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Abstract

Apoptosis plays a central role in the pathogenesis of a number of human diseases. Because apop-
tosis represents a fundamental process in the response to such infections, it may represent a
therapeutic target for their treatment. There is thus likely to be future clinical relevance in har-
nessing our growing knowledge both of apoptotic mechanisms, and their regulation, in the search
to achieve modalities for therapeutic benefit. This brief review aims to summarize what we cur-
rently know about the role of apoptosis in response to a range of microbial infections (including
bacterial and viral).
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1. Introduction

The consequences of innate immune recognition of host cells undergoing apoptosis as a direct result of infection
remain somewhat unclear, even though the inflammatory phagocytosis of microbial pathogens and non-in-
flammatory phagocytosis of apoptotic cells have each been studied extensively. Following microbial infection
the innate immune system is confronted with mixed signals, coming both from apoptotic cells and also those
from the infecting pathogen. Nuclear receptor activation has been implicated downstream of apoptotic cell rec-
ognition while Toll-like receptors are the prototypical inflammatory receptors engaged during infection. When
the two signals combine, a new set of events takes place, beginning with transrepression of a subset of inflam-
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matory-response genes, and ending with the induction of a T helper-17 adaptive immune response. This re-
sponse is best suited for clearing the infecting pathogen and repairing the damage that occurred to the host tissue
during infection [1].

A wide variety of parasitic organisms (viruses, bacteria, fungi and protozoa) invade cells in order to exploit
cellular resources and reproduce themselves, often killing infected host cells in the process. The progeny of such
parasitic organisms then invade other, often nearby cells, which thus perpetuate the life cycle of the parasite. If a
cell can detect that such an infection has occurred and that it is therefore fated to die, then by engaging a mecha-
nism for more rapid cell death it will halt reproduction of the parasite and prevent its lethal spreading to other
related cells (the most likely onward targets of a specialized parasite will usually be individual cells that closely
resemble the initial cellular host). By this process, cells infected by a parasite may thus undergo apoptosis to
prevent spreading of the infection to clone mates and other related vulnerable cells which assists with the wider
aspects of survival of the entire organism. Active cell death in response to infection essentially thus becomes
one of the earliest types of immunity. Since host-parasite interactions are dynamic, parasites evolve mechanisms
to prevent such active cell death, and thereby promote their own survival and ability for replication.

At present, there is no evidence that strongly supports the presence of a molecular pathway mediating apop-
tosis in unicellular organisms that is triggered in response to infection. Some protists have been observed to un-
dergo cell death with the superficial characteristics of apoptosis [2]-[6], but it remains to be seen whether the
mechanisms are related to those of metazoans. Nevertheless, using the principles of parsimony and Occam’s ra-
zor, by comparing organisms in different phyla (or kingdoms) conclusions can be drawn about the characteris-
tics of cell death in common ancestors. As we learn more about the pathways of apoptosis in diverse organisms,
these APOPTOTIC AND NECROTIC Macrophages are independently regulated during M. tuberculosis infec-
tion of macrophages. Virulence affects the level of host cell death and the ability to inhibit apoptosis, whilst
other strain-specific characteristics influence the ultimate mode of host cell death and alter the balance of apop-
tosis and necrosis [7].

2. Apoptosis and Bacterial Infection

M. tuberculosis-infected macrophages can undergo two general modes of cell death: apoptosis and necrosis.
These two forms of cell death appear to have drastically different outcomes for the course of infection. Apop-
tosis (programmed cell death) is an energy-dependent process mediated by the caspase cascade, and which re-
sults in the ordered degradation of cellular contents and the formation of apoptotic vesicles. It has been demon-
strated that apoptotic cell death of M. tuberculosis-infected macrophages is directly associated with mycobacte-
rial killing [8]-[12] and can also enhance stimulation of T-cell responses via the “detour” pathway of antigen
presentation [13]-[15]. On the other hand, necrotic cell death, is associated with a disordered, energy independ-
ent death of the cell, although recent work suggests that necrosis can also follow a strictly programmed and or-
dered series of events [16] [17]. In M. tuberculosis infection, a necrosis-like form of death has been observed
and demonstrated to allow the release of viable mycobacteria for subsequent re-infection [11] [18]. Necratic cell
death may be an important factor in granuloma formation, inflammatory tissue damage and ultimately transmis-
sion of the bacterium.

Several studies have suggested that pathogenic M. tuberculosis strains use inhibition of apoptosis as a viru-
lence mechanism, and that the effects are dependent on multiplicity of infection and relative virulence of the
mycobacterial strain. Keane et al. demonstrated that, at low multiplicities of infection, virulent M. tuberculosis
induced less macrophage apoptosis than attenuated M. tuberculosis complex organisms or saprophytic myco-
bacteria [19]. Conversely, higher multiplicities of infection with M. tuberculosis resulted in necrosis-like cell
death through a caspase-independent mechanism [20] [21] and several studies report that virulent strains of M.
tuberculosis induce necrotic death of the macrophage [22]-[25]. Hence it has become a popular model that viru-
lent M. tuberculosis inhibits apoptosis, whereas avirulent mycobacteria stimulate apoptosis. Furthermore, indi-
vidual M. tuberculosis genes involved in apoptosis inhibition have been discovered, such as nuoG and secA2
[26] [27] and deletion of these genes is reported to result in a “pro-apoptotic” phenotype.

