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Introduction 

Despite the rapid development and many significant advances in preventive meth
ods and clinical care, trauma remains the most common cause of mortality during 
the first thirty years of life. It has been reported that approximately SOo/o of the 
deaths occur due to exsanguination or central nervous system complications within 
one hour following trauma and another 30o/o of victims die during the following 1-2 
hours due to major internal injury [1]. Of those patients who survive the initial in
sult, more than SOo/o die over the next few days to week(s) due to secondary infec
tions (i.e., sepsis) and/or multiple organ dysfunction [2]. Studies have indicated that 
there are marked alterations in both innate and acquired immune functions in pa
tients exposed to major trauma such as thermal injury, soft tissue trauma or pro
longed surgical procedures. These alterations include suppressed neutrophil bacte
rial killing function, defective opsonization, altered macrophage function, decreased 
humoral immunity, suppression ofT- and B-lymphocyte responsiveness and altered 
pro- and anti-inflammatory mediator/cytokine release [3]. A number of studies in
dicate that traumatic injury and/or shock result in profound immunosuppression 
which predisposes the patients to septic infection and/or multiple organ failure 
(MOF). 

Sepsis is known to be the leading cause of deaths that occur in the surgical inten
sive care unit (ICU) accounting for up to 60o/o of reported mortality [4]. Clinically, 
sepsis typically displays a two phase process in which the patient initially shows a 
hyperdynamic-hypermetabolic phase (increased cardiac output, fever, enhanced 
metabolic rate) and subsequent hypodynamic-hypometabolic state (also referred to 
as 'septic shock'; compromised circulatory system, depressed organ function and 
death). With respect to the patient's defense response against microbial challenge, 
the immune system appears to demonstrate a comparable biphasic response to the 
metabolic and circulatory responses seen in sepsis [5]. Initially, an exaggerated 
systemic inflammatory response is observed; and, over time, a state of generalized 
hyporesponsiveness in immune cells appears. This latter state may directly or indi
rectly contribute to the depression of the patient's ability to ward off the lethal effects 
of septic infections. However, the mechanisms behind this immunosuppression, as 
well as its contribution to the septic patient/animal's ability to ward off infection re
main poorly understood. Recent studies have demonstrated that there is a marked 
increase in apoptotic cell death in immune cells in septic patients/animals [6, 7]. It is 
suggested that loss of immune cells through the apoptotic process may contribute to 
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the immunosupression seen in late sepsis and that this in turn may be a factor lead
ing to the subsequent MOF [8]. However, the extent and/or the process involved in 
making this apoptotic response pathologic are yet to be clearly established. There
fore, a better understanding of the mechanisms and significance of trauma-induced 
immunosuppression is important for making a rational and efficient approach to 
treatment modalities. Thus, the purpose of the present chapter will be to provide a 
brief overview of recent findings from our and other laboratories on the apoptotic 
response in the immune system to trauma, shock and sepsis and the possible link 
between immune dysfunction and apoptosis seen following injury. 

Exogenous/Endogenous Mediators of Immune Suppression Following Shock, 
Trauma and Sepsis 

It is known that suppression of the innate immune system occurs early following 
many forms of injury. However, the degree of immunosuppression after trauma ap
pears to correlate with the magnitude of injury. The mechanism of induction of this 
immune dysfunction after trauma, shock and sepsis is becoming clearer. Many me
diators, such as endotoxin, suppressor T -cells and/ or macrophages which can secrete 
suppressor factors, such as the anti-inflammatory cytokines (interleukin [IL]-10, IL-
4, transforming growth factor [TGF]-p, etc.), prostaglandins, corticosteroids and 
pro-inflammatory cytokines, have been reported to be contributors [9]. 

