugation of whole
blood at 230g for 15 minutes. Next, plasma and buffy coat
were removed, and erythrocytes were washed twice with
saline-adenine-glucose-mannitol (SAGM) medium (150 mM
NaCl, 1.25 mM adenine, 50 mM glucose, 29 mM mannitol [pH
5.6]; Fresenius SE). Erythrocytes were then washed twice in N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES) (HEPES1
consists of 132mMNaCl, 20mMHEPES, 6mMKCl, 1mMMgSO4,
1.2 mM K2HPO4, (all from Sigma-Aldrich, St Louis, MO) supple-
mentedwith 1mMCa21, 0.5%human serumalbumin, and1mg/mL

glucose. Spleen tissue was obtained from organ transplant donors
as rest material for research purposes.

RPM and spleen monocyte isolation
Collagenase buffer containing 100 U/mL collagenase (CLSPA;
Worthington, Columbus, OH), 2 Kunitz-type units/mL DNAse
(deoxyribonuclease I bovine recombinant; Sigma-Aldrich),
0.5 mg/mL aggrastat (MSD), 1 mg/mL glucose (Sigma-Aldrich),
and 1 mM Ca21 in HEPES buffer was injected into a piece of
human spleen. The suspension was incubated at 37°C for
30 minutes, followed by filtration over a 100-mm filter to create a
single-cell suspension. Subsequently, erythrocytes were lysed by
incubating the suspension with isotonic ammonium chloride
buffer for 5 minutes at 4°C. RPMs and splenic monocytes were
then isolated by the Aria III Cell Sorter (BD Biosciences, Franklin
Lakes, NJ) as indicated in Figure 1A.

In vivo transfusion assays and intravital microscopy
The animals were handled according to the guidelines pre-
scribed by Dutch legislation. Female C57BL/6 mice were in-
jected with 2 3 108 fresh erythrocytes or erythrocytes that had
been stored for 2 weeks in SAGM storage medium at 4°C, re-
ferred to as senescent erythrocytes. Before injection, erythro-
cytes were stained with PKH26 (1:500, 30 minutes, 37°C) and
calcein-AM (1:1000, 30 minutes, 37°C) in HEPES buffer without
albumin. Depending on the experiment, mice were euthanized
either 2 or 3 hours after transfusion or anesthetized using 2%
isoflurane for intravital microscopy purposes. Afterward, the
spleen was extra-corporeally immobilized on a silicone frame
and immersed in phosphate-buffered saline (PBS) for imaging.
To determine haptoglobin and hemopexin concentrations in
mouse organs, the organs were harvested, incised, and incu-
bated in 150 mL PBS for 30 minutes in Costar filter spintubes
(Sigma-Aldrich). Afterward, plasma was extruded by centrifu-
gation for 5 minutes at 520g. Haptoglobin and hemopexin
concentrations were determined by enzyme-linked immuno-
sorbent assay (R&D Systems, Minneapolis, MN).

Ghost formation and phagocytosis assays
In a ghost formation plate assay, erythrocytes were allowed to
sediment for 30 minutes. after which they were incubated for
3.5 hours at 37°C with shaking at 300 rpm, after which ghost
formation was assessed by phalloidin staining using flow
cytometry. The plates were either uncoated or coated with fi-
bronectin (CLB, Amsterdam, The Netherlands), collagen (Sigma-
Aldrich), hyaluronic acid (Sigma-Aldrich), or laminin-a5 (BioLamina,
Sundbyberg, Sweden). For phagocytosis assays, control erythro-
cytes, senescent erythrocyte CD235a, immunoglobulin G

