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Cells undergo apoptosis in development, tissue ho-
meostasis, and disease and are subsequently cleared
by professional and nonprofessional phagocytes.
There is now overwhelming evidence that phagocyte
function is profoundly altered following apoptotic
cell uptake, with consequences for the ensuing innate
and adaptive immune response. Pathogens and tu-
mors exploit the changes in macrophage function
following apoptotic cell uptake. Here, we will outline
the consequences of apoptotic cell phagocytosis and
illustrate how apoptotic cells could be used to manip-
ulate the immune response for therapeutic gain. (4m
J Patbol 2007, 171:2-8; DOI: 10.2353/ajpath.2007.070135)

Apoptosis Happens All of the Time in All
Places

Apoptosis is programed cell death usually associated
with retention of plasma membrane integrity, condensa-
tion and cleavage of nuclear and cytoplasmic proteins,
and cell shrinkage or the formation of apoptotic bodies.
Apoptotic cells are rapidly engulfed by phagocytes in a
process akin to macropinocytosis, coined efferocytosis
(taken from the Latin effero, meaning to take to the
grave)." The effective clearance of apoptotic cells fol-
lowed by replenishment of cells and tissues is essential
for development, homeostasis, and response to injury.
During development organogenesis requires repeated
remodeling, and cell turnover occurs at a staggering rate.
Even tissues with low turnover rates in adults show ex-
tensive turnover during organogenesis, exemplified by
the developing mammalian brain where up to 50% of
cells are deleted.? Deletion of unwanted cells is also
critical for the development and maintenance of the in-
nate and adaptive immune system. Greater than 1 x 10"
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circulating neutrophils are eliminated each day, mostly
from the blood by liver and spleen but also by in situ
phagocytosis of apoptotic neutrophils that have migrated
into tissues and been replaced in a process that leaves
no obvious trace.® Only 5% of developing thymocytes are
exported as mature T cells as the vast majority undergo
apoptosis in a process known as negative selection,
which allows for removal of self-reactive and potentially
autoimmune lymphocytes.” Clearance defects in the
negative selection process, as illustrated in dexametha-
sone-induced thymocyte apoptosis in mer(kd) mice, can
lead to autoantibody production and autoimmunity.®

Effectively, almost every cell in our bodies is replaced
during our lifetime and some many times over. This in-
cludes the deletion of red blood cells, or eryptosis, a
special form of programed cell death that displays all
features of apoptosis (except of course nuclear conden-
sation) and occurs at a rate of 3000 cells per second.
Another example is the shedding of intact cell fragments
illustrated by work from Finnemann’s group,® showing
that photoreceptor rods continuously renew their light-
sensitive outer segments with the onset of light. Rod
shedding precedes a synchronized burst of retinal pig-
ment epithelia phagocytosis, which rapidly clears shed
photoreceptor outer segment fragments from the retina.
Retinal pigment epithelial cells phagocytose more mate-
rial over a lifetime than any other cell in the body. Clear-
ance failure causes accumulation of undigested photo-
receptor components associated with storage bodies
containing lipofuscin associated with retinal disease in-
cluding the development of age-related macular degen-
eration, which is the leading cause of blindness among
the elderly.