Endotoxin 

Numerous studies have shown that macrophages harvested from animals previous
ly exposed to low doses of endotoxin (or lipopolysaccharide, LPS) in vivo exhibit 
marked suppression to subsequent stimulation [10]; what has been referred to as 
'endotoxin tolerance'. The onset of such tolerance has been suggested to explain the 
immune suppression seen in mice exposed to polymicrobial sepsis. In keeping with 
this, recent studies from our laboratory demonstrated that sepsis induced by cecal li
gation and puncture ( CLP) showed a marked suppression of Th1-cell cytokines, IL-
2 or interferon (IFN)-y release while enhancing the release of immunosuppressive, 
Th2-cell cytokines, IL-4 and IL-10 in splenocytes 24 hours after sepsis [11]. Howev
er, chronic exposure (24 hours) to endotoxin in vivo, at a level comparable to that 
seen in septic patients or animals, resulted in no decline in Th1 cytokine release. 
Similarly, mice which are deficient in the response to endotoxin (C3H/HeJ) survive 
no better or worse than the endotoxin-sensitive (C3H/HeN) mice. These data sug
gest that a bacterial component other than endotoxin is responsible for the altera
tion in immune cell responsiveness and cytokine release during sepsis. 

Pro-Inflammatory Cytokines 

It has been suggested that systemic pro-inflammatory mediators are the key factors 
in the development of host immunodeficiency and cell/organ dysfunction associat-
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ed with sepsis and MOF in trauma victims and patients after major surgery [12]. A 
marked elevation of tumor necrosis factor (TNF), IL-l and IL-6 in the circulation 
has been documented in both patients [13] and experimental animals [14] following 
trauma, shock and sepsis. Studies from our laboratory [15] observed a marked early 
( - 1 hour) elevation in circulating TNF followed by IL-6 ( - 4-24 hours) and later by 
TGF-P (24 hours) in septic animals. However, the levels of these pro-inflammatory 
cytokines typically encountered in polymicrobial septic mice or septic patients were 
not high enough to induce a septic shock response. Furthermore, the failure of clin
ical trials with anti-TNF monoclonal antibody, IL-l receptor antagonist (IL-lra), as 
well as TNF receptor antagonist also suggests that these agents may not be, as previ
ously implied, the key or central pathologic targets which contribute to septic pa
tient mortality [12]. Conversely, several studies looking at survival of polymicrobial 
septic challenge indicate that these early pro-inflammatory agents are important for 
mounting a competent immune response to the microbe. Alternately, the inability to 
regulate these responses through anti-inflammatory responses might contribute to 
morbidity of immunity and mortality. 

Anti-Inflammatory Cytokine IL -10 

In this respect, studies have indicated that Th2 cytokines (IL-10 and IL-4) may play 
a role in immunosuppression following trauma, shock and sepsis. The circulating 
level of IL-10 has been reported to increase after injury. In addition, our data has al
so shown that in late sepsis the depression of Thl-cytokine release in splenic lym
phocytes is associated with an increase in anti-inflammatory cytokine IL-4 and IL-
10 production [16]. This suggests that anti-inflammatory cytokines may be respon
sible for the suppression of Thl cytokine release during late sepsis. Support for this 
suggestion comes from recent studies assessing the effects of either anti-IL-10 anti
body treatment or IL-10 gene deficiency on Thl cytokine production [17]. There
sults of this study [17] indicated that neutralization of IL-10 or IL-10 gene deficien
cy restored Thl cytokine release in septic splenic lymphocytes. Taken together, IL-
10 appears in part to mediate immunosuppression as seen after injury. 

Steroids 

There is a marked increase in plasma levels of corticosterone after hemorrhagic 
shock and sepsis. In studies investigating this relationship, glucocorticoids have 
been identified as potent immunosuppressants to both T- and B-cells. However, the 
effect of glucocorticoids on immune dysfunction induced after injury remains to be 
established. 

Prostaglandins 

Prostaglandins, particularly PGE2, are potent immunosuppressive mediators that act 
on lymphocytes. Production of prostaglandins by macrophages can be induced by 
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endotoxin, complement, or platelet and leukocyte aggregation. It has also been 
shown that TNF, IL-l and TGF-P may stimulate the release of PGE2• Studies indicate 
that a marked increase in circulating levels of PGE2 is observed following CLP and 
hemorrhage shock [18]. 

