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Marginal zone macrophages (MZMs) are a
small subset of specialized splenic macro-
phages known to interact with apoptotic
material entering the spleen from circula-
tion. To evaluate whether MZMs regulate
immunity to apoptotic material we de-
pleted MZMs and assessed innate and
adaptive immune responses to apoptotic
cells administered systemically. MZM
depletion altered the spatial localization
of apoptotic cells, which accumulated

in T-cell areas of the lymphoid follicles.
MZM depletion also enhanced phagocy-
tosis of apoptotic cells by red pulp
(CD68�F4/80�) macrophages, which ex-
pressed increased CD86, MHCII, and
CCR7. MZM depletion led to increased
production of proinflammatory cyto-
kines and enhanced lymphocyte respon-
siveness to apoptotic cell antigens.
Furthermore, we found that MZM deple-
tion accelerated autoimmune disease

progression in mice genetically prone
to systemic lupus erythematosus and
caused significant mortality in wild-type
mice repeatedly exposed to exogenous
apoptotic thymocytes. These findings
support the hypothesis that MZMs are
central in the clearance of apoptotic
cells to minimize the immunogenicity
of autoantigens. (Blood. 2011;117(20):
5403-5412)

Introduction

The marginal zone (MZ) of the spleen represents the boundary
between the lymphoid white pulp (WP) and the more innate
scavenging red pulp (RP).1 Most arterial blood entering the spleen
passes through the MZ where it interacts with nonmotile macro-
phages tightly bound to the reticulum.2,3 These macrophages line
the marginal sinus and are defined by differential expression of
macrophage scavenger receptor MAcrophage Receptor with a
COllagenous structure (MARCO).

The MZ is essential for trapping of particulate antigen, and MZ
macrophages (MZMs) in particular have been implicated in this
function.4 MARCO� macrophages are well equipped for this
because they express an array of scavenger receptors in addition to
MARCO, including scavenger receptor A (SR-A) and SIGNR1 (a
mouse homologue of DC-SIGN). Moreover, MARCO� macro-
phages are thought to be essential in the response to several
blood-borne pathogens,4-7 and studies have indicated mice deficient
in MZMs are more susceptible to infection with altered T-cell
response to antigenic challenge.4,6

The importance of MZMs in the clearance of endogenous
material is less clear. SR-A and MARCO bind to acetylated and
oxidized low-density lipoprotein and polyanionic ligands.8,9

Moreover, both scavenger receptors aid in capture and phagocy-
tosis of apoptotic cells by macrophages in vitro, suggesting an
involvement in MZ-mediated retention of apoptotic mate-
rial.10,11 Curiously, deletion of either receptor has no apparent
effect on apoptotic cell clearance in vivo,12 probably reflecting
mechanistic redundancy. However, we have demonstrated that
apoptotic cell injection in SR-A/MARCO double knockout
(KO) mice led to increased production of anti-dsDNA antibod-
ies whereas injection in wild-type, SR-A, or MARCO single

KO mice had no effect.11 Further, in murine lupus MARCO
expression is associated with defects in apoptotic cell phagocy-
tosis and autoimmunity.13

Systemic apoptotic cell administration leads to suppression of
immune responsiveness to apoptotic cell–associated antigens.
Although the mechanisms behind this response are not well
understood, it probably involves multiple components.14-16 As
systemically administered apoptotic cells are targeted to the MZ
and are ingested by MZMs, MZMs may play a role in apoptotic cell
antigen-specific suppression. Supporting this, Miyake et al17 re-
ported that deletion of MZMs compromised the ability of apoptotic
cells to suppress autoimmunity in experimental autoimmune
encephalitis.

This begs the question of the role of MZMs in peripheral
homeostasis. Evidence suggests alterations in the ability of
phagocytes to capture or clear apoptotic cells results in autoim-
munity.18-21 Thus, handicapping recognition/removal of cellular
debris may be a fundamental defect in the development of
autoimmune diseases. Because MZMs are probably important
for initial interactions with apoptotic cells, we hypothesized that
they may be relevant in maintaining homeostasis in the periph-
ery. To test this we used a strategy to deplete MZMs by the
administration of low-dose clodronate liposomes (CLs).4 In
MZM-depleted animals we examined apoptotic cell trafficking
within the spleen as well as the effect on autoimmunity in
lupus-prone and wild-type animals. Our results suggest that
MZMs play an important role in how apoptotic cell-associated
antigens are processed within the spleen and in the regulation of
systemic immunity to self.

Submitted November 19, 2010; accepted March 12, 2011. Prepublished online
as Blood First Edition paper, March 28, 2011; DOI 10.1182/blood-2010-11-320028.

*T.L.M. and Y.C. contributed equally to this study.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2011 by The American Society of Hematology

5403BLOOD, 19 MAY 2011 � VOLUME 117, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/20/5403/1335734/zh802011005403.pdf by guest on 02 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-11-320028&domain=pdf&date_stamp=2011-05-19


Methods

Mice

Female C57BL6/J (B6), B6.Act-mOVA-II (Act-mOVA), B6.cd45.1�, and
B6.OTII (OTII) mice 8-12 weeks of age were obtained from The Jackson
Laboratory. Female B6.fcgr2b�/� mice were provided by Dr Jeffrey
Ravetch (The Rockefeller University). All mice were maintained under
specific pathogen-free conditions at the animal facilities of the Georgia
Health Sciences University in accordance with institutional and Institu-
tional Animal Care and Use Committee guidelines, and all animal studies
were approved by The Georgia Health Sciences University Institutional
Animal Care and Use Committee.

