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Inhibitory Effects of Apoptotic Cell Ingestion upon
Endotoxin-Driven Myeloid Dendritic Cell Maturation®

LyndaM. Stuart,”? Mark Lucas, Cathy Simpson, Jonathan Lamb, John Savill, and
Adam Lacy-Hulbert

Dendritic cells (DCs) are the sentinels of the immune system, able to interact with both naive and memory T cells. The recent
observation that DCs can ingest cells dying by apoptosis has raised the possibility that DCs may, in fact, present self-derived Ags,
initiating both autoimmunity and tumor -specific responses, especially if associated with appropriate danger signals. Although the
process of ingestion of apoptotic cells has not been shown to induce DC maturation, the exact fate of these phagocytosing DCs
remains unclear. In this paper we demonstrate that DCs that ingest apoptotic cells are able to produce TNF-a but have a
diminished ability to produce IL-12 in response to external stimuli, a property that correspondsto a failure to up-regulate CD86.
By single-cell analysis we demonstrate that these inhibitory effects are restricted to those DCs that have engulfed apoptotic cells,
with bystander DCs remaining unaffected. These changes were independent of the production of anti-inflammatory cytokines
TGF-B1 and IL-10 and corresponded with a diminished capacity to stimulate naive T cells. Thus, the ingestion of apoptotic cells
isnot an immunologically null event but is capable of modulating DC maturation. These results have important implications for
our understanding of the role of clearance of dying cells by DCs not only in the normal resolution of inflammation but also in
control of subsequent immune responses to apoptotic cell-derived Ags. The Journal of Immunology, 2002, 168: 1627-1635.

immune system and have an important role not only inport of this, perturbations in apoptotic cell death and clearance of

induction of immunity but also in maintenance of toler- these cells have been shown to contribute to the induction of au-
ance (1). Immature DCs exist in the periphery, where they capture@immunity (11, 12).
and process exogenous Ag. Upon receipt of maturation stimuli However, a growing body of evidence implicates DCs that in-
they migrate to draining lymph nodes, a process associated withest dying cells in maintaining self-tolerance, by constantly sam-
phenotypic changes, including down-regulation of their Ag-cap-pling peripheral self Ags and presenting them in a tolerogenic way
turing machinery, up-regulation of MHC and costimulatory mol- to the adaptive immune system. Thus, a dichotomy exists in re-
ecules, and production of IL-12, becoming fully functional APC sponses of DCs that may be either “friend or foe” (13). The ability
(2). This maturation process is affected by a variety of endogenoust a DC to deliver “signal 2," either as costimulation or IL-12,
or exogenous factors and can be modeled in vitro by LPS and otheg,ring|y or in combination, appears key in determining subsequent
bacterial products (3). immune responses and is likely to be tightly controlled. Interest-

Immature DCs acquire Ag by many pathways including uptakejngly, the ingestion of apoptotic cells by macrophages generates an

of soluble Ag or protein complexes by endocytosis and macropiycive anti-inflammatory response through the production of
nocytosis and ingestion of entire cells by phagocytosis. Ingestioq—GF_Bl and other anti-inflammatory molecules and down-regu-
of certain necrotic cells is capable of inducing DC maturation,lates subsequent release of proinflammatory cytokines (14-16). !
while ingesting apoptotic cells fails to activate DCs, appearing 10gacause of the close lineage relationship of macrophages and my-

be an |mmunolog|ca_1lly null event (4, 5). Hov_veve_r, such DCs aCeloid DCs, we postulated that apoptotic cell ingestion by DCs
capable of responding to strong external stimuli, such as mono-

" ; might similarly modulate their effector functions.
cyte-conditioned medium or IFN; to mature and present Ag de- g y

. ; k . In this paper we confirm that immature murine bone marrow-
rived from the mgestgd apoptotic cells to T cells (6-9). AIOOptOtICderived DCs ingest apoptotic cells and, after phagocytosis, become

?unctionally distinct. We demonstrate that endotoxin-induced pro-
duction of IL-12, but not TNFe, is selectively diminished in DCs
that have ingested apoptotic cells. In addition, endotoxin-driven
Medical Research Council Center for Inflammation Research, University of Edin-up-regulation of the costimulatory molecule CD86 is inhibited in
burgh, Edinburgh, Scotland, United Kingdom those DCs that had phagocytosed apoptotic cells, but not in neigh-
Received for publication September 6, 2001. Accepted for publication Decembeboring DCs. We show the functional consequences of these