Nitric Oxide 

Another potentially important immunosuppressive agent and one which is up-regu
lated during shock is nitric oxide (NO). Studies have indicated that overproduction 
of NO from exogenous and/or endogenous sources can inhibit lymphocyte prolife
ration, IL-2/IFN-y production by Th1 cells and the cytolysis function of cytolytic T
cells [19]. However, the role of NO contributing to the suppression of immune func
tion and the mechanisms of induction of this agent during injury remain to be es
tablished. 

Taken together, a number of these endogenous agents appear to be potentially im
portant mediators of immune suppression. Of interest, many of the above mediators 
can also act as pro-apoptotic or anti-apoptotic agents. However, few studies have 
been conducted to examine the contribution of the process of apoptosis to immuno
suppression seen following trauma, shock and sepsis. 

Apoptosis 

Apoptosis, a process of controlled programmed cell death, is a genetically regulated 
process characterized by deformation of the cell membrane, cell shrinkage, conden
sation of the nuclear chromatin and activation of endonucleases which cleave de
oxyribonucleic acid (DNA) into oligonucleotide fragments [20]. The dying cell 
maintains its plasma membrane integrity yet changes in the cell plasma membrane 
antigen/receptor expression occur so as to signal local phagocytes to clear the apop
totic cells. The induction of such clearance is thought to be a mechanism which does 
not lead to an inflammatory response in the macrophage clearing these cells. In con
trast to apoptosis, necrosis is a pathologic form of cell death which is typified by rap
id loss of cell viability, cell swelling, loss of membrane integrity and induction of an 
inflammatory response by the release of cytoplasmic contents which contain pro
teases, toxic proteins and oxidizing molecules. During normal embryogenesis, apop
tosis is involved in maintaining tissue homeostasis and optimization of biological 
functions in the immune or central nervous systems. Cell death also plays a role in 
controlling proper turnover of cells in the skin and gut in the adults. In the immune 
system, apoptosis plays a pivotal role in the selection oflymphocyte populations and 
maintenance of normal functional immune responses. Strict control of cell death 
ensures the deletion of excessive, improperly developed, genetically damaged and 
auto reactive cells, thereby protecting the host. Conversely, the active suppression of 
apoptosis appears to contribute to the pathophysiology of diseases, such as cancer 
and autoimmune diseases, while aggravated or increased apoptosis is associated 
with the occurrence of acquired immunodeficiency syndrome (AIDS), ischemic in
jury and neurodegenerative diseases. 
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Genetic Regulation of Apoptosis 

The genetic regulation of apoptotic cell death was not clear until the discovery and 
characterization of genes which control cell death during embryonic development in 
the soil nematode, Caenorhabiditis elegans [21]. Three C. elegans genes have been 
found to be essential for the regulation of apoptosis in the course of development; 
CED-3 and CED-4 are required for cell death, while CED-9 prevents programmed 
cell death [22].It now appears that the regulation of apoptosis is an evolutionarily 
conserved mechanism as mammalian homologs for these three C. elegans gene 
products have been recently identified. IL-l-converting enzyme (ICE), also known 
as caspase 1, was the first mammalian caspase found to be functionally and structu
rally similar to CED-3. Over thirteen caspases have since been identified in mam
malian cells so far. Apoptotic protease activating factor 1 (Apaf-1) has been reported 
to be a mammalian homolog for CED-4. When searching for a homolog to CED-9, 
the mammalian Bcl-2 gene family was found to be related. The Bcl-2 gene family in
cludes two subgroups of anti-apoptotic (Bcl-2, BCl-XL> Bcl-w, Mcl-1, Al, etc.), and 
pro-apoptotic (Bax, Bak, BCl-X8, Bad, Bik, Bid, etc.), proteins (see review [23]). 