Apoptosis induction and in vivo apoptotic cell/microparticle
administration

For the generation of apoptotic cells, thymocytes collected from 8-week-old
female B6 or Act-mOVA mice were exposed to 2000 cGy of radiation and
cultured for 6 hours at 37°C in RPMI 1640 media plus 1% BSA
(Sigma-Aldrich). Annexin V and propidium iodine staining confirmed
apoptosis induction and showed that typically � 85% of the thymocytes
were apoptotic with � 1% of the cells necrotic (data not shown).

For in vivo administration of apoptotic cells mice were injected
intravenously with 107-108 apoptotic thymocytes. In one set of experiments
4 and 18 hours after administration of 5 � 107 apoptotic cells the sera were
collected for assessment of serum IFN-�, IL-6, IL-10, IL-12, IL-13, TNF-�,
and IL-17 by multiple parameter Luminex assay, and the spleens were
removed for histologic analysis. TGF-�1 levels were determined by ELISA
(eBioscience). In CL-treated groups mice were injected with the indicated
amounts of clodronate-impregnated or an equivalent amount of PBS-loaded
control liposomes (PBSLs) in a final volume of 200 	L prepared as
described 48 hours before administration of apoptotic cells.22

In another set of experiments mice were injected with liposomes as
described earlier 1 time per week and 107 apoptotic thymocytes in 200 	L
of PBS intravenously 2 times a week for a period of 5 months. The mice
were assessed for �dsDNA autoantibody development as described below
monthly by retro-orbital eye bleed.

Autoantibody detection

Assays for serum autoantibodies have been described previously.23 Briefly,
Immulon II plates (Dynatech) precoated with BSA were coated with
50 	g/mL calf thymus dsDNA (Sigma-Aldrich). To assay for serum
autoantibody levels 100 	L of whole blood was collected from mice by
retro-orbital bleed, and the serum was separated with the use of blood
collection micro tubes (Sarstedt). The serum was diluted and assayed for
autoantigen reactivity against the plates described above by incubation for
2 hours at room temperature. Bound IgG was detected with a goat
polyclonal HRP–anti-mouse IgG detection antibody (Bethyl Laboratories)
and visualized at 450 nm with the use of TMB substrate (Sigma-Aldrich).
Total serum IgG was determined by a mouse IgG quantification ELISA
(Bethyl Laboratories).

Antinuclear antibody (ANA) tests were performed on Hep-2 12-well
slides (Bion) stained with mouse serum at a 1:200 dilution in PBS plus
1% BSA for 30 minutes followed by a 1:200 dilution in PBS plus 1%
normal goat serum (NGS; DakoCytomation) of FITC-conjugated anti–
mouse IgG (Fab specific; Sigma-Aldrich) for 10 minutes.

Flow cytometry

To measure the effect of CL administration on macrophages and dendritic
cell (DC) numbers B6 mice were injected with the indicated concentration
of CLs or PBSLs. Twenty-four hours later splenic single-cell suspensions
were generated as described previously, and 106 cells were stained with
1 	g of anti-F/480 Alexa488 (clone CI:A3-1; Serotech), anti-CD11c
allophycocyanin (APC; clone HL3; BD PharMingen), anti-CD86 PE (clone
GL1; BD PharMingen), and anti-MHCII AF700 (clone M5/114.15.2;

eBioscience).23 To assay for apoptotic cell uptake 48 hours after CL
administration mice were injected intravenously with 107 PKH26-labeled
apoptotic cells in 200 	L of PBS. Thirty minutes and 2 hours after apoptotic
cell injection splenocytes were stained with 1 	g of anti-CD68 Alexa488
(clone FA11; Serotech), anti-F4/80 APC (clone BM8; eBioscience), anti-
CD86 PE (clone GL1; BD PharMingen), anti-CD11c Alexa488 (clone
N418; eBioscience), anti-MHCII AF700 (clone M5/114.15.2; eBioscience),
or anti-CCR7 APC (clone 4B12; eBioscience).

To measure T-cell proliferation B6.CD45.1� mice were treated with
167 	g of CLs or PBSLs. Twenty-four hours later 5 � 106 CFSE-labeled
(Invitrogen) OTII splenocytes were adoptively transferred intravenously by
lateral tail vein injection. Twenty-four hours after OTII transfer, mice were
injected with 107 apoptotic Act-mOVA thymocytes in 200 	L of PBS
intravenously. Three days after apoptotic cell transfer the spleen was
collected, and proliferation was assessed by flow cytometry. To visualize
the adoptively transferred OTII cells 5 � 106 splenocytes were stained with
2.5 	g of anti-CD45.2 AF700 (clone 104; eBioscience) and anti-CD4
peridinin chlorophyll protein complex (clone RM4.5; BD PharMingen).

For flow cytometric analysis � 105 (106 in the case of adoptive OTII
transfer) events were collected on a FACSCanto flow cytometer (BD
Bioscience), and all results were analyzed with FlowJo software (TreeStar).

Immunofluorescence and immunohistochemistry

To assay for immune deposits kidneys were embedded in Tissue-Tek OCT
compound (Sakura) and snap frozen. Sections (5 	m) were air-dried, fixed
with cold acetone, and stained with a 1:200 dilution in PBS plus 1% NGS of
FITC-conjugated anti–mouse IgG (Sigma-Aldrich).