Figure 1. Characterization of human RPMs and erythrocyte turnover. (A) Flow cytometry gating strategy used to isolate human spleen RPMs and splenic monocytes.
Forward scatter and side scatter (SSC) were used to differentiate between monocyte and macrophage-containing populations of cells. From the granulocyte and macrophage-
containing gate (left upper panel), the autofluorescent (AF) cells were selected (right upper panel) which were further subdivided into CD163-expressing and -nonexpressing
cells (lower right panel). The CD1631AF1 cells are the RPMs. From the lower forward scatter and side scatter gate, the monocytes were isolated on the basis of CD14 and CD163
expression (lower left panel). (B) Representative cytospin micrograph of flow cytometry-sorted spleen-derived RPMs, splenic monocytes, and circulatory monocytes. (C) Z scores
of genes related to iron recycling obtained by RNA sequencing (RNA-seq) on RPMs, splenic monocytes, and circulatory monocytes (n 5 3). (D) Quantitative polymerase chain
reaction was performed to verify RNA-seq data. Gene expression is normalized to the GAPDH housekeeping gene and expressed as relative gene expression (n5 3, mean6

SD). In line with the increased SpiC expression in RPMs, BACH1, the repressor of SpiC, was found to be downregulated. (E) Correlation between relative protein expression as
determined bymass spectrometry (MS) (n5 5) and transcript abundance as determinedby RNA-seq (n5 3) by RPMs. Several genes of interest are shown in red. (F) Quantification
of the percentage of RPMs with $1 erythrocyte inclusions as depicted in Figure 1B (n 5 3-6). (G) Representative benzidine staining of human RPMs depicting relatively intact
adhering and internalized erythrocytes. (H) Ghost erythrocytes were detected by F-actin staining (phalloidin) in combination with antiglycophorin-A staining for the erythroid-
specific marker (antiCD235a). (I-J) Conventional light microscope micrograph and benzidine staining depicting erythrocytes and erythrocyte ghosts (red arrows). (K-L) Flow
cytometric gating strategy used to quantify ghost erythrocytes in the circulation of healthy individuals and in human spleen tissue.White linesmark border cropping of the image
because the output file was too large. *P , .05; **P , .01 (mean 6 SD). Circ, circulating; macro, macrophage; mono, monocyte; ns, not significant; Spl., spleen.
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Figure 2. Senescent erythrocytes are prone to hemolysis within the spleen in vivo. (A) Setup used to determine ghost formation in vivo. Mouse erythrocytes were stored in
SAGM for 2 weeks (senescent erythrocytes) or freshly drawn and labeled intracellularly with calcein-AM and with the membrane dye PKH26 and transfused into recipient mice.
Ghost erythrocytes were detected by flow cytometry (PKH1calceinlo). (B) Mouse organs were injected with collagenase buffer for 5 minutes after which cells and the number of
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opsonized erythrocytes, or erythrocyte ghosts were incubated
with PKH26 or PKH67 (1:500, 30 minutes, 37°C; Sigma-Aldrich).
Standard magnetic-activated cell sorting (MACS) isolation pro-
tocols (Miltenyi Biotec, Cologne, Germany) were used to isolate
monocytes from peripheral blood mononuclear cells, CD1631

cells from spleen single-cell suspensions, or F4/801 cells from
mouse organs. Briefly, 100 mL CD14 MACS beads were co-
incubated per 5 3 107 peripheral blood mononuclear cells for
30 minutes, after which the suspension is passed over a magnetic
column to isolate the monocytes. For CD163 and F4/801 cells,
mouse-anti-CD163-F4/80 antibodies were conjugated to anti-
mouse MACS beads. For phagocytosis assays that used total
splenocytes, erythrocytes or erythrocyte ghosts were added in a 1:
10 ratio and incubated in suspension for 45 minutes.

Flow assays
Erythrocyte adhesion to laminin-a5 was assessed by coating
0.5 mg laminin-511 (BioLamina) diluted in HEPES through pas-
sive adsorption on an uncoated IBIDI m-slide VI 0.4 flow chamber
(IBIDI). Erythrocytes were flowed over the substrate at 0.5 dyn/cm2

at 37°C in HEPES1. Adhesion frequency and ghost formation rate
were quantified by EVOS microscopy (Thermo Fisher Scientific,
Waltham, MA). Phalloidin (Thermo Fisher Scientific) was used to
identify permeable ghost erythrocytes.

