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Abstract
Virtually all cells in the body have the capacity to recognize and respond to dead cells. Viable cells
discriminate apo from nec targets via distinct cell surface receptors. Engagement of these receptors
induces “recognition-dependent” signaling events in viable responding cells that differ for apo vs.
nec targets. Although “engulfment-dependent” signaling events also contribute to the response by
viable cells, these events do not differ for apo vs. nec targets. While many signaling events are
conserved across diverse cell lineages, other signaling events, especially those involving Akt,
demonstrate lineage-specific variation. Whereas apo targets activate Akt in MΦ, they inhibit Akt in
kidney epithelial cells. Differences in the responses to dead targets by viable migratory cells, such
as MΦ, and viable fixed cells, such as kidney epithelial cells, permit cell-specific adaptations to local
environmental change or stress. We propose that dead cells (apo and nec) act as sentinels to alert
nearby viable cells to local environmental change or stress.
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Distinguishing apo from nec cell death
Until recently, apo cells were thought of as inert debris, rapidly removed by resident or
infiltrating phagocytes without any discernible effect on surrounding tissue. A growing
literature now suggests that apo cells play a major role in immune homeostasis [1]. One of the
defining features of apo cells is their ability to act as potent anti-inflammatory agents [2,3].
This is in stark contrast to nec cells, which are typically associated with inflammation. These
opposing effects on inflammation represent one of the major functional differences between
apo and nec cell death.
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One would predict that such distinct effects on the inflammatory response should be linked to
differences in the signaling events elicited in phagocytes upon interaction with apo vs. nec
target cells. This is in fact the case. Two well-characterized examples of signaling events
differentially affected by apo and nec targets are NF-κB-dependent transcriptional activity
[4,5] and activation of the ERK1/2 signaling module [6]. While apo targets potently inhibit
both of these activities, nec cells stimulate them. Modulation of these activities by apo and nec
targets occurs early (within minutes for ERK1/2), and is a direct consequence of phagocytic
interaction with cellular corpses, independent of autocrine/paracrine factors such as TGF-β
[5].

Under most circumstances, apo cells are cleared very rapidly before they lose membrane
integrity. It is a widespread opinion that apo cells, if not cleared in a timely manner, behave
like nec cells, because of release of intracellular contents [4,5,7]. To the contrary, apo cells
appear to be functionally equivalent throughout all the stages of their existence, regardless of
membrane integrity [5,7]. Rather than mimicking nec cells, late apo cells behave under certain
circumstances identically to early apo cells. This is true with respect not only to their anti-
inflammatory properties, but also to the inhibition of NF-κB-dependent transcription and
ERK1/2 activity [5,7]. These results imply that apo targets deliver a consistent “message” to
nearby cells for the duration of their presence.

The uniform effect of apo cells, despite leakage of intracellular contents, suggests caution in
attributing the inflammatory effects of nec cells to their swelling and rupture. The only leaked
component from nec cells clearly shown to be inflammatory is the nuclear protein HMGB1
[8]. As expected, apo cells do not release HMGB1, even upon loss of membrane integrity [9].
It remains an unresolved issue which effects of nec cells are attributable to HMGB1 and which
to the nec cell corpse. At least with respect to ERK1/2 activation, as suggested by differential
centrifugation, both HMGB1 and nec corpses possess stimulatory activity [7].

Of note, several observations suggest that the relative potency of nec cells as a stimulus may
be less than that of apo cells. For example, in “head-to-head” competition, and with respect to
ERK1/2 activity, apo targets were able to negate fully the effect of nec targets, even when
present at one-eighth the number of nec cells [7].

Distinguishing between recognition and engulfment of dead target cells
The contrasting inflammatory effects and signaling events induced by apo vs. nec cells indicate
that phagocytes can discriminate these two distinct forms of target cell death. MΦ recognition
of each type of dead cell occurs via a saturable, receptor-mediated process [4]. Notably, the
receptors that mediate binding of apo targets do not compete with those for nec targets, and
vice versa. The existence of separate receptors is consistent with the discrete downstream
signaling events elicited by apo vs. nec cells, and implies that these two forms of cell death
provide independent information to responding phagocytes.

