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Abstract

Over time it has become clear, that much like other organ systems, the function and responsiveness
of the immune system is impaired during the course of sepsis and that this is a precipitous event in
the decline of the critically ill patient/animal. One hypothesis put forward to explain the development
of septic immune dysfunction is that it is a pathological result of increased immune cell apoptosis.
Alternatively, it has been proposed that the clearance of increased numbers of apoptotic cells may
actively drive immune suppression through the cells that handle them. Here we will review the data
from studies involving septic animals and patients, which indicate that loss of immune cells, as well
as non-immune cells, in some cases, is a result of dysregulated apoptosis. Subsequently, we will
consider the cell death pathways, i.e., ‘extrinsic” and/or ‘intrinsic’, which are activated and what cell
populations may orchestrate this dysfunctional apoptotic process, immune and/or non-immune.
Finally, we will discuss potentially novel therapeutic targets, such as caspases, death receptor family
members [e.g., TNF, Fas], pro-/anti-apoptotic Bcl-family members, etc., and approaches, such as
caspase inhibitors, use of fusion proteins, peptidomimetics, SiRNA, etc., which might be considered
for the treatment of the septic patient.

Keywords
Sepsis; mice; human; apoptosis; death-receptor pathway; mitochondrial pathway; organ dysfunction

Introduction

The incidence of sepsis in the United States of America as of the year 2000 was ~700,000
cases per year, with an overall mortality rate reported to be nearly 30% (Angus et al. 2001).
And as the American population ages, it is anticipated that the occurrence of sepsis will only
increase (Angus et al. 2001). Unfortunately, with respect to the development of new drug
therapies that might substantially impact morbidity and mortality of sepsis, with the exception
of recombinant human activated protein C, this has proven to be a difficult task (Rice and
Bernard 2005). Even appreciating the important advancements made in the treatment of the
critically ill patient through the application of low-dose corticosteroids (Annane et al. 2002)
and the improved control of blood glucose (van den Berghe et al. 2001), these still provide a
relatively modest survival benefit. Another important difference between these therapies,
where some benefit has been seen, is that they have divergent modes of action. With the possible
exception of low-dose steroids, they do not directly act on inflammation, in a fashion
comparable to that of the failed anti-inflammatory drugs, such as anti-tumor necrosis factor
(TNF), anti-interleukin (IL)-1 receptor antagonist, etc., trialed in septic patients over the last
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10 years. Taken another way, this suggests that the pathology behind the septic condition in
the patient/animal is not simply about inflammation, thus, much more needs to be understood
about sepsis and processes underpinning its development if we are either to optimize these
present clinical therapies or develop novel approaches.

In this respect, it is now understood that essentially all cells in the body have within them the
capacity to undergo cell suicide. This process is referred to apoptosis or programmed cell death
and is described as an energy dependent means (unlike necrotic cell injury) that can be initiated
by intra-as well as extra-cellular events. This is also largely a non-inflammatory event in which
cells are actively eliminated via this pathway during processes as diverse as morphogenesis,
tissue remodeling, and the regulation/resolution of the immune response. However, it is also
now evident that overt activation or suppression of the apoptotic pathway can contribute to a
variety of pathological conditions, such as HIV immune depression, cancer, autoimmune
disorders, neurodegenerative diseases, inflammatory bowel disease and ischemic injury (Li et
al. 1995;L.iles 1997;Barinaga 1998;Barr and Tomei 1994). Therefore, the objective of this
review is to discuss the evidence that has been accumulated over the last 10 years that supports
not only the concepts that change in the septic animal/patient’s apoptotic process and/or the
interaction of the immune system/body with these apoptotic materials contributes to septic
morbidity and mortality, but that components of the apoptotic process represent potential novel
therapeutic targets.