Caspases 

Since the CED-3 gene product was found to be a requirement for cell death in C. ele
gans, much attention has been focused on mammalian homologs of CED-3, caspas
es which play a major role in programmed cell death. Caspases are a family of cys
teine containing proteases with an aspartate-specific cleavage site, thus the name 
caspase, which share similar amino acid sequence, structure and substrate specific
ity, and exist in an inactive precursor form that must be cleaved to generate the ac
tive form [24]. Once activated, caspase can catalyze other members of the family, re
sulting in a sequential activation and amplified proteolytic cascade. According to 
their function in cell death, caspases can be divided into three groups (Table 1). 
Initiator caspases (i.e., caspase 8 and 9) are activated in response to apoptotic signals 
and then cleave and activate effector caspases (i.e., caspase 3) which serve as the ma
jor players of apoptosis by catalyzing many key proteins associated with apoptosis. 
The last group of caspases probably play more of a role in inflammation than in 
apoptosis. Of the 13 mammalian caspases, at least seven of them participate in the 
process of apoptosis. Effector caspases are responsible for cellular changes during 
apoptosis. A number of caspase substrates have been identified which include pro
teins involved in cellular structure (such as nuclear lamins, gels olin and P21-activat
ed kinase 2 [PAK2]), DNA repair (such as poly-ADP ribose polymerase [PARP], DNA 
fragmentation factor [DFF] and DNA-dependent protein kinase), cell cycle control 
(such as retinoblastoma protein, cyclin dependent kinase and tyrosine kinase c
Abl), and precursors of pro-inflammatory cytokines, IL-lP and IL-18, etc. [23]. 

Although caspases are thought to be the central component of cell death machin
ery, inhibition of caspase activity does not always prevent cell death. This implies 
that there is a caspase-independent cell death pathway. Bax (one of the pro-apoptot
ic proteins) for example, induces mitochondrial damage and cell death when caspas
es are inactivated [25]. 
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Table 1. Caspases, function and cellular substrates 

Group Function Substrate(s) 

I. Caspase 2 Initiator(?) Lam ins 
Caspase 8 Initiator Pro-caspase 3 
Caspase 9 Initiator PARP, Pro-caspase 3 
Caspase 10 Initiator (?) Pro-caspase 3 

II. Caspase 3 Effector PARP,DFF 
Caspase 6 Effector Lamins 
Caspase 7 Effector PARP, Pro-caspase 6 

III. Caspase Inflammation Pro-IL-l~, Pro-IL-18 
Caspase 4 
Caspase 5 ? 
Caspase 11 Inflammation 
Caspase 12 
Caspase 13 

PARP: poly-ADP ribose polymerase; DFF: DNA fragmentation factor; IL: interleukin 

Signaling of Cell Death 

Apoptosis plays a critical role in the survival of multicellular organisms during em
bryogenesis, tissue turnover in adults, and at the end of the immune response. Any 
aberration of this process can be detrimental to the organism. In this regard, mam
mals have evolved a variety of cell surface receptors called death receptors which 
transmit signals initiating apoptosis when specific death ligands are engaged (Fig. 1) 
[ 26]. Death receptors are members of the TNF receptor gene superfamily. They share 
similar amino acid sequences and all contain intracellular death domains (DD) 
which transmit signals to the other proteins of the cascade. At least five death recep
tors have been reported in mammals: TNFRI (pSS or CD120a), Fas (CD9S or Apol), 
death receptor 3 (DR3; also called Apo3), DR4 and DRS (Apo2, TNF-related apopto
sis-inducing ligand [TRAIL]-R2 or KILLER). The ligands corresponding to these 
death receptors belong to TNF gene superfamily. TNF binds to TNFRI; Fas ligand 
(FasL) binds to Fas; Apo3 ligand (Apo3L) binds to DR3; Apo2 ligand (Apo2L; also 
called TRAIL) binds to DR4 and DRS [27]. 