Salmonella enterica is an important enteric pathogen of humans and of a variety of domestic and wild animals.
It can produce both localized enteritis and disseminated systemic disease in humans and in a variety of other
vertebrates [28] Salmonella strains can also disseminate from the intestine and produce serious, sometimes fatal
infections with considerable cytopathology in a number of systemic organs. A combination of bacterial genetic
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and cell biology studies have shown that Salmonella uses specific virulence mechanisms to induce host cell
death during infection. Salmonella produces one set of virulence proteins to promote invasion of the intestine
and a different set to mediate systemic disease. Significantly, each set of virulence factors mediates a distinct
mechanism of host cell death. The Salmonella pathogenicity island-1 (SPI-1) locus encodes a type Il protein
secretion system (TTSS) that delivers effector proteins required for intestinal invasion and the production of en-
teritis [29]. The SPI-1 effector SipB activates caspase-1 in macrophages, which causes release of IL-1b and
IL-18 and induces rapid cell death by a mechanism that has features of both apoptosis and necrosis. Caspase-1 is
required for Salmonella to infect Peyers patches and disseminate to systemic tissues in mice. Progressive Sal-
monella infection in mice requires the SPI-2 TTSS and associated effector proteins as well as the SpvB cyto-
toxin. Apoptosis of macrophages in the liver is found during systemic infection [29].

Bacterial pathogens can induce apoptosis or necrosis by a variety of direct and indirect mechanisms [30]. In
many pathogenesis studies, a comprehensive analysis of the mechanism of cell death due to bacterial infection
has not been undertaken. Instead, the process has been reported as necrosis or apoptosis based on the use of one
or a small number of cell biology markers. Occasionally, a mixed process has been described by terms such as
“oncosis” [31] (or ischaemic cell death), and “programmed necrosis” [32] [33].

3. Apoptosis and Viral Infection

Apoptosis of host cells can also result from viral infection whether by induction of tumor necrosis factor, con-
tradictory signals involving cell growth, or direct viral cytotoxicity. While adenovirus and influenza viruses
cause apoptosis, some viruses (such as baculovirus) may inhibit apoptosis.

Chronic HCV infection differently modulates the apoptotic machinery during the course of infection, where
the virus induces apoptosis early in the course of infection, and as the disease progresses apoptosis is modulated
[34]. Although the exact mechanisms of HCV pathogenesis, such as viral persistence, hepatocyte injury, and
hepatocarcinogenesis are not fully understood, nevertheless an accumulating body of evidence suggests that
apoptosis of hepatocytes is significantly involved in the pathogenesis [35] [36]. Apoptosis plays a pivotal role in
the maintenance of cellular homeostasis through removal of aged cells, damaged cells, and overgrowing new
cells [37].

Reovirus infection has proven to be an excellent experimental system for studying mechanisms of virus-in-
duced pathogenesis. Reoviruses induce apoptosis in a wide variety of cultured cells in vitro and in target tissues
in vivo, including the heart and CNS [38]. In vivo, viral infection, tissue injury, and apoptosis co-localize, sug-
gesting that apoptosis is a critical mechanism by which disease is triggered in the host [39]-[41]. Several reviews
examine the mechanisms of reovirus-induced apoptosis and investigate the possibility that inhibition of apop-
tosis may provide a novel strategy for limiting virus-induced tissue damage following infection.

Two factors, p35 gene and inhibitor of apoptosis (IAP), found in baculovirus can also inhibit apoptosis in a
response to large number of triggers [42] [43]. Baculovirus, Pox virus and cowpox gene crm-A attenuate apop-
tosis by inhibiting IL-1 converting enzyme (ICE) [44]. Furthermore, crm-A also inhibits the inflammatory re-
sponse to viral infection and thus, by doing so, promotes the viral pathogenic process [44] [45]. Viral latency
also represents an important factor. For example, in EBV infection, the viral gene LMP-1 is expressed during
latency, which then upregulates Bcl-2 expression, which creates a beneficial survival environment to latency in-
fected cells [46]. Furthermore, apoptosis-sensitive B cell lines can be made resistant to cell death by transfection
of LMP-1 [47].

Apoptosis can sometimes occur in severe acute respiratory syndrome (SARS). When this occurs, the invasive
cells in the affected tissues are primarily monocytes, which suggests that invasion of monocytes (and apoptosis)
may play an important role in the progression of SARS. Furthermore, evidence that the SARS virus may have an
immune-relevant cell-killing effect during its pathogenesis arises from the observation of a decreased number of
T cells and B cells in the lungs and CD4"CD8" T cells and CD20*/CD45RA" B cells in the spleen and lymph
nodes [48].

4. Apoptosis and AIDS

The pathogenesis of AIDS may involve inappropriate induction of CD4" T cell apoptosis by HIV [49]. The viral
transcription gene-Tat influences mMRNA transcription of some genes involved in cell survival. Furthermore, the
Tat gene has been shown to upregulate the expression of Bcl-2 oncogenic protein, which suggests that it may
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protect cells from apoptosis [50]. Peripheral blood T cells from HIV-infected individuals have long been known
to be highly sensitive to in vitro-induced cell death, and the incubation of T cells from HIV patients rapidly
triggers apoptosis [51]-[53], accelerated even further by a range of inducers, including mitogens. Superantigens
also considerably increase the number of apoptotic cells [51] [54]. T cells from lymph nodes, and peripheral
blood, of HIV patients express both tissue transglutaminase (tTG) and a Ca?*-independent enzyme, factors that
appear to be important in the pre-apoptotic process [55]. It was originally felt that CD4 subset was primed for
apoptosis in HIV infections, but the CD8 subset may also be involved [56]. It has been observed that activated T
lymphocytes expressing CD45R0O, HLA-DR, CD38 are more prone to apoptosis compared with controls [57]
[58].

Histopathology of lymph nodes and thymus of HIV-infected individuals has demonstrated that apoptosis takes
place not only in infected cells, but also in their neighboring cells [59]. Ex-vivo experiments have concurred with
these observations by showing that approximately 50% of peripheral blood lymphocytes from HIV-infected in-
dividuals undergo apoptosis [60].
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