Pathways

Apoptotic cell death occurs primarily through three general pathways: the extrinsic or death
receptor pathway (type I cells), the intrinsic or mitochondrial pathway (type Il cells) and the
endoplasmic reticulum (ER) or stress-induced pathway (Figure 1) (Hotchkiss et al.
2003;Wesche et al. 2005). In brief, with respect to the extrinsic pathway it is thought that
ligation of the death receptors, i.e. Fas, TNF receptor (TNFR), Trail, etc., leads to activation
of apoptosis (type I cells) through the recruitment of Fas associated death domain protein
(FADD), procaspase-8 (an initiator caspase), etc. via formation of a death inducing signaling
complex (DISC) and activation of caspase-3. Several counter-regulatory proteins, such as
FADD-like interleukin-1-converting enzyme (FLICE)-inhibitory protein (FLIP), inhibitor of
apoptosis protein (IAP), etc., are also present at the level of the DISC and caspase-8 activation.

Alternatively, activation of the intrinsic pathway (type Il cells) is regulated by the interaction
of various anti-(B-cell CLL/lymphoma 2 [Bcl-2], myeloid cell leukemia sequence 1 [Mcl-1],
etc.) and/or pro-apoptotic members (Bcl-2/Bcl-XL-associated death promoter [Bad], Bcl-2-
associated X protein [Bax], Bcl-2 interacting mediator of cell death [Bim], BH3 interacting
domain death agonist [Bid], etc.) of the Bcl-2 family of proteins, which control mitochondrial
ion permeability/flux (A¥m) and function. If this process is dys-functional it culminates in the
release of various proteins that contribute to apoptosome formation (cytochrome C, Smac/
Diablo, apaf-1 and caspase-9) and the eventual activation of caspase-3/7 (an executioner
caspase). Intrinsic pathway regulation appears to be a general product of cytokine/chemokine/
growth factor regulation via signaling or the lack there of (due to growth factor removal);
through phosphatidylinositol-3 kinase (P13K)/Akt, the mitogen activated protein kinases
(MAPK), steroid receptors, nuclear factor kappa-B (NF«B), signal transducers and activators
of transcription (STAT), etc. These in turn act either on the various Bcl-2 family members or
effect initiator/regulatory caspases, i.e., caspases 1, 8, 10 or IAP activity. The intrinsic pathway
is also effected by changes in p53 status mediated through NOXA, PUMA, BbC3, etc., which
also act on Bcl-2 family members’ function/expression, that link to processes effecting the cell
cycle. Activation of caspase-12 in the ER potentially represents a third possible pathway that
is activated by oxidant/calcium stress; however, this appears to be a species-specific apoptotic
effecter. That said, these pathways are not wholly autonomous as the cleavage of BID to
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truncated BID (tBID) by caspase-8 exhibits a significant aspect of cell death pathway crosstalk
and a number of the regulators mentioned in the intrinsic pathway can directly/indirectly affect
the extrinsic pathway’s activity.

Evidence that Apoptosis Contributes to the Pathology of Sepsis

Studies in recent years have suggested that dysregulated apoptotic immune cell death may play
arole in contributing to the immune dysfunction and multiple organ failure observed during
sepsis and that blocking it can improve survival of experimental animals (Chung et al.
2003;Hotchkiss et al. 2003). With respect to the immune system, those cells most commonly
reported to exhibit evidence of dysregulated apoptotic cell death appear to be lymphocytes
(Figure 2). That the loss of lymphocytes is detrimental to the survival of septic mice is
documented by the observation that RAG-/-mice are markedly more susceptible to lethal
effects of polymicrobial septic challenge, cecal ligation and puncture (CLP), than their
background controls (Hotchkiss et al. 2003). Typically, lymphocyte apoptosis has been seen
following the onset of experimental sepsis in the thymus, spleen, and gut-associated lymphoid
tissues (GALT). The most basic hypothesis arising from these observations is that the overt
apoptotic loss of these lymphocytes in the septic animal/patient reduces the number of
functional immune cells available to ward off the lethal effects of septic challenge (Figure 3A).
Probably the most potent support for this hypothesis comes from the data indicating that if the
development of lymphocyte apoptosis is block via the restricted over-expression of Bcl-2, this
ameliorates much of the mortality seen in the CLP model of sepsis in mice (Hotchkiss et al.
2003).