Physiological changes associated with growth, age, or
pregnancy can generate additional large numbers of
apoptotic cells, and one striking example is the involuting
mammary gland where mammary epithelial cells clear
dying cells and restore the organ to pre-pregnancy con-
ditions” (further illustrated in Figure 1). Finally, tissue
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Figure 1. Phagocytosis of apoptotic cells. A and B: Engulfment of apoptotic
cells by mammary epithelial cells in vivo. A: H&E staining of paraffin-
embedded tissue taken 3 days after weaning. The arrow shows an apoptotic
cell shed into the lumen (L). Arrowheads point to apoptotic bodies, which
appear to be contained within viable neighbors. Bar = 50 wm. B: Frozen
section (8 uwm thick) of mammary gland tissue harvested 3 days after weaning
stained with Cytodeath, an antibody recognizing caspase-cleaved keratin-18,
and counterstained with rhodamine-phalloidin and 4,6-diamidino-2-phe-
nylindole. Optical slices through the tissue are shown as the maximum
intensity projection of the data. Intact and fragmented apoptotic bodies
within phagosomes in viable epithelial cells are shown. Bar = 10 um. Kindly
provided by Jen Monks, National Jewish Medical and Research Center,
Denver, CO. C: Scanning electron micrograph obtained of phagocytosis of
apoptotic eosinophils by a small airway bronchial epithelial cell. Two par-
tially phagocytosed eosinophils are clearly visible by their globular surface
features, whereas another is almost completely engulfed by an encroaching
smooth small airway bronchial epithelial cell membrane. The membrane
advances further to cover an adjacent eosinophil and projections of small
airway bronchial epithelial cell membrane clearly extend around the apo-
ptotic eosinophil. Original magnification, X3200. Kindly provided by Drs.
Garry Walsh and Darren Sexton, University of Aberdeen.

injury and ensuing inflammation are invariably associated
with cell death and apoptosis of tissue cells or infiltrating
cells of the immune system and have been described in
numerous experimental models and human diseases.®®°
Given the incredible number of apoptotic cells generated
and cleared in health and disease, it is not surprising that
the process was initially thought to be immunologically
inert.

Inflammatory Mediator Production following
Apoptotic Cell Uptake
Early studies supported the notion that apoptotic cell

uptake is immunologically neutral, because of the lack of
proinflammatory mediator production following uptake of
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apoptotic eosinophils and neutrophils, whereas post-
apoptotic eosinophils or opsonized neutrophils and
zymosan particles induce production of granulocyte-
macrophage colony-stimulating factor, N-acetyl-B-b-glu-
cosaminidase, and thromboxane.'®'" However, there is
now compelling evidence that binding or uptake of apo-
ptotic cells to phagocytes induces production of trans-
forming growth factor B (TGF-B) and in some model
systems interleukin-10 in vitro.'® '3 These anti-inflamma-
tory cytokines have direct autocrine and paracrine effects
on proinflammatory cytokine production as illustrated by
inhibition of lipopolysaccharide-induced tumor necrosis
factor a production.’® More recently, the importance of
TGF-B signaling in the consequences of apoptotic cell
uptake were examined in more detail: arachidonic acid
release, cyclooxygenase 2, and prostaglandin synthase
expression were shown to be dependent on TGF-8 pro-
duction as well as inhibition of thromboxane synthase,
sulfidopeptide leukotrienes, nitric-oxide synthase, and
nitric oxide."

Interestingly, apoptotic cell uptake stimulates lipid me-
diators such as 15-lipoxygenase and 15-hydroxyeicosa-
tetraenoic acid, acting through peroxisome proliferator-
activated receptor-y and inducing lipoxin A, production,
which enhances uptake of apoptotic cells by phago-
cytes’ and, together with resolvins and protectins, dom-
inates the resolution phase of the inflammatory re-
sponse.'® In addition to autocrine and paracrine effects
mediated through cytokines and lipid mediators, Ucker
and colleagues' have described direct effects of apo-
ptotic cells on the proinflammatory transcriptional ma-
chinery of macrophages. They show that apoptotic cell
binding causes immediate-early inhibition of proinflam-
matory cytokine gene transcription independent of sub-
sequent engulfment and soluble factors.