Isolation of dense and laminin-a51 erythrocytes
and deformability measurements
Dense erythrocytes were isolated using Percoll (GE Healthcare,
Little Chalfont, United Kingdom) density centrifugation. Briefly,
isotonic Percoll was prepared by adding 8.1 mL 103 PBS per
100 mL Percoll. Next, Percoll buffer (26.3 g/L bovine serum
albumin, 132 mMNaCl, 4.6 mMKCl, 10 mMHEPES) was used to
dilute isotonic Percoll to 1.096 g/mL (80%), 1.087 g/mL (71%),
1.080 g/mL (64%), and 1.060 g/mL (40%), respectively. Percoll
dilutions were stacked in a 15-mL tube, and erythrocytes isolated
from the fraction denser than 1.096 g/mL Percoll were defined as
dense and old erythrocytes (roughly 3% of total erythrocytes).
Laminin-a5–bound cells wereMACS isolated using 1mg laminin-
a5 antibody per 2 3 106 splenocytes (ab#17107; Abcam,
Cambridge, United Kingdom). Anti-mouse MACS beads (Mil-
tenyi Biotec) were then used to isolate laminin-a5 interacting
cells. Peripheral monocytes were isolated by loading freshly
drawn blood diluted 1:1 in PBS on Percoll with a density of
1.067 g/mL which was spun down for 20 minutes at 1000g. Their
deformability was assessed by using an automated rheoscope
and cell analyzer at a shear stress of 3 dyn/cm2 (Pa).

Flow cytometry, in vitro ghost generation, and
data analysis
Flow cytometric analysis was performed on an LSRII 1 HTS (BD
Biosciences), and data were analyzed by FACSDiva software

(BD Biosciences). In vitro ghost cells were generated by treating
1 3 109 erythrocytes with 5 mM NaH2PO4 × 1 H2O (pH 8) for
15 minutes at 4°C. Erythrocyte ghosts were washed by centri-
fugation at 20,000g. Experimental data were analyzed using
GraphPad Prism 6 software. Figures legends provide details
the on mean 6 standard error of the mean (SEM) or mean 6
standard deviation (SD). Significance was tested as indicated
in the legends, and data were assumed to follow a normal
distribution.

Results
Erythrocyte hemolysis in human spleen tissue
RPMs in the spleen help recycle iron through continuous uptake
and degradation of senescent erythrocytes.16-18 However, little is
known about the mechanisms by which RPMs recognize and
phagocytose senescent erythrocytes. We isolated and charac-
terized human spleen RPMs as well as monocytes from the
spleen and from circulation. Human RPMs were isolated on the
basis of their autofluorescent nature and expression of CD163
(Figure 1A-B).19 We used RNA sequencing to confirm the ex-
pression of various RPM-specificmarkers by these cells, in contrast
to spleen- and circulation-derived monocytes. These included the
RPM-specific transcription factor SpiC, the heme-degrading en-
zyme heme oxygenase, and the hemoglobin-haptoglobin
scavenger receptor CD163 (Figure 1C; supplemental Figure
1A-B, available on the Blood Web site).20,21 These findings
were confirmed by quantitative polymerase chain reaction
(Figure 1D). In addition, mass spectrometry revealed that these
iron-recycling–related transcripts are abundantly translated in
RPMs (Figure 1E). Thus, the isolated RPMs have all the char-
acteristics that indicate their involvement in hemoglobin
turnover. However, upon isolation of RPMs from human spleen
tissue, we noted that only a small proportion (;3%) of RPMs
were actively digesting senescent erythrocytes (Figure 1B [right
panel], F). Moreover, a proportion of the phagocytosed
erythrocytes was found to be largely devoid of hemoglobin
although they were not fully disintegrating (Figure 1G). On the
basis of a range of variables, including the number of eryth-
rocytes cleared daily, the number of RPMs present in the
spleen, the degradation rate of erythrocytes, and the differ-
ential contribution of spleen and liver to erythrocyte turnover
(supplemental Table 1A), conservative estimates indicated that
at least 30-fold fewer erythrophagocytic events are observed in
RPMs than were anticipated. These assumptions are based on
the premise that RPMs require roughly 24 hours to digest intact
erythrocytes.22,23 However, the hemoglobin-devoid erythro-
cytes detected in RPMs (Figure 1G) resemble another type of
erythrocyte, also known as an “erythrocyte ghost” that requires
only 1 to 3 hours to be degraded.23,24 Erythrocyte ghosts form
as a consequence of hemolysis and are sometimes detected in