For MARCO and B220 staining spleens were fixed in acetone, and
5-	m sections were incubated with a 1:50 dilution of anti-MARCO FITC
(clone ED31; Serotec) and a 1:150 dilution of anti-B220 biotin (clone
RA3-6B2; BD PharMingen) followed by incubation with alkaline
phosphatase–conjugated anti-FITC and HRP-conjugated antibiotin
(Serotech) antibodies. After extensive washing in PBS the antibody staining
was visualized with a 3–3
-diaminobenzidine and 5-bromo-4-chloro-3-
indolyl-phosphate 4-nitroblue tetrazolium chloride substrate kit (Vector
Laboratories).

To analyze localization of apoptotic cells in the spleen syngeneic
thymocytes were prepared and stained with 2	M PKH26 (Sigma-Aldrich)
before induction of apoptosis. Cells (108) were injected intravenously into
B6 mice. Spleens were collected 2 hours later and frozen in OCT.
Six-	m-thin sections were cut in a cryostat microtome. After overnight
drying, the slides were fixed in acetone and stored at �75°C. Before
staining, slides were blocked with 5% NGS (Dako Cytomation) and
4% BSA in PBS. The following antibodies were used: anti-MARCO FITC
(clone ED31), anti–SignR1 Alexa488 (clone ER-TR9), anti-MOMA2
Alexa488 (clone MOMA-1; Serotec), and anti–B220 APC (clone RA3-
6B2; BD PharMingen).

In one set of experiments mice were injected intravenously with
167 	g/kg CLs followed 48 hours later with 5 � 108 fluorescein-labeled
polystyrene beads (Polysciences) 1 	m in diameter. Two hours after
injection spleens were collected and examined for particle localization
by confocal microscopy. Fluroescent images were collected using a Leica
DM IRBE confocal laser scanning microscope (Leica Microsystems)
equipped with 1 argon and 2 HeNe lasers, using an HC PL APO lens at
20�/0.70 IMM CORR and 40�/1.3 oil and 90% glycerol (MP Biomedi-
cals). Brightfield images were collected using a Nikon Eclipse 90i
microscope (Nikon) using a Nikon Planflor lens at 20�/0.50 IMM CORR.
Images were processed with Adobe Photoshop CS3 Extended 10.0.1
(Adobe Systems).

Pathology

Paraffin kidney sections (5 	m) were stained with Periodic acid Schiff
reagent and H&E. Glomerulonephritis was scored as described previ-
ously.24 The lesions graded included thickening of the mesangium, notice-
able increases in both mesangial and glomerular cellularity with/without
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superimposed inflammatory exudates and capsular adhesions, glomerulo-
sclerosis, and cast formation. Scoring was performed on � 200 glomeruli in
a 40� field per kidney.

Image and statistical analysis

Image analysis for PKH26 localization was done with NIH IMAGEJ
software Version 1.41. Means, SD, and unpaired Student t test results were
used to analyze the data. When comparing 2 groups, a P value � .05 was
considered to be significant. Survival data were analyzed with Kaplan-Meier
survival plots followed by the log-rank test.

Results

Low-dose CLs intravenously specifically deplete MZM.

CLs are often used for phagocyte depletion.22 The depletion is
considered near complete in the spleen and liver when doses
� 40 mg/kg are administered intravenously. However, Aichele
et al4 reported that limited-dose CLs specifically target MZM
populations. To assess this we injected various doses of CLs or
control liposomes intravenously and 24 hours later enumerated
F4/80� macrophages and CD11c� DC numbers by FACS.
Injection of 1 mg (ie, 40 mg/kg) of CLs intravenously reduced
splenic DC numbers by 98% and F4/80� macrophage numbers
by 85% (supplemental Figure 1A). In contrast, intravenous
administration of 167 	g (6.5 mg/kg) of CLs or lower doses did
not affect overall splenic DC or macrophage percentages.
Moreover, although 1 mg of CLs altered MHCII and CD86
expression on the remaining DC and macrophage populations,
respectively, injection of lower amounts of CLs had no effect on
MHCII or CD86 in either cell compartment (supplemental
Figure 1B).

When splenic sections were stained with markers for MZMs
(ie, MARCO and MOMA-1), we found administration of 167 	g
or 83 	g of CLs depleted MZMs detectible by immunohistochem-
istry (supplemental Figure 1C), whereas further reduction of the
CL dose to 42 	g (1.6 mg/kg) had no effect (supplemental Figure
1C). Depletion was not associated with changes in lymphocyte
localization or follicular structure, suggesting low-dose CL admin-
istration specifically targets MZMs. Thus, we used these dosages of
CLs to examine the effect of MZM removal on the splenic response
to apoptotic material.

MZM depletion alters apoptotic cell trafficking in the spleen

In general, apoptotic cells entering the spleen from circulation
localize to the MZ and RP with gradual accumulation by DC-
mediated transport into the WP.25,26 Accordingly, control spleens
showed localization of labeled apoptotic material primarily in the
MZ and to a lesser degree in the RP. Costaining showed that most
material was in close proximity to MARCO� MZMs (Figure 1A).11

Strikingly, in mice depleted of MZMs, there was significant
accumulation of apoptotic material in the periarteriolar lymphoid
sheath (PALS) (Figure 1A lower panels). This change was apparent
by 2 hours after injection and remained so for up to 6 hours (not
shown), suggesting lack of MZMs significantly alters apoptotic cell
localization. Semiquantitative analysis of the PALS indicated that
MZM-depleted spleens had a greater accumulation of apoptotic
material as assessed by overall fluorescence intensity. Moreover,
the average size of the accumulated apoptotic cell clusters was
3-fold larger in MZM-depleted spleens than for controls (Figure 1B),
an indication of significant alteration in apoptotic cell accumulation
in the WP.