12, 2001. . .
o o ] changes by demonstrating that these DCs have a reduced capacity
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found localized to apoptotic blebs, and the ability of DCs to
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Materials and M ethods
Mice

BALB/c micewere purchased from B & K Universal (Hull, U.K.) and were
used at 8 wk for bone marrow-derived DC and macrophage preparation. T
cells were isolated from the DO11.10 transgenic mice expressing TCR
specific for the chicken OVA peptide, OVA 555 330, iN association with
I-A9. The mice were typed for the presence of the transgene using Abs
against CD4 (BD PharMingen, San Diego, CA) and biotin peak 2 (KJ1-26;
Scottish Antibody Production Unit, Lanarkshire, U.K.) and streptavidin-PE
(BD PharMingen) on PBL.

DC and macrophage culture

Murine cells were cultured in RPMI 1640 supplemented with 2 mM L-
glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin, 5 X 107° M
2-ME, and 15% heat-inactivated FBS unless otherwise stated. DC com-
plete medium also contained 10—15% conditioned supernatant from a hy-
bridoma (gift from Prof. D. Gray, Edinburgh, U.K.) expressing rtGM-CSF,
resulting in a final GM-CSF concentration of 20—30 ng/ml. This hybrid-
oma also produces IL-10, at a final concentration of ~2 ng/ml, but no
TNF-a or IL-12. All culture reagents were obtained from Life Technolo-
gies (Grand Island, NY) unless otherwise stated.

DCs were cultured as described previously (17). Briefly, femurs from
BALB/c mice were removed, dipped in 70% ethanol for 10 s, and then
placed in DC complete medium. Bone marrow was flushed from femurs,
and 10 ml of a single-cell suspension of bone marrow cells at 2 X 10%ml
was plated in non-tissue culture grade petri dishes. On day 3 an additional
10 ml of fresh medium was added to the cultures. On day 6 half the me-
dium was removed, and the cells were pelleted, resuspended in fresh me-
dium, and added back to the petri dishes. On day 7 nonadherent cells were
removed, leaving strongly adherent macrophages on the plate. These cells
were pelleted, resuspended at 2 X 10° cells/ml, and replated before use. On
day 7 these were a heterogeneous population, 65-80% of the cells having
surface phenotype and morphology of immature DCs (Fig. 1A), with gran-
ulocytes being the main contaminant. Maturation was initiated on day 7
with 0.1-1 pg/ml LPS (Escherichia coli serotype 026:B6; Sigma-Aldrich,
St. Louis, MO) or 0.02% (w/v) Staphylococcus aureus (Cowan strain)
(SAC; Cabiochem, La Jolla, CA) (3), and cells were assessed on day 8.

Bone marrow-derived macrophages were cultured in DMEM supple-
mented with 2 mM L-glutamine, 100 U/ml penicillin, 100 png/ml strepto-
mycin, 10% hesat-inactivated FBS, and 10% conditioned supernatant from
L 929 cells, which was changed on day 2 of culture. Macrophages were
used for experiments on day 7 of culture.

Generation of apoptotic cells

Neutrophils were extracted from peripheral blood of healthy volunteers as
described previously (18). Briefly, blood was separated using dextran sed-
imentation and a Percoll gradient. This yielded highly pure human neutro-
phils (>90%), which were alowed to undergo constitutive apoptosis by
aging overnight in Iscove's medium supplemented with 100 U/ml penicil-
lin, 100 ug/ml streptomycin, and 10% autologous serum. After this period
the cells were 40—80% apoptotic by cytospin morphology. This method of
generating apoptotic bodies was preferred because there was no significant
necrosis (<1%) by trypan blue exclusion, as confirmed by annexin-pro-
pidium iodide staining and flow cytometry. Apoptotic murine thymocytes
were also generated for use in some experiments by treating single-cell
suspensions of thymocytes with dexamethasone for 4—6 h. This method
yielded apoptotic cells, but these preparations often contained contaminat-
ing postapoptotic cells and other nonapoptotic thymic cells. For most ex-
periments cells were stained using a green cell tracker dye (Molecular
Probes, Eugene, OR) before overnight culture.