Among these apoptosis pathways, Fas-FasL signaling cascade is the best charac
terized. Engagement of FasL to Fas receptor induces activation of DD and recruits an 
adapter protein, Pas-associated death domain (also called FADD) which also con
tains a death effector domain that binds to pro-caspase 8 (Fas-like IL-lp converting 
enzyme, FLICE) via an analogous domain and in turn activates caspase 8 through 
self-cleavage [28]. Caspase 8 then activates downstream effector caspases such as 
caspase 3 (CPP32) and commits the cell to apoptosis. With respect to TNFRI and 
DR3 signaling, they share a similar pathway that, upon binding of ligands to recep
tors TNF and Apo3 L, activates the transcription factors nuclear factor-KB (NF-KB) 
and activated protein (AP)-1 which results in induction of pro-inflammatory and 
immunomodulatory genes [29]. TNF induces apoptosis in some cell types, however, 
it is rare compared to the Fas/FasL pathway. There is also an adapter protein for TNF 
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Apo3L TNF 
Apo2U + / ' TRAIL 

+ 
o, NO Fas/CD95 DR3 TNF R1 

Steriods 

Fig. I. The suggested cellular apoptotic pathways and some of the mediators, such as steroids, cas
pases (I, 3, 8 and 9), reactive oxygen (02 ), nitric oxide (NO), Bax/Bad family genes or receptor
ligands interaction (Fas/FasL, TNFRl/TNF, DR3/ Apo3L, DR4,5/TRAIL), that have been reported to 
contribute to lymphocyte apoptosis (indicated with a'+'). Those mediators (Bcl-2 family, AlP and 
FLIP) which suppress the induction of apoptosis are indicated with a'-' 

and DR3 cascade, TNFR-associated death domain (TRADD) which binds to FADD 
and pro-caspase 8. On the other side of the pathway, TRADD recruits TNFR-asso
ciated factor-2 (TRAF2) and receptor-interacting protein (RIP) which lead to activa
tion of NF-KB and JNK/ AP-1 and alternately apoptosis. Apo2L or TRAIL, similar to 
FasL, can induce apoptosis in some tumor cell lines, however, this is a FADD-inde
pendent pathway and many of the components participating in this pathway need to 
be further identified [27]. 

Mitochondria in Cell Death 

When cells are induced to undergo apoptosis, the mitochondrial membrane poten
tial (.1'¥ m), which is essential for normal mitochondrial function, collapses due to 
the opening of an ion channel known as the mitochondrial permeability transition 
(MPT) pore and releases a variety of proteins including caspase-activating proteins 
into the cytosol. Inhibition of MPT opening by several agents including Bcl-2 ap
pears to block apoptosis suggesting the idea of MPT being at the center of the a pop
to tic process. Interestingly, the majority of the Bcl-2 gene family are localized in the 
outer mitochondrial membrane and have been suggested to regulate mitochondrial 
functions [30]. The important role of mitochondria in the process of programmed 
cell death has been demonstrated recently by Zou et al. [31] in a cell-free system of a 
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cultured human cell line. In this model, cytochrome c, a mitochondrial protein, re
leased from the mitochondria into the cytoplasm, binds to Apaf-1 (a mammalian 
homolog of CED-4) protein and activates pro-caspase 9, converting it into caspase 9 
(one of the initiator caspases). Caspase 9 then processes and activates caspase 3 ( ef
fector caspase) and subsequent cell death. Studies also show that cytochrome c re
lease from mitochondria can be triggered by caspase 8 activated through Pas-medi
ated signaling [ 32], and other agents such as ultra violet irradiation and over-expres
sion of Bax [ 33]. Besides cytochrome c, many other apoptotic mediators are released 
from mitochondria when cells undergo apoptosis, i.e., apoptosis-inducing factor 
(AIF) which can activate caspase 3 in vitro [34]. However, cytochrome c may not be 
required in apoptosis universally. In nematodes, cytochrome c is not involved in ac
tivation of caspases through CED-4 [33]. 