Nonprofessional phagocytes such as endothelial or
epithelial cells that phagocytose neighboring apoptotic
cells subsequently produce survival and growth factors
such as vascular endothelial growth factor and hepato-
cyte growth factor,'®'® which probably contribute to tis-
sue replenishment and restoration of endothelial and ep-
ithelial boundaries. Interestingly, recent work in the model
organism Drosophila suggests that the secretory factors
decapentaplegic (a TGF-B homolog) and wingless are
directly produced by cells undergoing apoptosis and
induce signaling cascades for compensatory prolifera-
tion of neighboring cells®® (illustrated in Figure 2). In this
context, it is important to underline the role of nonprofes-
sional phagocytes such as airway epithelial cells in the
lung or mesangial cells in the kidney, which play an
important role in the clearance process. Chronic lung
disease, including cystic fibrosis and chronic obstructive
pulmonary disease, are characterized by increased num-
bers of apoptotic cells, and this is not just a consequence
of increased induction of apoptosis but also because of
impaired clearance by airway epithelial cells.®

In contrast to the countless reports detailing the anti-
inflammatory consequences of apoptotic cell uptake, a
small number of studies that cannot be disregarded show
that very early apoptotic cells can be cleared silently
without release of either pro- or anti-inflammatory media-
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Figure 2. Inflammatory mediator release in the context of apoptotic cell
phagocytosis. Electron micrograph of a apoptotic endothelial cell ingested by
a viable neighboring endothelial cell and diagram of inflammatory mediators
produced in the context of this process. Kindly provided by Mike Greaves
and Isobel Ford, University of Aberdeen.

tors®! or describe proinflammatory consequences, in-
cluding the release of interleukin-8 with subsequent neu-
trophil chemotaxis®® and release of Fas ligand. The
recognition mechanism involved in uptake may be criti-
cally important for the immunological consequences as
suggested by studies showing that phosphatidylserine-
dependent ingestion of necrotic cells is immunologically
neutral®® and data suggesting that the dual function of
bridge molecules such as surfactant protein (SP) A
(SP-A) and surfactant protein D (SP-D) is to enhance
proinflammatory mediator production when binding to
calreticulin/CD91 and to inhibit inflammation when bind-
ing to signal regulatory protein-a.?*

Apoptotic cell uptake predominantly initiates mecha-
nisms that contribute to resolution of injury and repair, but
this must be seen in the context of other signals that
impinge on the surface receptors of phagocytes. Gener-
ally, not all phagocytes within a given population take up
apoptotic cells, and those that do frequently take up more
than one apoptotic target, suggesting that the activation
state and differential receptor expression markedly influ-
ences not only phagocytic capacity but also subsequent
responses. Necrotic cells and pathogens share many of
the ligands of apoptotic cells but usually induce different
responses at least partially because they also engage
pattern recognition receptors and signaling pathways not
activated by apoptotic corpses. On the single cell level,
apoptotic cell uptake activates Rho GTPases,?® which in
turn markedly inhibit phagocytosis.® This may eventually
lead to clearance failure or uptake by phagocytes that
initially were not primed for uptake, and so far, we can
only speculate whether this alters the phagocyte and
subsequent immune response in an inflamed focus with
ongoing cell death. Macrophage function within complex
environments (ie, inflamed tissue) is notoriously difficult to
study, but existing data suggest that macrophage func-
tion is not an amalgamate of all of the signals received
but rather a programed response induced by the first
dominant stimulus to which the cells are exposed.?” It is
therefore conceivable that apoptotic cell uptake does not
immediately switch individual phagocyte function but

only does so after a critical number of cells have contrib-
uted to an overall change in the microenvironment.

Importantly, a series of in vivo experiments show the
anti-inflammatory effects of apoptotic cell phagocytosis.
Deliberate instillation of apoptotic cells into sites of local
inflammation in the lungs and peritonea increased pro-
duction of TGF-B as well as enhanced resolution of inju-
ry.?® Decreased alveolar macrophage apoptosis is asso-
ciated with increased pulmonary inflammation in a murine
model of pneumococcal pneumonia,®® and defective
clearance of apoptotic cells in CD44 knockout mice leads
to unremitting inflammation following noninfectious lung
injury.3°