DC-apoptotic cell coculture

Fluorescently labeled apoptotic cells were cocultured with day 7 DCs at a
ratio of 2-5:1, apoptotic cells:DC. Interaction of DCs with apoptotic cells
was assessed by removing cells after 2 h and staining with alophycocya-
nin-CD11c for FACS analysis. All FACS analyses were conducted on a
FACSCalibur flow cytometer (BD Biosciences, Mountain View, CA).
Maximum interaction was seen at ratios of 5:1 apoptotic cellsDCs, but the
large numbers of uningested apoptotic cells reduced the efficiency of cell
sorting, so ratios of 2:1 were used in most experiments. For fluorescent
microscopy DCs were grown on chamber well slides, alowed to interact
with red fluorescent apoptotic cells, then fixed with 4% paraformaldehyde.
Slides were stained in PBS with 0.5% BSA and 0.2% sodium azide with
I-A°%-FITC (BD PharMingen) in the presence of 10% normal mouse serum.
Slides were mounted and examined under X63 oil lens using an inverted
microscope (Zeiss, New York, NY), and images were captured using Open
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Lab software (Improvision, Coventry, U.K.) and Cool Snap digital camera
(Media Cybernetics, Silver Spring, MD).

T cell proliferation assays

CD4 T cells were isolated from spleens of DO11.10 transgenic mice. In
brief, spleens were made into a single-cell suspension by passing through
a53-um pore size filter in PBS, and debris and red cells were removed by
density gradient sedimentation through Lympholyte-M (Cedarlane Labo-
ratories, Ontario, Canada) according to the manufacturer’s instructions.
Cells were then isolated using L3T4 (CD4) microbeads and the MACS
purification system (Miltenyi Biotec, Auburn, CA). Day 7 DCswere cocul -
tured with apoptotic cells for 4 h, stimulated with LPS overnight, and then
pulsed with 5 ug/ml OVA peptide (OVA 3,3 335 Albachem Laboratories,
Edinburgh University, Edinburgh, U.K.) for 2 h. They were then washed
thoroughly, and cells were sorted into DCs containing apoptotic cells and
those not, using a FACSVantage cell sorter (BD Biosciences). Contami-
nating apoptotic cells could be excluded from the sort by their smaller size
and bright fluorescence. OVA-TCR-transgenic T cells (3 X 10°) were
cocultured in 24-well tissue culture dishes with varying doses of DCs for
5 daysin afina volume of 2 ml. Proliferation was assessed by removing
triplicate 100-ul samples pulsed with 1 wCi/well [*H]thymidine (Sigma-
Aldrich) for 16 h. Cells were harvested, and thymidine incorporation was
measured using a scintillation counter. Interactions were performed in
duplicate.

FACS analysis of costimulatory molecules

DCs were cocultured with apoptotic cells for 4 h before overnight stimu-
lation with LPS. Nonadherent cells were then removed from plates and
resuspended in PBS with 0.5% BSA and 0.2% sodium azide. Blocking was
performed using 10% mouse serum for 15 min, then cells were stained with
relevant Abs at 4°C in the dark for 30 min. Cells were then washed and
resuspended in 200 ul of FACS wash and analyzed using FACSCalibur
and FlowJo software. The following Abs were used (all from BD Phar-
Mingen unless otherwise stated): FITC-I-AYI-EY, PE-CD40, PE-CDS6,
PE-CD54, PE-CD11c, alophycocyanin-CD11c, and FITC-F4/80 (Serotec,
Oxford, U.K.). All samples were compared with appropriate isotype con-
trols. The geometric mean fluorescence of cells positive to isotype control
was used in analysis unless stated otherwise.

Cytokine detection

For intracellular cytokine staining, cells were cocultured with apoptotic
cellsfor 4 h and stimulated with LPS for 5 h in the presence of GolgiPlug
(BD PharMingen) according to the manufacturer’s instructions. Cells were
harvested and stained for cell surface markers as described above. Cells
were then fixed using 4% paraformaldehyde and permeabilized with 2%
saponin in PBS with 0.5% BSA, 0.2% sodium azide, and 10% mouse
serum while staining with alophycocyanin-TNF-«, IL-10, and 1L-12p40/
p70 (BD PharMingen). IL-10 could not be reliably detected above back-
ground by intracellular staining and so was also measured in the superna-
tant after 24—48 h of interaction with apoptotic cells and LPS using a
Quantakine ELISA kit (R&D Systems, Minneapolis, MN). Interactions
were performed in duplicate wells, and triplicate readings of each super-
natant were made. Soluble forms of IL-10 and TGF-BR were obtained from
R&D Systems and used at the recommended concentrations (1.25 and 0.5

ng/ml, respectively).