Figure 2 (continued) transfused red blood cells (RBCs) in organs and circulation was quantified (autofluorescent–PKH1Hoechst– cells; n5 6). (C) Flow cytometry gating strategy
used to detect labeled and transfusedmouse RBCs in various organs and the circulation of recipient mice. Cells without a nucleus are depicted on the basis of Hoechst staining.
Particularly in the spleen, the calcein signal was partially lost and PKH signal was retained. The top left histogram depicts unlabeled erythrocytes and the bottom left histogram
depicts the labeled erythrocytes. In the top row, the 5 columns on the right depict representative histograms of nontransfused mice, and the lower 5 columns depict transfused
mice. (D) Quantification of erythrocyte ghosts in the organs and circulation of transfused mice. Ghosts were defined as the fraction of cells that are
autofluorescent–PKH1Hoechst–calceinlo (n 5 6). (E) Imaging flow cytometric analysis of ghost formation in the spleen of a transfused mouse. The top panel indicates intact
erythrocytes (PKH1calcein1) and the bottom panel depicts erythrocyte ghosts (PKH1calcein–). White lines mark cropping lines for each image because the output files were too
large. (F) Live imaging of mouse spleen by 2-photon microscopy 2 hours after erythrocyte transfusion. Arrows mark PKH1calcein1 cells that become single positive roughly
2 hours after transfusion (lower right panel). (G-H) Hemopexin and haptoglobin concentrations inmouse organ and circulation-derived plasmawas determined by enzyme-linked
immunosorbent assay (n 5 7, mean 6 SD). *P , .05; **P , .01; ***P , .001; ****P , .0001. AU, arbitrary units.
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the circulation of patients suffering from hemolytic diseases
such as sickle cell disease (Figure 1H). They are relatively stable
permeable erythrocyte membranes (Figure 1H) that are largely
devoid of hemoglobin (Figure 1I) and are difficult to detect
when using conventional microscopy (Figure 1J). We per-
formed imaging flow cytometry on erythrocytes isolated
from human spleen tissue, which allowed us to identify a
subset of permeable ghost erythrocytes by means of phal-
loidin staining in spleen cells that were absent in the cir-
culation of healthy individuals (Figure 1K-L). These findings
suggest that erythrocytes may be prone to hemolysis within
human spleen tissue which could potentially explain the
relatively infrequent detection of erythrophagocytic events
in RPMs.

Transfusion of senescent erythrocytes in mice
results in hemolysis specifically in the spleen
To study whether steady-state hemolysis gives rise to erythro-
cyte ghosts in spleen tissue, we performed a series of in vivo
transfusion experiments in mice. We isolated fresh mouse
erythrocytes and generated senescent erythrocytes by storing
them in SAGM for 2 weeks at 4°C, a strategy that is often used to
induce and study clearance of senescent erythrocytes in animal
models.25-27 During erythrocyte storage, erythrocyte ageing, and
sickle cell disease (states in which erythrocytes are prone to
sequestration from the circulation), dehydration (supplemental
Figure 1C), loss of deformability (supplemental Figure 1D), and
sialic acid loss (supplemental Figure 1E) are observed, which are
events that strongly correlate with removal of erythrocytes from
the circulation. Thus, storage of erythrocytes is a relevant model
for studying erythrocyte clearance mechanisms. The fresh and
stored (henceforth termed senescent erythrocytes) mouse
erythrocytes were labeled intracellularly with calcein, and their
membrane was labeled using PKH (Figure 2A). We verified that
in vitro ghost formation results in leakage of the intracellular
dye, but the extracellular membrane dye remains (supplemental
Figure 2A). We transfused labeled senescent erythrocytes
into mice, and 2 hours after transfusion, we isolated erythro-
cytes from circulation and made collagenase-liberated single-
cell suspensions of both control and transfused mouse liver,
spleen, kidney, and lung cells. By tracking the nonnucleated
PKH1calcein1 cells, we determined that the majority of senes-
cent erythrocytes had localized to the spleen (Figure 2B). Spe-
cifically in this organ, a large number of the PKH1calcein1