RP macrophages increase phagocytosis of apoptotic cells in
the absence of MZMs

MAdCAM-1� endothelial cells lining the marginal sinus provide a
barrier preventing inappropriate follicular access to blood-borne
products and regulating lymphocyte homing.27-29 Thus, it is un-
likely that apoptotic cell accumulation in the PALS would occur by
a passive fashion if the MAdCAM-1� layer were intact. Kraal
et al27 observed that injection of high-dose CLs disrupted splenic
MAdCAM-1� cell localization. Similarly, we found that high-dose
(ie, 1 mg) CLs altered the localization of MadCAM-1� cells with
more diffuse staining, suggesting mobilization, primarily into the
follicle (Figure 1C). In contrast, there was no change in the
appearance of MAdCAM-1� cells surrounding the sinus when
low-dose (ie, 167 	g or 83 	g) CLs was administered, suggesting
PALS accumulation of apoptotic cells was not because of disrup-
tion of the endothelial cell layer.

To further test if MZM depletion altered particulate antigen
trafficking in a general fashion we injected MZM-depleted animals
with fluorescein-labeled 1-	m particles and examined localization
2 hours after injection. In controls the particles localized almost
exclusively to the MZMs with little to no accumulation in either the
RP or PALS (Figure 1D). In MZM-depleted spleens, the particles
were diffusely localized in the RP but were still absent from the WP
(Figure 1E). Thus, MZM absence does not disrupt the integrity of
the MZ barrier to passive material transport into the WP.

Because macrophages make up the majority of RP phagocytes,
we examined apoptotic cell uptake in this population 30 minutes
and 2 hours after administration. In PBSL-treated animals the
percentage of CD68�F4/80� macrophages that phagocytosed la-
beled thymocytes was low and never increased to � 5% (Figure
2A-B). In contrast, after MZM depletion there was a 3-fold
increase in phagocytosis of apoptotic cells by macrophages 30 min-
utes after transfer (Figure 2A) and increasing to 40% 2 hours after
transfer (Figure 2A-B). Moreover, the relative apoptotic cell label
in PKH26� macrophages was 10-fold higher after MZM depletion
than for controls (Figure 2C), suggesting a higher phagocytic
activity.

Surface CD86 was increased overall in CD68�F4/80� macro-
phages; however, when the data were parsed on the basis of
apoptotic cell costaining, we found increased CD86 was confined
to macrophages that had phagocytosed apoptotic cells (Figure 2D).
Moreover, in MZM-depleted conditions there was a slight, but
highly significant, increase in CD86 MFI compared with PBSL
controls.

MHCII expression was not changed in CD68�F4/80� macro-
phages from control animals regardless of whether they had taken
up apoptotic material. In contrast, in MZM-deficient mice, apopto-
tic cell phagocytosis increased MHCII expression (Figure 2D),
suggesting rapid alteration in macrophage phenotype. Moreover, it
is an indication that MZM function affects the clearance of
apoptotic material in both a qualitative and quantitative manner.

DC-mediated transport of apoptotic cells from the RP to the
PALS is associated with increased expression of the chemokine
receptor CCR7, facilitating follicular localization.30,31 We reasoned
that, if macrophages are responsible for the altered localization of
apoptotic cells to the PALS, they might experience similar in-
creases in CCR7 expression after apoptotic cell uptake. When
CCR7 was examined, we found in control mice that apoptotic cell
phagocytosis by CD68�F4/80� macrophages slightly increased
CCR7 expression over baseline (Figure 2D). However, after MZM
depletion CCR7 staining increased 2-fold over baseline values.
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Coupled with increased overall phagocytosis, this suggests a
significant portion of RP macrophages may reposition themselves,
migrating to the PALS in an apoptotic cell–induced, CCR7-
dependent manner. To examine macrophage localization we stained
splenic sections for MOMA-2, a marker for tissue macrophages.32

In PBSL-treated animals MOMA-2 staining was apparent in both
RP and the PALS (Figure 2E). Moreover, as in Figure 2A, most
apoptotic cells localized to the MZ with a prominent localization
near the MZ sinus (Figure 2E arrow). After MZM depletion
MOMA-2 staining was relatively unchanged with the exception of
large clusters of MOMA-2� cells in the PALS. Moreover, MOMA-2
staining overlaid with apoptotic cell localization. further suggest-
ing macrophage-mediated transport to the PALS.

We hypothesized that the absence of MZMs may influence the
cytokine response to apoptotic cell administration. To test this we
examined splenic and serum cytokine profiles 4 and 18 hours after
apoptotic cell injection. It is well described that apoptotic cell
exposure leads to increased TGF-�1 synthesis. We found this to be
the case because apoptotic cell injection in controls led to a large
increase in TGF-� 18 hours after injection (Figure 3A). Apoptotic
cells also increased TNF-� 4 hours after injection. This is in
agreement with some reports suggesting apoptotic cell uptake can
induce limited proinflammatory cytokine production.33-35 In con-
trast, MZM depletion reduced TGF-�1 induction after apoptotic

cell injection coupled with increased IL-6 and IL-12 levels (Figure
3A). We found no changes in IFN-�, IL-10, IL-13, or IL-17
compared with control mice (not shown). The increase in proinflam-
matory cytokines was not due to nonspecific CL-mediated condi-
tioning because the cytokine profile in CL-injected controls was
unchanged compared with PBSL-treated mice (Figure 3A). Thus,
taken together, the data suggest that the lack of MZMs significantly
altered apoptotic cell interactions with other phagocytes in the RP,
notably CD68�F4/80� macrophages, resulting in aberrant uptake,
activation, and localization of macrophages associated with apopto-
tic material trafficking to the lymphoid WP.