Results
Immature murine myeloid DCs ingest apoptotic cells

Day 7 murine myeloid DCs cultured as described above were im-
mature by cell surface phenotype (CD11lc*MHC class
11" CD40~ CD80'°CD86'°") and could be matured (as evidenced
by up-regulation of costimulatory molecules and MHC class I1)
over 24 h by the addition of LPS in a dose-dependent manner (Fig.
1A). Similar results were seen by stimulation with SAC (data not
shown). Apoptotic cells stained with a fluorescent cell-tracker dye
were cultured with DCs at aratio of 5:1, and interactions with DCs
were quantified by flow cytometry. In a typical experiment, 2 h
after coincubation ~50% of CD11c* cells had interacted with
apoptotic cells. Such interaction was exhibited by <5% of DCs at
4°C, demonstrating that the interaction assay used predominantly
detected phagocytosis rather than binding (Fig. 1B). Ingestion was
further confirmed by fluorescence microscopy (Fig. 1C). Similar
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FIGURE 1. Immature murine myeloid DCs ingest apoptotic cells. A, DCs cultured as described are immature on day 7, as assessed by levels of
expression of costimulatory molecules and MHC class I1. Stimulation by LPS for 24 h induced a mature phenotype in a dose-dependent manner. DCs were
prepared as described in Materials and Methods and stimulated with O (thin lines), 0.1 (dashed lines), or 0.5 pg/ml (thick lines) LPS for 24 h and assessed
by flow cytometry. |sotype controls are omitted for clarity but sit in the first log order of fluorescence. Data shown are from one experiment, representative
of at least five similar experiments. B, Immature DCswere incubated with fluorescently |abeled apoptotic neutrophils at aratio of 1:5. Flow cytometric assay
of interaction between DCs and apoptotic cells demonstrating at 37°C green fluorescence of phagocytic DC, which was almost completely inhibited at 4°C.
Events were gated for CD11c-positive cells and were representative of at least three experiments. C, DC were incubated with fluorescent apoptotic cells
and counterstained with FITC-conjugated I-A%I1-EY (MHC 11). By fluorescence microscopy, red fluorescent apoptotic bodies interact with MHC 11-positive
DCs (green) and, after internaization by a DC, change their fluorescent properties (arrow). Original magnification, X63 oil. Scale bar represents 10 um.
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rates of phagocytosis were seen when dexamethasone-treated mu-
rine thymocytes were used as an alternative source of apoptotic
cells (data not shown). Thus, immature murine DCs exhibited a
capacity for phagocytosis of apoptotic cells similar in magnitude to
that reported in studies of immature human DC (7, 8).

Ingestion of apoptotic cells specifically inhibits the ability of
DCs to up-regulate CD86

To ascertain whether ingestion of apoptotic cells aters DC phe-
notype, cell surface expression of activation markers was studied
by flow cytometry after phagocytosis. No significant difference in
cell surface expression of the costimulatory molecules CD40,
CD80, and CD86 was seen between immature DCs that had in-
gested apoptotic cells (ac*) and those that had not (ac™) either
immediately (2 h, data not shown) or 24 h (Fig. 2) after phagocy-
tosis, confirming that ingestion of apoptotic cells did not activate
DCs. However, on DC maturation with LPS amarked differencein
surface expression of CD86 was detected between ac* DCs and
ac” DCs. Immature DCs were predominantly CD86'°%, with a
small population of CD86"9" cells. Upon maturation driven by
LPS the proportion of CD86"9" cells increased in a dose-depen-
dent manner (Fig. 1A). However, fewer ac* DCs became CD86"9"
compared with ac™ DCs; in atypical experiment at 0.1 wg/ml LPS
only 13.2% of ac* DCs became CD86"9" vs 42% ac~ DCs, and
this difference was maintained at the highest LPS dose of 0.5 ug/
ml, with only 24% of ac™ DCs becoming CD86"9" compared with
46% of ac” DCs (Fig. 2). Similar results were seen when DCs
were matured with SAC (data not shown). Mature DCs were het-
erogeneous for CD54 with distinct populations of CD54'°" and
CD54"9" cells, becoming most apparent at the highest dose of LPS
(0.5 wg/ml). Despite the general increase in fluorescent intensity of