Other immune cell types, that have been reported to exhibit an increased incidence of apoptosis
in sepsis, are CD8* lymphoid-derived dendritic cells of the spleen after CD3*CD4* T cell
activation (Hotchkiss et al. 2003) (Figure 2). Interestingly, the potential impact of the loss of
dendtritic cells, via apoptosis or some other process, on the septic animals ability to survive
experimental sepsis, is illustrated by the increased mortality seen in conditionally-induced
dendritic cell deficient mice (CD11c-diptheria toxin receptor transgenic mice) (Scumpia et al.
2005). While a little more controversial (because of the capacity to phagocytes to engulf
apoptotic material), macrophages have in some cases also been reported to undergo apoptosis
during sepsis (Williams et al. 1998;lwata et al. 2003). Here again, indirect evidence from Iwata
et al. (Iwata et al. 2003) show that mice over-expressing Bcl-2 under a myeloid as opposed to
a lymphoid restricted fashion, not only produced a survival advantage but also found that
adoptive transferred of blood monocytes from these animals to septic rodents improved their
survival. This implies that protecting the myeloid compartment from apoptosis is also a
valuable asset to the host’s immune response to sepsis. These results, however, extend the
concept from simply the loss of lymphocytes to include the loss of dendritic cells and myeloid
cells as contributors to the septic host’s inability to ward off the lethal effects of sepsis.

In contrast, it is worth noting that in vivo neutrophils, unlike lymphocytes or the other cell types
mentioned above, undergo constitutive induction of apoptosis within 1-2 days normally (Figure
2). Also unlike the lymphocytes, in response to a septic insult they react with a decrease in
apoptosis, which appears to be linked to a decrease in caspase-9 and caspase-3 activity and a
prolonged maintenance of the mitochondrial transmembrane potential (Taneja et al. 2004).
Studies investigating neutrophil apoptosis during septic peritonitis in mice have revealed that
while blood neutrophils react with a decrease in apoptosis, which is TNF-o regulated, after
immigration into the peritoneal cavity they exhibit increased apoptosis (Wesche et al. 2005).
However, in some cases this may also be detrimental. As an example, experimental hemorrhage
also primes neutrophils into delaying apoptosis and increasing their respiratory burst (Ayala
et al. 2002) in a fashion similar to that seen in trauma patients’ blood neutrophils (Jimenez et

Novartis Found Symp. Author manuscript; available in PMC 2007 March 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ayala et al.

Page 4

al. 1997). Transfer of these experimentally primed neutrophils to a septic environment
increases their recruitment into the lungs and leads to acute lung injury (Ayala et al. 2002).

That said, it is now becoming more evident that non-immune cells may also be exhibiting
apoptotic changes that were not initially clear because they were not rigorously looked for or
were not obvious based on the techniques available (Figure 2). In this respect, increased
apoptosis of the gut mucosal epithelial cells (Coopersmith et al. 2002;Perl et al. 2005),
hepatocytes (Kim et al. 2000) and to a lesser extent endothelial cells (Mutunga et al. 2001)
have been reported in clinically comparable models of sepsis (Zhou et al. 2004). While the
significance of these apoptotic events in sepsis is yet to be clarified, it is tempting to speculate
how this potentiated loss of cells might contribute not only to loss of innate host defense/barrier
function but also organ to dysfunction/damage.