That said, what is the evidence for altered apoptosis in the immune compartment 
of trauma animals or humans and what pathways appear to contribute to changes af
ter injury. 

Lymphoid Apoptosis in Trauma, Shock and Sepsis 

Recent studies using mice have indicated that exposure to high dose endotoxin 
(50 }lg/mouse) could accelerate thymic apoptosis which is mediated through both 
glucocorticoids and TNF [ 18]. With respect to polymicrobial sepsis, we reported that 
increases in thymocyte apoptosis in septic mice could be detected as early as 4 hours 
and increasing up through 24 hours post -CLP. Furthermore, this increased thymo
cyte apoptosis of the CLP mice appears to be glucocorticoid, but not TNF driven. 
Studies from our laboratory also indicated that a comparable increase in thymic 
apoptosis is observed in septic mice with a combination of FasL deficiency and en
dotoxin-insensitivity [8]. Interestingly, Hiramatsu et al. [35] reported that anti-TNF 
inhibited thymic apoptosis induced by endotoxin but not by CLP. In addition, thym
ic apoptosis has been detected in mice following hemorrhage or fracture plus he
morrhage, but not fracture alone [36] and following burn injury along with up-reg
ulation of caspase 3 activity [37]. 

Another tissue site which consistently exhibits increased apoptosis after septic in
sult is gut-associated lymphoid tissues. Peyer's patches show an increase in apopto
sis following sepsis in mice, however, changes were only seen in the B-cell population 
associated with a markedly elevated Fas receptor expression [38, 39]. The functional 
aspect of the increased apoptosis appears to be associated with enhanced immuno
globulin A (IgA) production by B-lymphocytes and increased activation of nuclear 
transcription factor c-Rel expression. We postulated that the increased IgA produc
tion is a response of lymphocytes to altered exposure to enteric antigens due to in
creased gut permeability after injury. Thus this increased apoptosis in Peyer's patch
es would be considered as an example of activation-induced cell death. Recently, we 
have reported that a marked increase in apoptosis was also observed in B lympho
cytes of the small intestine lamina propria during sepsis. In addition, an increased 
apoptosis was also detected in other cell populations, such as CD4 +, CDS+ and 
F4/80+ macrophages in the lamina propria, during sepsis. Interestingly, the in
creased IgA production in lamina propria B-cells is associated with an up-regulation 
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of IL-2, IL-l 0 and IL-15 gene expression in lamina propria mononuclear mixed cells 
after CLP. This suggests that lamina propria B-cells much like Peyer's patch cells al
so undergo activation-induced cell death after septic insult. Moreover, not only was 
Fas receptor expression increased on lamina propria B-cells, but this increase in 
apoptosis was not seen in FasL deficient mice subjected to CLP. It is clear that the 
Fas/FasL pathway is in part involved in the increasing B-cell apoptosis in the lamina 
propria during sepsis [ 40 ]. The above findings indicate that in mucosal tissue, the in
creased apoptosis of lymphocytes is associated with markers of lymphocyte activa
tion. This is one of the mechanisms, known as activation-induced cell death, that 
eliminates the expanded lymphocytes at the end of the immune response, thus pro
tecting the host from overwhelming immune stimulation. In many cases, this path
way involves Fas/FasL interaction where FasL is up-regulated during T-cell receptor 
(TCR) or B-cell receptor (BCR) stimulation upon encounter with antigen. 

The results from our recent studies have shown that intraepitheliallymphocytes, 
which are phenotypically distinct (with large numbers of CDS+ as well as y6TCR + 
lymphocytes) from the peripheral blood mononuclear cell population, also exhibit 
increased apoptosis which is associated with up-regulation of cytokine gene expres
sion in response to sepsis. It also appears that this is a Fas/FasL mediated process 
similar to that seen in lamina propria B-cells which is independent of response to 
endotoxin. 