Identification and characterization of these receptors remain an area of active investigation.
Although several putative receptors for apo corpses have been described, it is critical to note
that their analysis has, in many cases, been incomplete [10–12]. Most functional tests have
evaluated apo target “uptake”, without discriminating between actual recognition and
engulfment. This is especially important with respect to downstream signaling events, since
apo and nec targets share a common pathway for engulfment. Thus, signals and/or outcomes
that are a consequence of engulfment must be the same for apo and nec targets. Only those
events dependent on receptor-mediated discrimination can differ for apo vs. nec targets.

We and others have begun to distinguish engulfment-dependent from recognition-dependent
signaling events. A clear example of the former is activation of the PI3K/Akt axis, occurring

PATEL et al. Page 2

Autoimmunity. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



upon exposure of MΦ to apo targets, nec targets, or even latex beads [6,7]. Importantly,
pharmacologic inhibition of phagocytosis prevents PI3K/Akt activation in response to these
targets, demonstrating the dependence on engulfment and the lack of a recognition-dependent
Akt response in MΦ [6,7].

Signaling activities, such as NF-κB-dependent transcription and ERK1/2 activity, which differ
for apo vs. nec targets are, therefore, attributable to receptor-mediated recognition. These
activities, while potently inhibited by apo targets, tend to be activated by nec targets [5–7].
Consistent with independence of engulfment, pharmacologic inhibition of phagocytosis had
no effect on the changes in NF-κB-dependent transcriptional activity [4].

Hypothesis: Dead cells are sentinels of local environmental change
Uptake of apo corpses is not limited to professional phagocytes. Similarly, the ability to
recognize and signal differentially in response to apo and nec targets extends to non-
professional phagocytes. For example, mouse fibroblasts and human epithelial cells
demonstrate inhibition of NF-κB-dependent transcription upon specific recognition of apo
targets [13]. In fact, we have observed no exceptions to the ubiquity of this inhibitory response.
Even non-phagocytic B- and T-lymphocytes exhibit the same conserved response to apo cell
recognition [13]. These data indicate that the network of signaling responses to apo and nec
targets, as observed in viable cells of multiple lineages, represents an under-appreciated and
ubiquitous source of information regarding the environment.

We hypothesize that cell death plays an important role in normal tissue homeostasis. Alterations
in the extent and type of cell death, as triggered by such diverse events as ischemia, infection,
aging, and acute injury, have the potential to alert neighboring viable cells to environmental
changes or stress [14,15]. By this scheme, dead cells transmit a “message” to nearby viable
cells about the nature of their immediate environment. In most cases, the signaling events
induced in responding cells by apo vs. nec targets are directionally opposite. Such a differential
provides neighboring viable cells with a means or gauge by which to assess the overall severity
of any environmental change. A predominance of nec cell death would suggest a sudden and
severe environmental event. Apo cell death, on the other hand, would represent a more gradual
and potentially adaptable change.

This hypothesis has important implications. First, since the signaling responses of viable
neighboring cells require physical interaction with cellular corpses, the effects will be local
and limited to the close environment of the dead cell. Second, the universal nature of the
response to dead targets implies that every cell, tissue, or organ has the capacity to sense and
react to environmental change. Finally, the response to environmental change is likely
complex, and viable cells will need to integrate information from multiple extracellular cues
in addition to those relating to cell death.

The response of macrophages to dead targets
MΦ are the major cell type responsible for the elimination of dead cells [16,17]. MΦ circulate
in the bloodstream as non-professional phagocytes and are actively recruited to sites of tissue
inflammation or injury by chemokines and other soluble mediators. There, they differentiate
into MΦ and begin the task of clearing dead cells and debris. After resolution of the stimulus
that attracted them, MΦ do not return to the circulation. The fact that MΦ are migratory means
there is no one environment to which they must adapt.

In their capacity as professional phagocytes, MΦ will in general be recruited to tissues having
an increased number of dead cells. MΦ interaction with both apo and nec targets leads to
activation of the survival kinase Akt through an engulfment-dependent mechanism [6,7],
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thereby conferring a selective advantage in survival. The presence of dead cells, or other
phagocytic targets requiring elimination, thus promotes MΦ longevity.