What regulates these changes in septic immune cell apoptosis during sepsis? Interestingly, this
appears, at least with respect to the lymphoid compartment, to vary somewhat with the cell
and/or tissue type being examined. Also while high doses of endotoxin can induce this process
in vitro and/or in vivo, studies with more clinically comparable models of sepsis indicate that
much of the immune cell apoptosis seen occurs independent of the capacity to sense/respond
to endotoxin through TLR4 (Wesche et al. 2005;Hotchkiss et al. 2003). Lymphocyte apoptosis
in the thymus appears to be effected by glucocorticoids (Wesche et al. 2005) nitric oxide as
well as by the 5a fragment of complement (Guo et al. 2000), but not by endotoxin or death
receptors (Wesche et al. 2005). Alternatively, in the bone marrow and lamina propria B cells
(Wesche etal. 2005), splenic T cells, intestinal intraepithelial lymphocytes (IELs), and mucosal
T and B cells of the Peyer’s patches (Chung et al. 1998;Ayala et al. 2003), apoptosis is mainly
death receptor-driven via Fas-FasL activation. Interestingly, evidence of both intrinsic and
extrinsic apoptotic pathway activation has been reported in the peripheral blood of septic
patients (Hotchkiss et al. 2005).

Lymphocyte apoptosis may be associated with immune dysfunction as a result of decreased
proliferation and IFN-y release capability. IFN-y is a potent macrophage activator and induces
a Th1l response (Docke et al. 1997). As seen in apoptotic and necrotic splenocyte adoptive
transfer experiments, necrotic and apoptotic cells exert their effects through variation of IFN-
v levels. Transfer of apoptotic splenocytes retro-orbitally in CLP mice decreased their survival,
whereas adoptive transfer of necrotic splenocytes increased splenocyte IFN-y, and in doing so,
improved survival. This survival benefit was blocked in IFN-y deficient mice or in mice treated
with an anti-IFN-y antibody. These results are interesting as this adoptive transfer study
illustrates the potential impact of apoptotic cells in vivo in sepsis and thus points to another
mechanism (beside loss/death of functional immune cells (Figure 3B-C)) by which immune
suppression might be promulgated in the septic animal (Hotchkiss et al. 2003) (Figure 3Cii).
Alternatively, the inability to appropriately clear these dying lymphocytes/cells (due to
dysfunction in their phagocytic capacities often seen following sepsis and shock (Rana et al.
1990;Huber-Lang et al. 2002)) may allow them to progress to a state of secondary necrosis,
producing localized bystander injury in the tissue (Fig. 3B). Such a scenario has been recently
put forward by Vandivier et al (Vandivier et al. 2002) as a possible mechanism for tissue
inflammation and the enhanced susceptibility to infection seen in cystic fibrosis patients. It
remains to be determined whether such defects in macrophage-mediated clearance of apoptotic
cells contribute to the changes seen in septic mice.

Intrinsic and Extrinsics Aspects of the Apoptotic Process as a Therapeutic

Target

One of the earliest anti-apoptotic approaches considered for sepsis was the inhibition of caspase
activation. Caspase inhibitors usually contain fluoromethyl ketones (fmk) or chloromethyl
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ketones (cmk) that are derivatives of peptides that imitate cleavage sites of known caspase
substrates. The caspase-specific inhibitors that have been used inclde z-DEVD-fmk (caspase-3
and -7) and Ac-YVAD-cmk (caspase-1) (Rouquet et al. 1996). It has also been shown that
broad spectrum caspase inhibitors such as z-VAD-fmk can prevent lymphocyte apoptosis in
sepsis, and in turn, improve septic animal survival by 40-45% (Hotchkiss et al. 2003). However,
at high doses, caspase inhibitors can have non-specific effects and cause cytotoxicity. In this
respect, a different kind of pan-caspase inhibitor called Q-VD-Oph has been studied (Caserta
et al. 2003), which potently inhibits apoptosis but is less toxic at high doses and may be more
efficacious in the clinical setting.