Although macrophages are not generally considered efficient
antigen-presenting cells, Okamoto et al36 reported that F4/80�

macrophages are capable of promoting T-cell reactivity to nucleo-
somal antigens. Moreover, they suggested macrophages are impor-
tant in the development of systemic autoimmunity by antigen
presentation. On the basis of our observations we reasoned that the
increased apoptotic cell uptake by CD68�F4/80� macrophages,
coupled with increased activation and localization to the lymphoid
area of the spleen, might increase apoptotic cell–associated antigen
presentation to lymphocytes, resulting in enhanced immune reactiv-
ity. To test this we depleted mice of MZMs followed by transfer of
CFSE-labeled OVA-specific OTII CD4� T cells. Twenty-four
hours after T-cell transfer we injected OVA-expressing apoptotic

Figure 1. Marginal macrophage depletion alters apoptotic cell localization without disrupting the marginal sinus. (A) Eight- to 12-week-old female B6 mice were
injected intravenously with 167 	g of CLs or an equivalent amount of PBSLs in 200 	L final volume. Forty-eight hours later the mice were injected intravenously
with 108 PKH26-labeled apoptotic thymocytes. Two hours after apoptotic cell injection the spleen was removed, and 5-	m frozen sections were stained with antibodies
against MARCO. The sections were examined by microscopy for localization of the apoptotic cells within the spleen. RP indicates red pulp; and PALS, periarteriolar lymphoid sheath.
CL-N � 7 mice, PBSL-N � 4 mice. (B) Image analysis of PHK26 fluorescence in the PALS of MZM-depleted and control mice. Y-axis values for size are image pixels and are
representative for relative signal size. Bars represent the mean values for CL-N � 7 mice, PBSL-N � 4 mice. **P � .01 as determined by the unpaired Student t test. (C) B6 mice, as in
panel A, were injected with the indicated amounts of CLs or an amount of PBSLs equivalent to the highest dose of CLs administered intravenously. Forty-eight hours later spleens were
collected, and 10-	m frozen sections were stained with antibodies against MadCAM-1 (red) and B220 (green). Images are representative of 5 mice/group. (D) B6 mouse splenic
section (n � 3 mice/group) 2 hours after injection with 5 � 108 fluorescent microparticles administered as described in “Immunofluorescence and immunohistochemistry” and stained with
antibodies against MARCO (red) and F4/80 (blue). (E) B6 mice (n � 3 mice/group) were depleted of MZMs, and microparticles were injected as described in panel D. Two hours after
injection spleens were collected, and sections were examined for particle localization and stained with antibodies against B220 (red) to visualize the follicle. All images are 2-	m confocal
pictures captured as described in “Immunofluorescence and immunohistochemistry” and are representative for each group. Image magnification 20�. These experiments were repeated
at least twice with similar results.
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thymocytes and examined the T-cell proliferation. Under these
conditions OTII T cells showed little response to apoptotic cell–
associated antigen (Figure 3B-C). In contrast, after MZM deple-
tion, OTII T cells proliferated vigorously 3 days after apoptotic
Act-mOVA thymocyte transfer with � 70% of the OTII T cells
having undergone cell division (Figure 3C), supporting the hypoth-
esis that MZMs regulate the processing of apoptotic material
within the spleen.

MZM loss accelerates autoimmune disease in mice prone to
systemic lupus erythematosus

The data suggest a lack of MZM function might alter immune
responsiveness to apoptotic cells, enhancing the ability to acquire
and present antigen to T cells. Because this process may promote
the development of autoimmunity, we examined the effect of MZM
depletion on the development of serum autoreactivity in the
B6.fcgr2b�/� lupus model. For this, we depleted MZMs by weekly
injection of CLs, beginning at 4 weeks of age and examining
autoreactivity in mice after 2 months. In B6.fcgr2b�/� mice
measurable serum autoreactivity typically develops in females
from 4-6 months of age.23,37 In accordance with this, B6.fcgr2b�/�

mice injected with PBSLs showed no evidence of serum ANA
reactivity (Figure 4A), anti-dsDNA reactivity (Figure 4B), or
increased immune complex (IC) deposition (Figure 4C) at 3 months
of age. However, when MZMs were depleted, the mice showed
evidence of autoimmunity, including positive ANA test, increased
serum anti-dsDNA reactivity, and significant renal IC deposition
(Figure 4A-C). Of interest was the fact that CL-mediated accelera-
tion of autoimmunity onset only occurred with amounts of CLs
affecting MZM numbers (supplemental Figure 1C), strongly sug-
gesting that the acceleration of disease occurs because of the lack
of MZM function.

To determine whether MZM depletion would compromise
tolerance in wild-type mice, we repeated the experiment with the
use of both B6.fcgr2b�/� mice and B6 mice, examining the

development of serum autoreactivity over a period of 6 months. In
SLE-prone (ie, B6.fcgr2b�/�) mice the loss of MZMs greatly
accelerated serum autoreactivity in agreement with our earlier
experiments.

Here, control B6.fcgr2b�/� mice developed detectible anti-
dsDNA IgG reactivity at 4 months after treatment (ie, 5 months of
age), increasing to considerable autoreactivity by 6 months, in line
with established disease progression for the strain. In contrast, MZM
depletion significantly increased serum reactivity to dsDNA relative to
controls at 4 months (OD450nm 0.89 � 0.33 vs 0.51 � 0.06 for the CL
and PBSL groups, respectively). This trend continued at 6 months with
an ever-increasing difference between MZM-depleted and control
animals (OD450nm 1.6 � 0.45 vs 0.77 � 0.16 for the CL and PBSL
groups, respectively; Figure 4D). Taken together, the data strongly
suggest the lack of MZMs further compromises immune homeostasis in
SLE-prone mice, contributing to disease development.