Besides the thymus and mucosal lymphoid cells, a number of other lymphoid tis
sues also exhibit evidence of increased apoptosis after injury. Mixed bone marrow 
cells from mice showed increased apoptosis at 24 hours, but not 4 hours following 
CLP. Circulating lymphocytes from burn patients [41] and patients undergoing ma
jor surgery [ 42] also show increased apoptosis. In terms of the spleen, studies have 
indicated that an increased apoptosis is present in splenocytes from mice following 
septic insult [38], burn injury [37] and patients who have recently succumbed to the 
lethal effects of sepsis, shock and MOF [7]. However, changes in apoptosis have been 
less obvious in splenocytes from CLP mice in our laboratory. This divergence might 
be due to subtle difference in anesthetics used, the severity of CLP or the matura
tional status of the experimental mice. 

Phagocyte Apoptosis in Trauma, Shock and Sepsis 

Unlike lymphocytes, polymorphonuclear neutrophils exhibit a spontaneous (con
stitutive) programmed cell death process. In general, a neutrophil's life span is 
between 6-12 hours in the circulation. Following maturation of neutrophils, apopto
sis is initiated and eventually cells are recognized and removed by phagocytes, thus 
limiting neutrophil-induced tissue injury. However, many inflammatory agents such 
as, LPS, TNF, IL-8, IL-6, IL-l, granulocyte/macrophage-colony stimulating factor 
(GM-CSF) etc., may stimulate and arrest or inhibit neutrophil apoptosis. This de
layed apoptotic response provides the neutrophils with a longer life span; accumu
lation at the local tissue sites than results in persistence of leukocyte influx and tis
sue injury. Many studies have indicated that neutrophils from patients following ma
jor surgery, burn injury, sepsis and with acute respiratory distress syndrome 
(ARDS), and mice subjected to CLP show evidence of decreased apoptosis [43]. 
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With respect to macrophages, in vitro studies have indicated that mediators such 
as LPS, TNF, IL-l, IL-l 0, IFN -y, and N 0 may have different effects on this population. 
Murine macrophages activated in vitro by LPS or IFN-y or in vivo by thioglycolate 
elicitation showed an increase in apoptosis; this elevated apoptosis was inhibited in 
the presence of the NO synthase blocker L-NMMA. Results from our laboratory have 
recently indicated that cells harvested from the peritoneal cavity or the liver of CLP 
mice show a marked increased apoptosis after exposure to LPS compared to cells 
from sham mice. Furthermore, macrophages taken from these two sites have shown 
depressed cytokine production in response to LPS [9]. Therefore, we postulated that 
the induction of increased apoptosis may be related to the dysfunction in cytokine 
release. However, more studies are needed to elucidate the relationship, significance 
and the potential mechanisms. 

Control of Death Machinery 

The apoptotic cellular death machinery is tightly controlled under normal physio
logic conditions to ensure the maintenance of homeostasis, especially with respect 
to cells of the immune system. However, during the pathophysiologic state, apopto
sis is even more critical for the host. Apoptosis can be induced or inhibited by vari
ous endogenous and exogenous agents (Table 2). Members of the Bcl-2 family play 
important roles in regulation of apoptosis. Bcl-2 or BCl-XL can block the release of 
cytochrome c from mitochondria and prevent caspase activity by binding to Apaf-1, 
thus inhibiting apoptosis. In contrast, Bax induces cytochrome c release and cell 
death [33]. Studies indicate that transgenic mice which overexpress Bcl-2 showed re-