INHIBITORY EFFECTS OF APOPTOTIC CELLS ON DCs

the ac* DCs after phagocytosis, it is apparent that the percentage
of CD54"9" cells was lower in ac™ than ac™ populations (Fig. 2).
CD40 expression was unaffected by apoptotic cells, with matura-
tion in response to 0.5 ug/ml generating a single CD40™ popula-
tion (Fig. 2), and no statistically significant difference was seen in
MHC class Il or CD80 expression (data not shown). Hence, the
failure to up-regulate CD86 in the ac™ DCswas not due to general
unresponsiveness to LPS but appeared to affect a subset of co-
stimulatory molecules.

Failure to up-regulate CD86 expressionin ac* DCs could reflect
preferential ingestion of apoptotic cells by a subpopulation of DCs
destined not to become CD86M9" in response to maturation stimuli.
However, when the mean CD86 fluorescence for the whole DC
population was compared between DCs matured in the presence or
the absence of apoptotic cells (Fig. 3, A and B), the presence of
apoptotic cells resulted in significantly lower CD86 fluorescence
for the whole DC population compared with the control. No such
difference would have been detectable had the capacity to ingest
apoptotic cells merely marked a subpopulation of DCs destined not
to up-regulate CD86 in response to LPS. This and the observation
that no significant difference in costimulatory molecule expression
was detected between the ac*™ DCs and ac~ DC population im-
mediately after ingestion (data not shown) support the fact that
phagocytosis had not preferentially occurred in a subpopulation
destined to be CD86'°". Also, this inhibitory effect was not merely
aresult of particle ingestion, as immature DCs, when cocultured
with latex beads and oxidized lipid, showed remarkably high levels
(>85%) of phagocytosis and endocytosis, respectively, and exhib-
ited no defect in LPS-driven up-regulation of CD86 expression,
exhibiting, instead, apparently enhanced expression (Fig. 3C).
Taken together these data support the hypothesis that apoptotic cell

Control 0.1 pg/ml LPS 0.5 pg/ml LPS
100 100 100
80 80 80
CD40 60 60 4 60 -
40 40 40
204 204 20
FIGURE 2. DCsthat haveinternalized ap- 0 - 0 T O rebet e —
optatic cells, but not control particles, fail to T oIeE e At AoNTn ek a0 | fgdtoe Ao aps ae. 1o
up-regulate CD86 normally in response to 100 100 10
LPS or SAC, but up-regulate other markers,
such as CD40 and CD54. DCs were incu- 807 80+ 80
bated with green fluorescent apoptotic cells, o -
matured with LPS, and stained for surface co- Bt o 2 2
stimulatory molecules. DCs were gated into i i b
ac™ (filled histogram) and ac~ (open histo-
gram) by incorporation of green fluorescence. 20 4 20.] 20
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FIGURE 3. Surface CD86 expression of bulk DC cultures containing
both ac* DCs and ac~ DCs was inhibited by apoptotic cells. DCs were
incubated with apoptotic cells and subsequently matured with SAC
(0.02%, wiv; A) or LPS (0.1 pg/ml; B). Surface CD86 expression was
measured by FACS and is expressed as mean fluorescence relative to con-
trol unstimulated DCs. Relative fluorescence of DCs cocultured with ap-
optotic cells ((J) or medium alone (M) is shown, demonstrating that apo-
ptotic cells can suppress both LPS- and SAC-driven DC maturation.
Apoptotic cells were excluded from FACS analysis on the basis of small
size and bright green fluorescence. The mean fluorescence + SD for trip-
licate measurements from one culture is shown. Similar results were seen
in three (SAC) or five (LPS) independent experiments. *, p < 0.05 (by
ANOVA). C, DCs were cultured with latex beads ([]) or oxidized LDL
(E); compared with incubation with no particles (H), these control particles
augmented, rather than decreased, CD86 expression. The mean fluores-
cence of duplicate cultures is shown, and similar results were seen in two
independent experiments.

ingestion alters the subsequent response of DCs to maturation
stimuli.