Contrary to the observations in SLE-prone mice, we found no
evidence of autoimmunity in MZM-depleted B6 mice at any time
during the course of the experiment (Figure 4D). This suggests that
the lack of MZM function does not act in a dominant fashion to
promote a loss of systemic tolerance, but disruption of MZM
regulatory functions may act in an epistatic fashion, accelerating
tolerance loss on susceptible backgrounds. These data are at odds
with Denny et al38 who reported that CL administration promoted
autoimmunity in wild-type mice because of increased apoptosis of
phagocytes. However, in other reports CL administration was
shown to prevent autoimmune pathology in SLE-prone mice; thus,
it is not clear from the literature what effect CL administration has
on homeostasis and autoimmunity development. To examine the
potential effect of CLs in the development of systemic autoimmune
disease, we injected wild-type (B6) mice with CLs intravenously
once a week for 6 months at high- and low-dose concentrations (ie,
1 mg, 167 	g, 83 	g, or PBSLs), examining the incidence of
autoimmunity.

Figure 2. Apoptotic cell phagocytosis is increased in CD68�F4/80�

RP macrophages in the absence of MZMs. (A) Eight- to 12-week-old
female B6 mice were injected intravenously with 167 	g of CLs or an
equivalent amount of PBSLs. Forty-eight hours later 107 PKH26-labeled
apoptotic thymocytes were transferred intravenously, and at 30 minutes
and 2 hours after apoptotic cell injection CD68�F/480� macrophages were
assessed for cell uptake. Histograms are representative for 5 mice/group
enumerated in panel B. (C) Relative PKH26 fluorescence intensity for
the CD68�F/480�PKH26� macrophage populations depicted in panel A
2 hours after apoptotic thymocyte administration. MFI indicates mean
fluorescence intensity; n � 5 mice/group. (D) Relative expression of
the surface antigens CD86, MHCII, and CCR7 was examined in
CD68�F4/80� macrophages by FACS analysis in mice treated as
described in panel A at 2 hours after apoptotic cell injection. Values
were parsed on the basis of PKH26 fluorescence, which was indicative
of apoptotic cell phagocytosis. Bars represent the mean value of
5 samples 
 SD. (E) Spleens from mice treated as in panel A were
collected at 2 hours after apoptotic cell injection. Frozen sections
(5 	m) were stained with antibodies against the macrophage marker
MOMA2 and examined for localization of macrophages and apoptotic
material by fluorescent microscopy. Arrow highlights area of apoptotic
cell capture in the MZ zone in PBSL control spleens which is absent in
CL-treated splenic sections. Images are representative for 3 mice/
group. Image magnification 20�. All experiments were repeated mul-
tiple times with similar results. *P � .05 and **P � .01 as determined by
the unpaired Student t test.
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In agreement with our previous experiments, repeated adminis-
tration of low-dose CLs did not affect basal serum autoreactivity,
splenic architecture, or IC deposition in wild-type mice. However,
in mice receiving chronic high-dose CLs (1 mg/injection), we
detected striking levels of anti-dsDNA antibodies (Figure 5A), as
well as 50% mortality over 5 months (Figure 5B). We also found
increased IC deposition in the glomeruli (Figure 5C), whereas low
doses of CLs remained at background levels. Thus, the data would
suggest that high-dose CLs can generate significant autoimmunity
in healthy mice, whereas low-dose CLs has no affect on overall
immune homeostasis.

MZM loss renders wild-type animals susceptible to apoptotic
cell–driven autoimmunity

Although the loss of MZMs is insufficient for development of
spontaneous autoimmunity, our results clearly showed that MZM
function significantly affects how apoptotic antigens are processed
in the spleen. It is possible that inherent redundancies in peripheral
regulatory mechanisms would prevent spontaneous tolerance break-
down in the event one or perhaps even multiple mechanisms of
regulation fail. However, as we have shown in SR-A/MARCO
double KO mice and in CD1d�/� mice11,39 that have apparently
intact tolerance, mice can be driven to develop autoreactivity by
increased-load apoptotic cell administration. Thus, we conducted
experiments to determine whether this was the case for MZM-
depleted mice. For this MZM-depleted B6 mice were injected

2 times weekly with 107 apoptotic thymocytes, and serum autoreac-
tivity to dsDNA was monitored. We found that there was no initial
increase in autoantibody reactivity over the baseline values;
however, by month 3 there was increased reactivity to dsDNA in
MZM-deficient animals relative to control mice (Figure 6A).
Moreover, at later time points the autoreactivity increased substan-
tially, suggesting an acceleration of autoimmunity and an increas-
ing loss of immune regulation in MZM-depleted mice challenged
with apoptotic material. Unexpectedly, we also observed signifi-
cantly increased mortality in MZM-depleted mice chronically
exposed to high-load apoptotic cells (P � .02; Figure 6B). The
mortality was not because of CL administration, because CL
treatment alone did not increase mortality. Similarly, we did not
observe any mortality in mice injected with control liposomes
(Figure 6B).