double-positive erythrocytes had become PKH1calcein–, which
was especially prominent after transfusion of senescent eryth-
rocytes (Figure 2C-D). This finding suggests that senescent
erythrocytes are specifically trapped within the spleen before
they become erythrocyte ghosts. Imaging flow cytometry con-
firmed that these PKH1calcein– cells were erythrocyte ghosts
(Figure 2E). Intravital microscopy within intact spleen tissue
allowed us to visualize the transition of PKH1calcein1 erythro-
cytes into PKH1calcein- ghosts (Figure 2F). Moreover, we found
that concentrations of the hemoglobin and heme scavenging
molecules haptoglobin and hemopexin are significantly re-
duced in plasma extruded from mouse spleen compared with
plasma from liver and circulation under steady-state condi-
tions (Figure 2G-H), which may indicate their continuous
consumption in this organ. Taken together, these data con-
firm that senescent erythrocytes hemolyze in the spleen,
giving rise to erythrocyte ghosts.

Erythrocyte ghosts, but not senescent
erythrocytes, are targeted for phagocytosis by
human RPMs
The notion that the splenic red pulp environment may be es-
sential in facilitating erythrophagocytosis was already put for-
ward by Gottlieb et al,15 who noted that physiologically aged
erythrocytes are phagocytosed by RPMs in vivo, but not in vitro.
However, the hypothesis that the splenic architecture may drive
erythrophagocytosis through hemolysis is a novel concept that
has not been explored before. Thus, we first investigated the
propensity of RPMs to interact with senescent and ghost
erythrocytes. We co-incubated senescent erythrocytes and
erythrocyte ghosts generated in vitro (Figure 3A) with RPMs from
human spleen tissue. We noted that erythrocyte ghosts, in sharp
contrast to intact senescent erythrocytes, were readily phago-
cytosed by RPMs (Figure 3B). Interestingly, this interaction was
independent of complement and complement receptor 3
(Figure 3C), which are often involved in the clearance of cellular
debris.28,29 This suggests that RPMs are capable of directly
recognizing and degrading ghost erythrocytes. Recently Sosale
et al30 described how cell rigidity can override CD47-SIRPa self-
signaling, which may explain why ghost erythrocytes that are not
easily deformable (supplemental Figure 2B) are prone to
phagocytosis. In line with studies that assessed the degradation
rates of ghost erythrocytes by mouse Kuppfer cells and peri-
toneal macrophages,23,24 the degradation of erythrocyte ghosts
by human RPMs was found to proceed significantly faster than
that of intact erythrocytes that were phagocytosed through
immunoglobulin G opsonization (Figure 3D). These results were
also established in vivo. Transfusion of calcein- and PKH-labeled
senescent erythrocytes into mice caused splenic RPMs to in-
teract predominantly with erythrocyte ghosts (Figure 3E,
PKH1calcein– fraction). Hemolysis and phagocytosis of ghost
erythrocytes again specifically occurred upon transfusion of
senescent erythrocytes as determined by benzidine staining of
isolated F4/801 cells from mouse spleen (Figure 3F-G). These
findings further underscore the propensity of senescent eryth-
rocytes to undergo hemolysis within the spleen, resulting in
ghost cell formation, which is followed by their rapid uptake and
degradation by RPMs. This phenomenon may explain the ap-
parent discrepancy between the number of observed and an-
ticipated erythrophagocytic events in human RPMs. Furthermore,
this may also explain the necessity for the abundant expression of
CD163, the hemoglobin-haptoglobin scavenger receptor, in the
spleen to scavenge free hemoglobin.19