Ingestion of apoptotic cells modulates proinflammatory cytokine
expression by DCs

Cytokines produced by DCs are especially important in determin-
ing subsequent T cell responses. We therefore examined the effect
of ingestion of apoptotic cells on cytokine production by DCs by
combining the fluorescent phagocytosis assay and intracellular cy-
tokine staining of cells, alowing us to study the production of
cytokines by individual DCs (Fig. 4). The autocrine response to
TNF-« produced after LPS stimulation is an important factor in
terminal maturation and activation of DCs as well as recruitment
and activation of neighboring effector cells. Interestingly, virtually
all the DCs containing apoptotic cells expressed TNF-« after stim-
ulation with LPS for 5 h, demonstrating their functional viability
and continuing responsiveness to LPS stimulation. A small popu-
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lation of the ac™ DCs failed to produce TNF-« and probably rep-
resented a population of fully matured or “exhausted” DCs (19)
(Fig. 4). IL-12 is produced predominately by DCs and orchestrates
both the innate and adaptive immune responses. DCs express a
functional 1L-12R, ligation of which by bioactive I1L-12p70 aug-
ments LPS maturation. In contrast to TNF-a, ac* DCs failed to
express IL-12 even when stimulated with 0.5 uwg/ml LPS (Fig. 4).
Similar results were seen when DCs were stimulated with SAC
(data not shown).

Inhibitory effects of apoptotic cells on DCs are not mediated by
autocrine/paracrine effects of 1L-10 or TGF-B1

IL-10 is an important anti-inflammatory cytokine associated with
induction of tolerance, resolution of inflammation, inhibition of
production of proinflammatory cytokines, and DC maturation (20).
IL-10 has been shown to inhibit DC maturation, acting in both a
paracrine and an autocrine manner (21). Interaction of apoptotic
cells with monocytes (22), but not macrophages (14), has been
shown to induce the production of IL-10. To investigate whether
changes in IL-10 expression by DCs ingesting apoptotic cells
might contribute to the different phenotype, intracellular IL-10
production and release into the supernatant were studied. IL-10
was detectable in DC culture supernatant but was unaffected by
interaction with apoptotic cells or the addition of LPS (Fig. 5A).
Intracellular 1L-10 was difficult to detect reliably over background
staining, and no differencesin levels of IL-10 staining between ac™
and ac- DCs were detectable (data not shown). Furthermore,
blockade of functional 1L-10 by soluble IL-10R did not differen-
tially affect costimulatory molecule expression in the two DC sub-
populations (data not shown). Finally, LPS activation of DCs de-
rived from bone marrow of IL-10-deficient mice was a so inhibited
by the ingestion of apoptotic cells. Interestingly, these DCs dem-
onstrated a heightened responsiveness to LPS, confirming an au-
tocrine feedback role for IL-10 in DC maturation (Fig. 5B).
TGFB-1 is another important inhibitory cytokine implicated in
anti-inflammatory effects of apoptotic cells. TGF-B is found in
apoptotic cells, preferentially localized to the mitochondria (23), as
well as being secreted by macrophages ingesting apoptotic cells
(14-16). Although TGF-B1 could be found in our culture super-
natants, levels of serum contamination made determining its origin
difficult (data not shown). However, when a soluble TGF-BR was
used to neutralize active TGF-B1 released by DCs they were till
inhibited after ingesting apoptotic cells (Fig. 5C). In contrast, sol-
uble TGF-BR was capable of blocking inhibition of TNF-a pro-
duction by macrophages that had ingested apoptotic cellsin a par-
alel system (Fig. 5D). Taken together these data mitigate against
arolefor autocrine IL-10 or TGF-B1 ininhibiting the DC response
to LPS while confirming the previously reported role for TGF-Bin
the inhibition of macrophages that have ingested apoptotic cells.

Ingestion of apoptotic cells generates DCs with diminished
capacity to sustain Ag-dependent unprimed T cell proliferation
despite LPS maturation

To determine whether these cytokine and surface CD86 differences
reflected a distinct functional phenotype of DCs, we chose to ex-
amine the capacity of ac~ DCs and ac™ DCs to sustain Ag-de-
pendent naive T cell proliferation, a process critically dependent
on IL-12 production and expression of costimulatory molecules.
The use of unprimed T cells from DO11.10 TCR-transgenic mice
allowed us directly to compare T cell proliferation in response
to mature ac* DCs vs ac~ DCs, pulsed in both cases with
OV A .,,5 330 Peptide after LPS maturation. Interestingly, ac* DCs
retained the ability to sustain naive T cell proliferation but were
only ~30% as effective as stimulators compared with ac™ DCs or
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DCs that have ingested apoptotic cells can be distinguished by the incorporation of green fluorescence. The quadrant markers are set on isotype control
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of three independent experiments.