In murine models of systemic autoimmunity the kidney is the
most frequent target organ. When the kidneys of MZM-depleted
mice receiving chronic apoptotic cell injections were examined, we
found significant evidence of pathology (Figure 6D). All mice had
prominent perivascular and periglomerular infiltrates, mesangial
thickening and hyperplasia, crescent formation, and evidence of
tubular atrophy (Figure 6Div-v). Further, the glomeruli had notewor-
thy IC deposition (Figure 6Dvi). In contrast, the control groups had
no evidence of pathologic alteration or increased IC in the kidney
(Figure 6Di-iii). This was reflected in the pathology score in which
MZM-depleted mice receiving apoptotic cells had significant

Figure 3. Lack of MZMs increases apoptotic cell–induced proinflammatory cytokines and enhances T-cell responsiveness to apoptotic cell–associated antigens.
Eight- to 12-week-old female B6 mice were injected intravenously with 167 	g of CLs or an equivalent amount of PBSLs in a 200-	L final volume. Forty-eight hours later
5 � 107 apoptotic thymocytes were transferred intravenously. (A) Four and 18 hours after thymocyte injection serum was collected and assessed for the presence of IL-6,
IL-12, IFN-�, IL-10, IL-13, TNF-�, TGF-�1, and IL-17. Bars are mean values for 4 mice/group. CL and PBSL control groups are shown for the 18-hour time point. (B) Eight- to
12-week-old female B6.CD45.1 mice were injected intravenously with 167 	g of CLs or an equivalent amount of PBSLs in a 200-	L final volume. Forty-eight hours later
5 � 106 CFSE-labeled splenocytes from CD45.2� OTII mice were transferred intravenously into CL0 and PBSL-treated animals. One day (ie, 24 hours) later 107 apoptotic
thymocytes from OVA protein-expressing Act-mOVA mice were transferred by tail vein injection. Three days after apoptotic cell injection single-cell splenocyte suspensions
were examined by FACS for the proliferation of the OTII CD4� T cells by virtue of CFSE diminution. Dot plots represent samples gated on the CD4� splenocyte population and
stained with antibodies against CD45.2, identifying the transferred OTII CD4� T cells (n � 5 mice/group). (C) Graphic representation of the data presented in panel C. Bars in
graphs represent the mean value for 5 mice 
 SD; *P � .05 and **P � .01 as determined by the unpaired Student t test. ND indicates none detected. These experiments were
repeated at least twice with similar results.
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inflammatory alteration in the kidney, whereas none of the control
animals showed evidence of significant pathology (Figure 6C).
Thus, it is probable that the combination of MZM deficiency
coupled with the increased presence of apoptotic cells was
sufficient to disrupt immune homeostasis, resulting in autoimmu-
nity, renal pathology, and increased mortality.

Discussion

The effects of cell death on the immune system are complex and are
regulated to a significant degree by physiologically and temporally
mediated factors.40,41 The spleen may be a site for generation of
regulatory responses to peripheral antigens because splenectomy
can abrogate tolerance to antigens applied either systemically or in
immune-privileged sites.42,43 How apoptotic cell–associated suppres-
sion is induced is not understood, although apoptotic material
entering the spleen localizes to the MZ and RP so presumably
regulatory functions would initiate there. In this vein several
groups have reported that MZ CD8�DCs phagocytose apoptotic
cells by mechanisms involving direct recognition of the apoptotic
cell and secondary opsonin,25,26,43,44 resulting in migration to the
PALS and induction of tolerance by T-cell anergy and Treg cell–
mediated mechanisms. However, observations by our laboratory
and others that apoptotic cells are found in direct association with
MZMs and the fact that apoptotic cells can elicit autoimmunity in
scavenger receptor-deficient mice suggest that MZMs play a role in
the response to apoptotic material.

To examine this we used a depletion technique that took
advantage of the specialized features of MZMs, namely anatomical
positioning, high-phagocytic capacity, and affinity for lipids by
scavenger receptor expression to target them for removal by CLs.
In the absence of MZMs there were no observable changes in
splenic architecture. However, apoptotic cell localization was
significantly altered in the absence of MZMs. Within 30 minutes of
injection we found significant accumulation of material in the
PALS. This accumulation increased � 2 hours after transfer and
was maintained for � 5-6 hours, indicating a noteworthy disrup-
tion in trafficking patterns (as seen in Figure 1). Because the follicle
is a protected structure, we reasoned that active uptake and
transport may account for this. Indeed, we found that CD68�F4/
80� macrophages ingested significant amounts of apoptotic mate-
rial in the absence of MZMs. Increased expression of MHCII and
CD86 suggests that apoptotic cell uptake is associated with

Figure 5. Chronic high-dose CLs induce spontane-
ous autoimmune disease in wild-type mice. Eight-
week-old female C57Bl/6 mice were injected with the
indicated amounts of CLs once a week for a period of
6 months. (A) frozen spleen and kidney sections (5 	m)
from mice treated for 6 months as indicated were stained
with anti–mouse IgG FITC to examine spleen structure,
IgG production (spleen), and immune complex deposition
(kidney). Image magnification 20�. (B) Sera were col-
lected from mice after 5 months of chronic administration
of the indicated amounts of CLs and examined for IgG
reactivity to dsDNA by ELISA as described. (C) Survival
curve for mice treated as described over the course of a
6-month exposure to CLs or PBSLs. For all experiments,
n � 10 mice/group; **P � .01 as determined by the
unpaired Student t test. This experiment was repeated
twice with similar results.