Thus, the innate response to apoptotic cell phagocy-
tosis is dominated by anti-inflammatory signals originat-
ing from the professional and nonprofessional phago-
cytes. Considerably less is known about the direct effects
of apoptotic cells, but recent observations suggest that
changes in surface composition and surface charge may
directly influence restoration of endothelial layers and
angiogenesis.®’

T-Cell Activation following Apoptotic Cell
Uptake

Dendritic cells (DCs) are the primary antigen-presenting
cells for initiating primary immune responses, but macro-
phages are abundant in inflammatory sites and can act
as antigen-presenting cells and perpetuate or terminate
immune responses depending on their state of activa-
tion.®2” After uptake of necrotic neutrophils, macro-
phages up-regulate the costimulatory molecule CD40
and stimulate significantly higher T-cell proliferation than
macrophages that have ingested apoptotic neutro-
phils.®? The production of the proinflammatory cytokine
interleukin-12 by macrophages is transcriptionally sup-
pressed following apoptotic cell uptake or treatment with
phosphatidylserine.®® Immature DCs are capable of ex-
tensive phagocytosis, and DC maturation can be inhib-
ited by the engulfment of apoptotic cells with suppressed
expression of the costimulatory molecule CD86 and sim-
ilarly to macrophages decreased interleukin-12 produc-
tion.®* Interestingly, studies conducted in the 1970s show
improved allograft survival following repeated blood
transfusions, and this may be due to the presence of
apoptotic granulocytes and lymphocytes in blood stored
for clinical transfusion.®® In this context, it is intriguing that
the infusion of donor apoptotic lymphocytes in a rat heart
transplantation model induced allograft tolerance and
was shown to be dependent on intact efferocytosis.3®
Despite this compelling evidence that ingestion of
apoptotic cells can inhibit antigen presentation and den-
dritic cell maturation, earlier studies indicate that antigen-
derived from ingested apoptotic cells could access the
cytoplasm of the ingesting cell and be cross-presented
on major histocompatibility class | molecules.®” More
recent work by Nussenzweig and colleagues®® estab-
lished that CD8* CD205" DCs, which seem to be
specialized for uptake of dying cells, are much better



than CD8~ 33D1" DCs for cross-presentation on major
histocompatibility class I.

This is concerning in that the uptake of apoptotic cells
and associated protein cleavage, which could generate
neo-autoantigens, might provoke autoimmune responses.
However, apoptotic cell phagosomes within dendritic
cells mature at a significantly slower rate than in macro-
phages,®® and DCs have been shown to be lysosomal
protease-poor, resulting in a limited capacity for lysoso-
mal degradation.*® In this context, it is not surprising that
apoptotic cells contained in DC phagosomes can be
observed in the afferent lymphatics of the gut*' en route
to lymph nodes. The slow degradation of ingested mate-
rial by dendritic cells may allow an extended period of
time to sample the microenvironment for danger signals,
which in turn instruct the dendritic cells to initiate an
immune response or assist in the maintenance of self-
tolerance. Danger signals include not only signals re-
ceived through pattern recognition receptors such as
Toll-like receptors but also necrotic cells.*? Necrotic but
not apoptotic cell death has been shown to release heat
shock proteins, which in turn deliver a partial maturation
signal to dendritic cells and activate their nuclear factor
kB pathway.*® Furthermore, protein fragments chaper-
oned by heat shock proteins and not intact proteins have
recently been shown to be crucially important for the
cross-presentation of antigens from cancer or infected
cells for priming of naive CD8™ T cells.**

Therefore, the microenvironment in which apoptotic
cell phagocytosis takes place seems to be critically im-
portant for the subsequent adaptive immune response. It
is likely that apoptotic cells ingested by DCs in the ab-
sence of danger signals or concomitant necrotic cell
death contribute to tolerance but otherwise might pro-
voke autoimmune responses. It is important to keep in
mind that the microenvironment is profoundly influenced
by the molecules produced by the corpse-eating phago-
cytes and that the balance of appropriately disposed
apoptotic cells versus primary necrotic or secondary ne-
crotic (ie, in clearance failure) cells may be critically
important.