DCs matured without apoptotic cells when cultured at a ratio of
10:1, T cells:DCs (Fig. 6).

Discussion

The data presented demonstrate that DC ingestion of apoptotic
cells, but not control particles, results in subsequent down-regula-
tion of LPS-driven IL-12 production and CD86 expression. Fur-
thermore, this correlated with impaired Ag-dependent T cell acti-
vation in vitro. Interestingly, these effects were restricted to those
DCs that had ingested apoptotic cells and were not due to anti-
inflammatory cytokine production, implicating ligation of specific
phagocytic receptors in this process.

Bone marrow-derived DCs and macrophages arise from com-
mon myeloid precursors and share many characteristics while
maintaining subtle differences in responses and effector functions.
Ingestion of apoptotic cells stimulates macrophages to adopt an
anti-inflammatory phenotype, inhibiting LPS-induced release of
TNF-a and up-regulating release of TGF-B1 and other anti-
inflammatory mediators (24, 25). Furthermore, previous reports
and our unpublished data emphasize that this phenotypic changein
macrophages ingesting apoptotic cells is spread to surrounding
cells through the paracrine action of cytokine release triggered by

the ingestion of apoptotic cells. Thisisin contrast to the response
of DCs ingesting apoptotic cells, which, in this current study, did
not affect the ability of neighboring DCs that had not ingested
apoptotic cellsto mature or stimulate T cells. Thiswould implicate
a direct and cell-specific effect of apoptotic cell ingestion on DC
expression of CD86 and cytokine production, rather than a para-
crine effect of secreted anti-inflammatory cytokines. Our data lend
weight to the possibility that the different recognition mechanisms
employed for ingestion of apoptotic cells by monocyte-derived
phagocytes might determine the different responses seen between
macrophages and DCs (7, 26), although we have not set out to
define the receptors for apoptotic cells implicated in the inhibition
of DC maturation in this study. The preferential inhibition of IL-12
has been demonstrated by ligation of alarge number of phagocytic
receptors used by macrophages, including some that are also ex-
pressed on DCs (27, 28). The CD36/integrin «,, Bs/thrombospondin
complex has been implicated as the major receptor for apoptotic
cells in DC phagocytosis, and recently binding of both maaria-
infected erythrocytes (29) or apoptotic cells (30) to this complex
has been shown to inhibit human DC maturation. Although these
studies did not address whether apoptotic cell internalization must
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FIGURE 6. Ag-driven T cell stimulation was diminished in DCs that
ingested apoptotic cells despite LPS stimulation. Mature DCs were pulsed
with OVA 5,5 339 peptide, sorted into ac™ (M) and ac™ (@) cells, and in-
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Background proliferation in the absence of OVA peptide was <2000 cpm
in al experiments. The mean = SD from triplicate measurements in one
experiment, representative of three independent experiments, are shown.

occur, our dataimply that adirect interaction is necessary for these
effects to be seen.

Apoptotic cells are poorly immunogenic and, unless they over-
load normal clearance mechanisms (probably becoming second-
arily necrotic) or are associated with danger signals, rarely incite
an immune response (31). Furthermore, UV irradiation, character-
ized by widespread apoptosis, is associated with generalized im-
munological hyporesponsiveness, demonstrating a potential im-
munosuppressive effect of apoptotic cells on the adaptive immune
system. In an interesting recent report, injection of apoptotic cells
was able to promote bone marrow engraftment even across MHC
barriers in a species-independent manner (32). Although the exact
mechanisms of immunosuppression in such systems are not fully
understood, a bone marrow-derived cell, likely to be the DC, has
been implicated. Exactly how this occurs is controversial, but an
increasingly accepted view is that the immature DC, with low lev-
els of costimulatory molecule expression, would fail to deliver