Figure 4. In the absence of MZMs systemic autoimmunity is accelerated in
SLE-prone mice. Four-week-old female lupus-prone B6.fcgr2b�/� mice were in-
jected with the indicated amounts of CLs in a final volume of 200 	L once a week for a
period of 2 months. At the experimental end point sera was collected and assessed
for the spontaneous development of serum ANA reactivity (A) or IgG autoantibodies
against dsDNA (B) as described in “Autoantibody detection.” (C) Kidney from female
B6.fcgr2b�/� mice treated as in panel A with 167 	g of CLs or an equivalent amount
of PBSLs were snap-frozen, and 5-	m sections were stained with anti–mouse IgG
FITC to determine the extent of IgG immune complex deposition. Image magnifica-
tion 20�. (D) Four-week-old female B6 and B6.fcgr2b�/� mice were intravenously
administered 167 	g of CLs or equivalent PBSLs once a week for a period of
6 months. Sera were collected at the indicated time points and assessed for
anti-dsDNA IgG reactivity as described. For all experiments, n � 5 mice/group;
*P � .05 and **P � .01 as determined by the unpaired Student t test. These
experiments were repeated at least twice with similar results.
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increased activation, perhaps accounting for the changes in splenic
position. Moreover, immunofluorescent staining of spleen sections
showed colocalization of the macrophage marker MOMA-2 and
apoptotic cells, suggesting that a primary way they reach the PALS
is by macrophage-dependent mechanisms.

The data imply apoptotic cell–associated antigens are poor
inducers of antigen-specific T-cell activation in vivo when � 107 ap-
optotic cells are administered. This was changed dramatically by
the abrogation of MZMs, whereby we saw significant T-cell
proliferation. This is probable because of increased apoptotic cell
uptake by and maturation of CD68�F4/80� macrophages, resulting
in increased antigen presentation and access within the WP.
Although macrophages are regarded as poor mediators of T-cell
activation, Okamoto et al36 demonstrated that they are important
for the activation of autoreactive T cells. Moreover, removal of
F4/80� splenic macrophages retarded development of autoantibod-
ies and autoimmune pathology in NZB/NZWF1 mice, suggesting a
role in the cause of murine lupus.

Further, we found that long-term removal of MZMs accelerated
autoimmunity in lupus-prone mice. Yet, the lack of autoimmunity
in B6 mice deficient in MZMs indicates that regulatory mecha-
nisms enforced by MZMs do not have a dominant effect on
systemic immune homeostasis. This is not surprising because the
consequences of tolerance breakdown are severe; thus, there is
probably a large amount of redundancy if one (or perhaps several)
of these mechanisms is deficient. However, the loss of MZMs does
compromise immunoregulation because chronic exposure to in-
creased-load apoptotic cells resulted in the development of signifi-
cant autoimmunity associated with increased mortality in B6 mice.

Nevertheless, although our data show a clear alteration of splenic
interaction with apoptotic material in MZM-deficient mice, contrib-
uting to autoimmune disease development, we cannot rule out the
involvement of other cell types to the pathologic process. In
particular, mesangial cells could be affected by CL administration,
affecting glomerular biology and contributing to autoimmunity.
Thus, the role for mesangial cells in this process will need
clarification in future studies.

Significantly, our study showed in the absence of MZM-
mediated capture/processing that apoptotic cells can incite a
proinflammatory response in vivo. This is surprising on the basis of
the large wealth of data indicating that apoptotic cells are by design
immunosuppressive. However, the effect of apoptotic material on
the immune system is probably predicated on temporal and
anatomically regulated factors not easily reproduced ex vivo. Thus,
the act of apoptosis alone may not be sufficient in and of itself for
an immunoregulatory response requiring proper cell and spatial
interactions that are compromised in the absence of MZMs.

How MZMs influence apoptotic cell–mediated immune regula-
tion is not known. Although the fact that MZM absence delays
apoptotic cell clearance17 suggests a direct capture mechanism.
However, MZM numbers are low in the spleen with estimates
suggesting they comprise � 1% splenocytes,45 indicating other
active mechanisms must be involved. In this vein, the anti-
inflammatory properties of intravenous immunoglobulin appear to
manifest by interaction with SIGNR1 expressed by MZMs.46,47 The
remarkable aspect of intravenous immunoglobulin suppression is
that it appears to be systemic acting distal to the spleen.47 Thus,

Figure 6. Absence of MZMs causes a loss of tolerance after repeated exposure to apoptotic cells. Eight-week-old female B6 mice were injected with 167 	g of CLs or an
equivalent amount of control liposomes once a week for a period of 5 months. Some groups received intravenously 2 times weekly injections of 107 apoptotic thymocytes as
indicated. (A) Sera were collected once monthly for a period of 5 months and examined for anti-dsDNA IgG reactivity as described elsewhere. (B) Survival curves for mice
treated as described in panel A; n � 10 mice/group; *P � .05 as determined by the unpaired Student t test. (C) Kidney pathology score. H&E-stained renal sections from
the from the groups described in panel A were collected at 5 months and scored for pathologic alteration as described in “Pathology.” GN indicates glomerulonephritis;
n � 10 mice for all groups except CL/apop in which organs from 5 mice were examined. (D) Histology and immune complex deposition. Periodic acid Schiff reagent and
H&E images from the mice examined in panel C (Di,ii,iv,v). (Diii,vi) Representative frozen renal sections from the groups indicated were stained for the presence of
mouse IgG as described in “Pathology.” All images are 20� magnification. These experiments were repeated twice with similar results.
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MZMs may regulate inflammation and tolerance by the release of
soluble factors that can act locally and systemically

In conclusion, our data suggest that MZMs play an important
role in the regulation of splenic apoptotic cell antigen processing.
Although we do not yet know precisely what these mechanisms
are, increased understanding of this process will yield insights
leading to better treatment of systemic autoimmune and autoinflam-
matory disease. Moreover, these findings may have implications
for macrophage-mediated regulation in a more general sense that
could have broad repercussions in infection, inflammation, and
innate immunity.
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