Failed Clearance and Autoimmunity

The prototypic autoimmune disease systemic lupus ery-
thematosus is characterized by development of specific
antibodies to intracellular antigens that are clustered on
the surface of apoptotic cells.*® The notion that apoptotic
cell debris represents the autoantigen led to a series of
studies that showed that immunization with apoptotic
cells can drive the immune response and result in the
production of autoantibodies.*® This suggests that apo-
ptotic cell clearance defects contribute to the develop-
ment of autoimmunity. Indeed, patients with C1q defi-
ciency and other defects of the complement pathway
develop systemic lupus erythematosus,*” and Cilg
knockout mice develop spontaneous systemic autoim-
munity with a marked excess of noningested apoptotic
cells in the kidney.*® Experiments using knockout mice of
other components of the complement pathway including
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Figure 3. Consequences for the adaptive immune response. Diagram illus-
trating the balance of signals that determine the subsequent adaptive im-
mune response following apoptotic cell ingestion.

C8 and C4, also associated with susceptibility to sys-
temic lupus erythematosus, show delayed clearance of
apoptotic bodies by resident peritoneal macro-
phages.*® Mice deficient in other receptors and bridge
molecules implicated in clearance of apoptotic cells
such as MFG-E8,” Mer,®> and CD31°° also exhibit au-
toimmune disease. It is important to keep in mind,
however, that genes from the nonautoimmune strains
129 and C57BL/6(B6) commonly used for generating
knockout mice can induce a lupus-like disease and
that a 129-derived interval on distal chromosome 1 is
strongly linked to autoantibody production in the ab-
sence of any disrupted gene.®’

Mannose-binding lectin, a member of the collectin
family, is a serum protein with functional and structural
similarities to C1q that can activate complement through
the lectin pathway. Similar to the lung collectins SP-D and
SP-A, mannose-binding lectin can bind cells undergoing
apoptosis in vitro.°? SP-D and mannose-binding lectin
knockout mice show defective clearance of apoptotic
cells.®® Despite this, mannose-binding lectin knockout
mice do not develop autoimmunity, even when they are
aged on a lupus-prone background for 18 months,>*
showing that clearance failure does not inescapably lead
to autoimmunity. Intriguingly, mice deficient in CD14 also
show a clearance defect leading to persistence of apo-
ptotic cells in multiple organs and do not develop auto-
antibodies or autoimmune disease.®® This is of particular
interest because this receptor serves to present lipopoly-
saccharide to pattern recognition receptors and is known
to induce proinflammatory signals, but CD14-dependent
uptake of apoptotic cells is not accompanied by proin-
flammatory responses.

Taken together, these data suggest that failure of
apoptotic cell clearance in itself is not sufficient to initiate
autoimmunity, raising questions regarding other mecha-
nisms that instruct the immune response in the context of
clearance failure (further illustrated in Figure 3). It is im-
portant to keep in mind that despite clearance failure,
strong immunosuppressive signals such as the genera-
tion of TGF-B, are induced by those cells that indeed get
ingested or even just by binding to the phagocyte.
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Exploitation of Apoptotic Cells by Tumors and
Pathogens