Peptidomimetics represent another potentially useful method of targeting the apoptotic
pathway. “Peptidomimetics” are mimics that have similar structure and functional properties
of the native parental peptides. This approach was adopted since the use of biologically active
peptides as pharmaceutical compound have more or less failed due to their inability to stay
bio-available and reach their cellular targets. Synthetic mimics, however, can be generated to
be more conformationally stable compounds that resist enzyme degradation, can cross cell
membranes, and target specific proteins (Li et al. 2004). We mention this new type of approach
here, for while it is being studied at present only for its potential pro-apoptotic effect on Bid
(Walensky et al. 2004) activation as well as via antagonism of AP (Li et al. 2004) in cancer
models, it seems possible to speculate that peptidomimetics may also be useful in future
therapies that modulate anti-apoptotic protein-protein interactions in the case of sepsis. This
idea may also be an alternative to gene therapy, which, in the past, has not done well in the
clinical setting due to marked inflammatory sequelae and oncogenesis (Lehrman 1999).

With respect to gene therapy, enhancement of anti-apoptotic proteins, such as Bcl-2, has been
shown to produce almost complete protection against T cell apoptosis in mice that over-express
Bcl-2. This, in turn, improved their survival after sepsis (Hotchkiss et al. 2003). In addition,
adoptive transfer of T cells from Bcl-2 over-expressing mice into wild type septic mice also
improved their survival (Hotchkiss et al. 2003). While this clearly illustrates the important role
of the lymphocyte in sepsis in controlling infection, it also illustrates a clear therapeutic target,
which might also be exploited to restore lymphocytes numbers during this state.

Yet another target that decreases lymphocyte apoptosis is Akt, a regulator of cell proliferation
and death. It has been shown that in mice over-expressing Akt that lymphocyte apoptosis is
decreased and survival after CLP is improved to 94% (Bommbhardt et al. 2004). It may be at
this level, (i.e. the activation of Akt) that treatments such as glucose control with insulin therapy
or low-dose steroids have an effect on apoptosis in septic individuals. Based on the observation
of increased Fas expression in the tissues of septic mice (Chung et al. 2003;Chung et al.
1998;Wesche-Soldato et al. 2005), there has been increasing interest in targeting components
of the death receptor/extrinsic pathway in an attempt to ameliorate the effects of sepsis. In this
regard, studies from our own lab had initially focused on blocking the pathway at the death
receptor itself (Fas). Animals that were treated with Fas fusion protein (FasFP; Amgen Inc.,
Thousand Oaks, CA), to inhibit the receptor ligation, exhibited a marked survival benefit
(Chung etal. 2003), reduced hepatic injury while improving total hepatic, intestinal and cardiac
blood flow during sepsis (Wesche et al. 2005;Chung et al. 2001). In addition, the cell survival
tyrosine kinase (MET) has been found to sequester Fas on hepatocytes but in a fashion that
inhibits Fas self-aggregation and Fas ligand binding, protecting the liver from injury (Wang et
al. 2002).

Most recently, we have utilized interfering RNA technology to target gene expression of
members of the extrinsic death receptor/Fas pathway. Fas and caspase-8 siRNA given 30 min.
after CLP improved survival by 50% and reduced indices of organ damage and apoptosis in
both the liver and spleen (Wesche-Soldato et al. 2005). This is in keeping with the findings
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that both Fas and caspase-8 siRNA have salutary effects in models of fulminate hepatitis (Song
etal. 2003). The mechanism of this survival benefit in sepsis is still largely unknown; however,
preliminary data from our lab suggest that CD4+ and CD8+ T cells, B cells as well as
hepatocytes take up Fas siRNA. In the case of the spleen, it appears that lymphocyte apoptosis
is reduced by silencing Fas, therefore enabling the host to maintain innate and/or adaptive
immune response to septic challenge. With respect to the liver, preliminary results suggest that
Fas siRNA reduces not only the expression of Fas on potential target cells in the liver but also
suppresses recruitment of potentially activated cytotoxic lymphocytes. It has been suggested
in a model of hepatitis C that Fas ligand expressing CD4" T cells can induce chronic hepatic
inflammation (Cruise et al. 2005), which in the case of sepsis, may be instrumental in initiating
multiple organ failure. By the same token, experimental CLP mice lacking CD8* T cells exhibit
improved survival over wild type (Sherwood et al. 2003).