Table 2. A partial list of agents reported to induce or inhibit apoptosis 

Pro-apoptotic agents 

TNF Family: Fas ligand, TNF 

Bcl-2 Family: Bax, Bak, Bad, Bcl-Xs 

TGF-~ 

IL-10 

IL-2 

Glucocorticoids 

Prostaglandin 

Endotoxin 

Reactive 02N2 

Nitric oxide 

Calcium 

Mitogen 

Anti-CD3 

y radiation 

UV radiation 

Chemotherapeutic drugs 

anti-apoptotic Agents 

Bcl-2 Family: Bcl-2, Bcl-XL> Bcl-w,Mcl-l,Al 

Viral Genes: Adenovirus ElB 

Baculovirus P35 

Baculovirus lAP 

Cowpox virus crm A 

Cysteine protease inhibitors 

Tumor promoters 

Growth factor 

CD40 ligand 

FLIP 
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duced thymic apoptosis and a survival advantage following CLP [44]. Interestingly, 
data from our laboratory also demonstrate that FasL deficiency appears to have 
some protection against septic insult in mice, in that late mortality is reduced in 
C3H/HeJ-FasU1d (FasL deficient/endotoxin tolerant) versus C3H/HeJ (endotoxin 
tolerant) mice subject to CLP (45]. 

Another class of anti-apoptotic proteins have been identified that inhibit caspase 
activity directly. These inhibitors, including cytokine response modifier A (CrmA), 
P35, FLICE inhibitory protein (FLIP) and inhibitor of apoptosis (lAP) were original
ly discovered in viruses; used as anti-apoptotic strategies by viruses to block cell-au
tonomous apoptosis and cytotoxic T lymphocyte activity during viral infection [ 46]. 
Later, cellular counterparts of some of the inhibitors such as clAP and cFLIP were 
identified. Because of their major role in the cell death pathway, caspases are attrac
tive potential targets for the treatment of diseases. Studies have demonstrated that 
the use of apoptosis inhibitor P35 prevents blindness in Drosophila mutants with 
retinal degeneration [ 47]. Moreover, caspase inhibitors are reported to be effective in 
treating stroke, myocardial ischemia-reperfusion injury, liver disease and traumatic 
brain injury in animal models (48]. However, many questions still need to be ad
dressed concerning their application in man. 

Conclusion 

Severe trauma and/or shock, with its immunosuppressive response and increased 
susceptibility to subsequent sepsis and/or MOF, is still the most common cause of 
morbidity and mortality in the ICU. The current information reviewed here pro-

Resting ceii Q 

• 1 

Activated Cell 0 
/ ~ 

3,4 

co co~ 
T Proliferation - +-: <t • Apoptosis 

Memory Cell 

Fig.2. Postulated steps at which the process of lymphocyte activation/differentiation of a competent 
cell-mediated immune response to a variety of mediators associated with injury might be inhibited. 
1) Direct inhibition of the activation/differentiation of immune cells by immune suppressive 
agent(s) that do not lead to the initiation of apoptosis; 2) incomplete antigenic stimulation due to 
lack of a co-stimulatory signal, and/or superantigen overstimulation leading to activation-induced 
apoptosis; 3) indirect inhibition of the activation/differentiation of immune cells by the initiation of 
apoptosis by mediator(s); 4) direct/indirect inhibition of activation/differentiation of immune cells 
by the inadvertent induction of apoptosis due to removal of growth factor(s) 
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vides a potential link between the immune cell dysfunction seen following injury 
and the expression of various pro- and/or anti-inflammatory mediators released af
ter trauma, shock and sepsis. Furthermore, dysregulation of the normal process of 
programmed cell death is being implicated in the pathophysiologic consequence of 
immunosuppression in severe trauma and shock patients. Many of these mediators 
which are able to induce immune cell activation are also capable of initiating (lym
phocytes and macrophages) or inhibiting (neutrophils) apoptotic cell death. We hy
pothesize that the developing immune response might be affected at several points 
during activation, resulting in the induction (or delay) of apoptotic cell death which 
may be both a result and a cause of the immune suppressive state (Fig. 2). In lieu of 
this, inhibition and/or acceleration of apoptosis becomes an attractive therapeutic 
target. Identification of the precise mechanisms for regulation of caspases and sub
sequent apoptosis may provide effective treatment regimes for trauma patients. 
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