incubated with or without apoptotic cells. Note the generally higher levels
of expression of CD86 in IL-10-deficient DCs. Data are the mean = SD
from triplicate wells from one knockout or wild-type mouse representative
of four similar mice. The presence of TGF-B soluble receptor (C) does not
affect the inhibitory capacity of apoptotic cells. DCs were cultured with
apoptotic cells as described in Materials and Methods in the presence or
the absence of TGF-B soluble receptor. Data are the mean = SD from
triplicate wells from one culture. Similar results were seen in two inde-
pendent experiments. D, TGF-B soluble receptor does inhibit the effect of
apoptotic cell ingestion on TNF-a production by LPS-stimulated mouse
bone marrow-derived macrophages. Macrophages were incubated with
LPS (1 wg/ml) and/or apoptotic cells, and TNF-« production was measured
by ELISA after 24 h.
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signal 2 and induce anergy or deletion of an interacting T cell. In
support of this, repeated immunization with immature DCs does
appear to induce Treg/Trl cells. In contrast, mature DCs, which
are able to secrete a potent stimulatory cytokine, IL-12, and ex-
press high levels of costimulatory molecule expression, induce
strong adaptive immunity. IL-12 has been shown to have a myriad
of functions, including modulating Thl vs Th2 switching, activa-
tion of NK cells, and production of IFN-vy. Furthermore, the au-
tocrine effects of I1L-12 have been shown to augment DC responses
to exogenous stimuli, underscoring the importance of this cytokine
in DC effector functions and the subsequent adaptive immune re-
sponse. Although failure of ac* DCs to produce high levels of
IL-12 might contribute to some of the subsequent phenotypic
changes, including diminished T cell stimulation, we have no di-
rect evidence of whether this is indeed the case and is the subject
of ongoing investigation. Nevertheless, failure to produce IL-12
after apoptotic cell ingestion appearsto correlate closely with these
changes.

The importance of ingestion of apoptotic cells by DCs is un-
derscored by circumstantial evidence implicating such DCs in
maintaining tolerance. For example, a specific population of rat
lymph DCs, characterized by being OX41 CD4 ™, has been de-
scribed. These cells represent a major population found in the
lymph draining the intestinal epithelium and have blunt pseudo-
podia and coarse granular inclusions, identified as being derived
from apoptotic intestinal epithelial cells. Functionaly, these
OX41 CD4 " rat lymph DCs aso demonstrate an impaired ability
to stimulate T cellsin vitro and have been implicated in the ability
of the gut to handle large amounts of foreign Ags in atolerogenic
fashion (33-35). Interestingly, our in vitro cultured ac™ DCs also
share some of these physical characteristics with the OX41~CD4~
rat lymph DCs (our personal observations). While comparisons
between in vivo/ex vivo studies of rat DCs and our in vitro work
on murine DCs need to be made with caution, taken together these
data lend strong support to the concept that ingestion of apoptotic
cells by DCs modulates their function.

In conclusion, it is essential for DCs to mature before they can
activate naive T cells, and our data and two recent studies (4, 5)
confirm that ingestion of apoptotic cells alone did not provide suf-
ficient maturation stimulus. However, some necrotic cells or vi-
rally infected apoptotic cells are effective stimulators of DC mat-
uration. Therefore, DCs ingesting apoptotic cells must be exposed
to additional agents, such as necrotic cells, monocyte-conditioned
medium, or viral products, before they become capable of stimu-
lating T cells. Many of these agents will be present in inflamed
sites alongside apoptotic cells in vivo, and the potential for DCs
both to acquire apoptotic cell-derived self-Ags and receive matu-
ration signals is high. However autoimmunity is uncommon, and
the response of the DC islikely to be tightly regulated. We suggest
that ingestion of apoptotic cellsis not immunologically null, but is
capable of regulating DC maturation, providing a counterbalance
for inflammatory stimuli. A failure to see these inhibitory effects of
apoptotic cells in other studies may reflect the percentage of DCs
ingesting apoptotic cells and the strength of the maturation stim-
ulus used. In the future, defining whether apoptotic cells them-
selves are sufficient to alter DCs effector functions in vivo will be
of great interest. Further investigating this process will increase
our understanding of the mechanisms controlling peripheral self-
tolerance while giving us new insights into strategies for Ag de-
livery that might generate tolerance rather than immunity. In con-
trast, understanding how apoptotic tumor cells or pathogens might
also use this phenomenon for immune evasion will increase our
understanding of tumor immunology and infectious disease.

INHIBITORY EFFECTS OF APOPTOTIC CELLS ON DCs
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