As intriguing as this approach is, several hurdles need to be overcome, beyond cell targeting,
before siRNA can be applied clinically. While we saw little evidence of overt toxicity/off-
target effects/inflammation, as we observed no marked induction of IFN-o, TNF-a. or IL-6 with
either targeted siRNAs or the control constructs, these issues will need further consideration
as the delivery systems are changed/modified and/or lipid conjugations of siRNA are added
(Wesche-Soldato et al. 2005). Probably the biggest hurdle facing the use of siRNA clinically
is that of its delivery. While a hydrodynamic-based method (where large volume and rapid rate
of injection are critical in the uptake of naked constructs) is easily employed in research, it
clearly cannot be used in human therapy in this way. Because naked siRNAs are degraded
within seconds following a normal low volume injection (as opposed to hydrodynamic-based
delivery), there needs to be a carrier or delivery vehicle that will protect the siRNA. Cationic
liposomes encoding anti-TNF siRNA have been studied, and appeared to reduce TNF-a levels
after endotoxemia. While this represents a useful alternative method for encapsulating/
delivering sSiRNA, uptake of siRNA was largely limited to vascular endothelial cells following
i.v. administration (Sorenson et al. 2003). Other investigators have suggested the use of vectors
as another mode of targeted siRNA delivery. However, vectorized gene delivery may cause
inflammation by itself (Bridge et al. 2004).

Conclusions

Despite overwhelming research efforts and clinical trials, there has yet to be a therapy offered
that significantly modifies the outcome of sepsis. Even though there have been promising
candidates for therapeutic intervention, sepsis manifests itself as multiple processes, making
this task difficult. Here we have reviewed several experimental studies that have focused not
only on the apoptotic process and it’s potential pathological roles in sepsis, but have revealed
several targets within the apoptotic pathway, which may be useful going forward in designing
individual or adjuvant therapies for this critically ill patient population.
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Figure 1.

Apoptotic signaling pathways as seen through death receptor ligation of TNFR or Fas (extrinsic
signaling, type I cells) or through activation of the mitochondrial pathway through Bcl-2 family
members (intrinsic signaling, type 1l cells).
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Figure 2.

The levels of apoptosis (A0) seen in experimental septic mice and septic patients, as well as
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the mediators that affect the onset and frequency of Ao in various immune cell types.
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Figure 3.

A depiction of several possible mechanisms of immune suppression. (A) Illustrates the simple
hypothesis (mechanism) that the immune dysfunction observed is a result of advertant/
inadvertent apoptotic (Ao) loss of immune cell potential/capacity resultant from extrinsic and/
or intrinsic Ao pathway activation. Here no consideration is made for Ao cell clearance. (B)
Depicts a scheme in which phagocytic function is compromised, so as to block apoptotic cell
clearance, subsequently allowing apoptotic cells to move into secondary necrosis, that may in
turn produce by-stander tissue injury. The scenarios illustrated in C.i.-C.iii. represent the
proposed effects that clearance of necrotic (C.i.) and/or apoptotic cell materials (induced by
classic Ao stimuli [C.ii.] or ingestion of microbes [C.iii.])has on the developing macrophage
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functional phenotype (pro-inflammatory vs. anti-inflammatory/immune suppressive) is
considered when phagocytic function is normal. CD36, cell differentiation antigen 36; CR,
complement receptor(s); CD1d/MICA non-variant major histocompatability class 1-like
antigen family; FcR, immunoglobulin constant region receptor(s); HSP, heat shock protein(s);
PS, phosphotydal serine; ScavR, Scavenger receptor(s) which bind PS; TSP, thrombospondin.
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