In some ways, the most convincing evidence for the
anti-inflammatory consequences of apoptotic cell phago-
cytosis is the exploitation of these immune inhibitory sig-
nals by pathogens and tumors to aid their survival. Plas-
modium falciparum-infected erythrocytes inhibit the
maturation of DCs by binding to CD36, a known recog-
nition receptor for apoptotic cells. Infected DCs still se-
crete tumor necrosis factor « but fail to activate T cells
and secrete interleukin-10.%¢ This response can be mim-
icked by antibodies to CD36 or apoptotic cells and sug-
gests that the pathogen and apoptotic cells engage the
same pathway regulating DC function. It seems that plas-
modium almost inadvertently profits from using the same
entry mechanism as apoptotic cells, whereas other
pathogens not only exploit recognition mechanism but
also profit from the microenvironment created by apopto-
tic cell phagocytosis. Intense lymphocyte apoptosis oc-
curs in Chagas disease, a debilitating cardiac illness
caused by the protozoan Trypanosoma cruzi. In a mouse
model of the disease, interaction of apoptotic but not
necrotic T lymphocytes with macrophages infected with
T. cruzi fuels parasite growth in a manner dependent on
prostaglandins, TGF-B, and polyamine biosynthesis.®’
Work by Freire-de-Lima et al®” further show that the vi-
tronectin receptor is critical in both apoptotic-cell binding
to phagocytes and the induction of prostaglandin E,/
TGF-B release and ornithine decarboxylase activity in
macrophages. These results suggest that continual lym-
phocyte apoptosis and phagocytosis of apoptotic cells
by macrophages have a role in parasite persistence in
the host.

A blunted immune response to rapidly growing tumors
is frequently observed and thought to be at least partly
mediated by the immune inhibitory effects of apoptotic
cell phagocytosis. Reiter et al®® showed that exposure of
bone marrow-derived macrophages to apoptotic tumor
cells (but not necrotic) tumor cell inhibits their cytotoxicity
and nitric oxide production in response to interferon vy
and lipopolysaccharide. Furthermore, unstimulated bone
marrow-derived macrophages exposed to apoptotic
tumor cells enhanced growth of live tumor cells by
40%. Therefore, treatment of cancers with chemother-
apy or radiation, which leads to massive tumor cell apo-
ptosis, is likely to inhibit macrophage-mediated antitumor
responses.

These examples clearly illustrate the profound effects
of apoptotic cell recognition on the outcome of the im-
mune response to pathogens and tumors. It shows that
pathogens and tumors use endogenous anti-inflamma-
tory pathways to aid their survival, suggesting possibili-
ties for developing similar avenues to treat inflammatory
disease. A recent article by Rossi et al®® establishes that
we are already in position to apply this principle to treat
experimental lung and joint inflammation. They show that
human neutrophils contain functionally active cyclin-
dependent kinases (CDKs) and that structurally di-
verse CDK inhibitors induce caspase-dependent apo-

ptosis and override powerful anti-apoptosis signals
from survival factors such as granulocyte-macrophage
colony-stimulating factor. Furthermore, the CDK inhibitor
R-roscovitine markedly enhances resolution of estab-
lished neutrophil-dependent inflammation in carrageen-
an-elicited acute pleurisy, bleomycin-induced lung injury,
and passively induced arthritis in mice. In the pleurisy
model, the caspase inhibitor zZVAD-fmk prevents R-rosco-
vitine-enhanced resolution of inflammation, indicating
that this CDK inhibitor augments inflammatory cell apo-
ptosis. Thus, they show that CDK inhibitors enhance the
resolution of established inflammation by promoting
apoptosis of inflammatory cells.

Conclusions

Resolution of inflammation is not a passive process but
rather an active response to terminate the immune re-
sponse.®® We show here that the effective recognition
and clearance of apoptotic cells is critically important in
this process and that this important endogenous mech-
anism of controlling the immune response is exploited by
pathogens and tumors. The challenge for the future is to
manipulate effectively and coordinately the clearance of
dying cells to develop new therapies for inflammatory
and autoimmune disease and prevent inappropriate im-
mune inhibition in the context of pathogens and cancer.

Note Added in Proof

This Biological Perspectives review aims to provide a
conceptual outline of the consequences of apoptotic cell
phagocytosis rather than providing a complete review of
the existing literature, and we apologize to those whose
important relevant contributions are not cited. Detailed
differences between necrotic and apoptotic cells in this
context and the ligands that apoptotic and necrotic
cells and pathogens share have just recently been
reviewed elsewhere®'®? and are beyond the scope of
the manuscript.
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