Exposure of laminin-a5 in human spleen tissue
facilitates sequestration of senescent erythrocytes
through activation of their adhesion molecules
Next, we tried to determine the mechanisms by which the
splenic environment may drive hemolysis of senescent eryth-
rocytes. The splenic red pulp architecture consists of narrow
endothelial slits, which aged erythrocytes are incapable of
traversing because of their stiffness, which leads to their
sequestration.9,31,32 Furthermore, activation of the adhesion
molecules Lu/BCAM and CD44, specifically on aged erythro-
cytes, is proposed to contribute to their retention in the
spleen.10,11 On the basis of these observations, we hypothesized
that mechanical or adhesion molecule–mediated trapping of
erythrocytes under shear stress conditions may result in ghost
cell formation. To test this phenomenon, we set up an in vitro
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flow assay in which freshly drawn erythrocytes, aged erythrocytes
derived from circulation, and spleen-derived erythrocytes were
directed over a surface coated with laminin-a5, the ligand of Lu/
BCAM. We confirmed that aged and spleen-derived erythro-
cytes adhere significantly more frequently to laminin-a5 than
total circulating erythrocytes (Figure 4A) in contrast to ligands
such as collagen and fibronectin (supplemental Figure 2C). Al-
though erythrocytes that adhere to laminin-a5 initially appear
intact and viable, prolonged interaction under low shear forces
resulted in gradual cell shrinkage, a marked loss of biconcavity,
and ultimately ghost formation on a large scale (Figure 4B).
These cells were determined not to be reticulocytes because no
enrichment of these cells was found by using thiazol orange stain
(supplemental Figure 2E). In line with this finding, in vitro acti-
vation of Lu/BCAM through removal of membrane sialic acid10

allowed us to establish that erythrocyte adhesion frequency
directly correlates with ghost formation through hemolysis
(Figure 4C). Of interest, ghost formation was not limited to
adhesion to laminin-a5 but was also observed in response to
adhesion to hyaluronic acid. In contrast, ghost formation was not
observed when erythrocytes were flowed over collagen and
fibronectin, strongly correlating with a lowered adhesion fre-
quency (supplemental Figure 2C-D). Thus, trapping or retention
of erythrocytes under shear forces induces hemolysis. Be-
cause vascular endothelium normally separates extracellular
matrix (ECM) molecules such as laminin-a5 from circulating
erythrocytes,33,34 the function of receptors that recognize ECM
on mature erythrocytes has remained unclear.35-37 However,
because erythrocytes within the spleen are forced through en-
dothelial fenestrae to re-enter the circulation, we hypothesized
that here, ECM proteins such as laminin-a5 may capture aged
erythrocytes.1,38 To address whether receptors that recognize
ECM (such as Lu/BCAM)may contribute to their being trapped in
the spleen and thereby facilitating hemolysis, we studied the
distribution of laminin-a5 in this organ.We found that laminin-a5
is abundantly expressed in the red pulp (RP) of the human
spleen, as opposed to the white pulp (WP) (Figure 4D). Next, we
assessed the distribution of laminin-a5 in the RP sinuses, be-
cause these are the structures in which senescent erythrocytes
are sequestered. Here, expression of VE-cadherin is discontin-
uous to allow highly deformable, but not senescent erythrocytes,
to squeeze through the endothelium. We found this RP structure
to be wrapped in a web-like fashion by laminin-a5 (Figure 4E-G).
Thus, the localization of laminin-a5 is such that it may interact
with erythrocytes entering the RP sinuses. To further address
whether this is likely to occur, we performed 2-photon micros-
copy to image deep within human spleen tissue. We observed
that erythrocytes are in close proximity to laminin-a5 within the
RP sinuses (Figure 4H). To further address whether erythrocytes
may interact with laminin-a5 in human spleen tissue, we isolated
the cells that interact with laminin-a5 from this organ. In-
terestingly, we found that a substantial proportion of the laminin-
a5–binding cells, next to nucleated cells, were erythrocytes
(Figure 4I). Strikingly, these erythrocytes resembled senescent
erythrocytes on the basis of their irregular morphology (sup-
plemental Figure 3A), reduced cell size (supplemental Figure 3B),
and decreased deformability (supplemental Figure 3C). These
findings suggest that mainly senescent erythrocytes are prone to
interact with laminin-a5 in human spleen tissue. As determined by
benzidine staining, a substantial population of the erythrocytes
that bind laminin-a5 were found to be leaking hemoglobin
(Figure 4J). Furthermore, phalloidin staining confirmed that these