This raises the interesting question: why should the interaction of MΦ with dead targets,
whether apo or nec, lead to Akt activation and enhanced survival? As professional phagocytes,
MΦ can clear dead cells and debris more rapidly and efficiently than fixed resident cells. Also,
MΦ may need to perform their job under adverse conditions. Two extreme scenarios can be
envisioned for which a survival advantage is beneficial. First is severe infection or
inflammation. Infiltrating MΦ must survive until full resolution of the inciting process.
Resolution entails the clearing of not only resident cells that are damaged or dead but also other
infiltrating innate immune cells, such as short-lived neutrophils. On the other hand, local
ischemia may lead to an increased rate of cell death because of a relative deficiency of nutrients
and growth factors. Here, enhanced MΦ survival permits clearance without further depletion
of an already compromised supply of growth factors. Thus, dead cells can be seen as a MΦ
survival factor.

Beyond the macrophage to other cell types
Most cells in the body are fixed within organs and lack the capacity to migrate. Any change to
their environment requires their adaptation. An increase in the number of dead cells nearby
may signal the occurrence of important changes or stresses. The mode of death can provide a
clue to the nature of that change and help to guide the form of adaptation of neighboring viable
cells. Thus, the response of viable organ-specific, non-migratory cells to cellular corpses in
their vicinity should differ in critical aspects from that by MΦ.

We have examined the signaling response by kidney epithelial cells to apo and nec targets
[18]. The Akt response of kidney epithelial cells differs in several ways from that of MΦ. Most
strikingly, while apo targets activate Akt in MΦ, they inhibit Akt in kidney epithelial cells. In
contrast to MΦ, inhibition of Akt in kidney epithelial cells exposed to apo targets is independent
of phagocytosis, and triggered exclusively by receptor-mediated recognition. Finally, kidney
epithelial cells respond to nec targets by the activation of Akt.

To understand the divergent responses to apo vs. nec targets by kidney epithelial cells, one
must consider the distinct implications of an increase in the number of cells undergoing these
two forms of cell death. We consider first the case of increased apo cell death. In the setting
of progressive atherosclerosis, for example, chronic ischemia may lead to a diminished delivery
of oxygen and nutrients. The resulting increase of apo death will partially inhibit Akt in
neighboring cells and lead to a reduction in population size. When supply and demand are once
again matched, apo death will return to baseline levels, and a new steady state will be achieved.

An increase of nec cell death, as may occur in the setting of vascular occlusion or infarction,
carries very different implications. The environmental change is so acute and drastic that
compensatory long-term adaptation is not possible, and any cell survival may be of benefit.
Increased Akt activity constitutes the cellular equivalent of a “flight-or-fright” response and
works to ensure the long-term survival of the organ.

Concluding remarks
Here, we have put forth the hypothesis that dead cells play an important role in the overall
homeostasis of tissues by acting as sentinels of environmental change. In evaluating the
“message” that dead cells deliver to nearby viable cells, three dichotomies are important to
keep in mind (Figure 1). The first is the form of death. Apo death may indicate a gradual and
potentially adaptable change, while nec death suggests a more catastrophic change. The second
is the distinction between recognition- and engulfment-dependent signals. The third is the
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nature of the responding cell, migratory and able to evacuate, or fixed and forced to adapt.
There is the potential for additional complexity in this response, in that certain viable responder
cells may discriminate between apo death caused by different stimuli [19,20].
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Figure 1.
Dead cells act as sentinels of local environmental change. (A) As depicted, the nature of the
response of nearby viable cells to dead target cells is determined by three dichotomies: (1) the
form of target cell death (apo vs. nec); (2) the dependence of viable cell signals on receptor-
mediated recognition vs. engulfment of the dead targets; and (3) the nature of the responding
cell (migratory vs. fixed). (B) The responses of MΦ, a migratory cell, are contrasted with those
of fixed and organ-specific kidney epithelial cells.
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