cells were permeable erythrocyte ghosts (Figure 4K). Taken to-
gether, these data show that the ECM protein laminin-a5 within
the human spleen tissue mainly interacts with senescent
erythrocytes and that this is associated with ghost formation.
Furthermore, the leftover erythrocyte ghosts are prone to
recognition, phagocytosis, and rapid degradation by RPMs.
Thus, these data indicate that hemolysis of senescent eryth-
rocytes functions to increase the efficiency by which RPMs from
the human spleen are able to recognize and degrade senes-
cent erythrocytes. These findings can help explain the apparent
discrepancy between expected and observed erythrophagocytic
events in RPMs as well as the tendency of RPMs to only phago-
cytose senescent erythrocytes in vivo, but not in vitro, because
ghost formation is likely to be a prerequisite for this process.

Discussion
In our study, we showed that adhesion of senescent erythrocytes
to the ECM (mediated by adhesion molecules) in the spleen
results in hemolysis before phagocytosis by RPMs. These find-
ings explain the apparent lack of erythrophagocytic events of
intact erythrocytes that are observed in RPMs from human
spleen, as we and others have shown that erythrocyte ghosts
are subject to far quicker degradation rates than intact
erythrocytes.23,24 This also explains why erythrophagocytosis of
senescent erythrocytes is observed only in vivo, but not in vitro,15

because the splenic architecture is required to drive hemolysis
that allows for the recognition of the erythrocyte remnant by
RPMs. Our data thus suggest that iron recycling is not necessarily
preceded by erythrophagocytosis. Scavenging of heme from the
splenic environment, rather than from internal phagolysosomes,
may be a more efficient way of recycling iron, which would also
explain the necessity for the high expression levels of CD163
within healthy human spleen tissue.19 However, release of he-
moglobin into the vascular space has always been regarded as a
dangerous process. This is especially clear in hemoglobinopa-
thies such as sickle cell disease, in which hemolysis is exacer-
bated, hemoglobin scavenger molecules are depleted, and free
hemoglobin autooxidation leads to production of toxic superoxide
and hydroxyl radicals that are harmful to the kidney and vascula-
ture.39 However, the high steady-state concentrations of plasma
haptoglobin and hemopexin40 as well as high levels of CD163
expression19 may render the spleen especially well-suited for han-
dling free hemoglobin. Indeed, clearing hemoglobin from 203 109

erythrocytes on a daily basis has been estimated to equal a total of
;53 1018 to 63 1018 hemoglobin molecules.40 With an estimated
presence of ;2.8 3 1019 haptoglobin and 1.8 3 1019 hemopexin
molecules in human plasma under steady-state conditions,40 there is
ample capacity for recycling of free hemoglobin. In conclusion, our
data reveal a novel mechanism by which erythrocyte sequestration
and turnover is driven, also in steady state,which changesour current
understanding of how iron recycling is regulated.
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