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Abstract

CHARACTERIZATION AND MECHANISM OF INFLUENZA A VIRUS INDUCED
CELL DEATH

By

DEMETRIUS MATASSOV 

Advisor: Professor Zahra Zakeri

Virus induced host cell death is an important process as it contributes to the 

pathogenesis o f the virus. Many viruses can induce cell death by interacting with the 

host’s cell death machinery in different ways. The influenza vims is one such vims 

whose mechanism of induction o f cell death has not been elucidated. The aim of this 

study was to characterize the type o f cell death induced by the influenza vims and 

determine the cell death components that are activated and/or needed during influenza 

induced cell death.

Identifying the type o f cell death induced by the vims is o f great value as it can 

give insight to the pathways used by the vims to induce cell death. We started our study 

by characterizing the type of cell death in MDCK (Madin Darby canine kidney) and 

A549 human lung epithelial cells. We found that in both cell types influenza induced an 

apoptotic type o f cell death albeit with different kinetics. Using UV inactivation o f the 

vims we determined that the induction of cell death required the replication of the vims 

and not the mere attachment and internalization hence the extrinsic pathway alone may 

not be the activated target by vims attachment. In this line we showed that the Fas 

molecule, which is part o f the extrinsic cell death pathway, is not necessary for vims 

induced cell death, but appears to enhance the killing.
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We found that mitochondria, which are part o f the intrinsic cell death pathway, 

are altered during influenza induced cell death and contribute to the demise o f the cell. 

With the aid o f different knockout cell lines we evaluated the need o f certain cell death 

components associated with mitochondria during influenza induced cell death. Pro- 

apoptotic Bcl-2 family members BAK, BAX and BIM are not needed for cell death 

induction by the virus but enhance cell killing by the virus while the anti-apoptotic BC1-2 

shows limited protection against influenza induced cell death. P53, another intrinsic cell 

death component, appears not to be required for cell death but can enhance its activation.

As to the activation o f caspases we find that caspases are activated in both A549 

and MDCK cells after virus infection, but are not required for the cell killing o f the 

infected cells and are therefore dispensable. Lastly, we show that another class of 

proteases called cathepsins can affect the level o f cell death as well as the replication of 

the virus.

We have shown from our data that both components o f intrinsic and extrinsic 

pathways are involved in influenza induced cell death. We also show that when different 

parts of the pathways are deleted the virus still kills the cells perhaps by redirecting its 

use o f other components o f the same or other pathways. In addition some o f the cell death 

components also affect the efficiency of viral replication. Our findings give support to the 

possibility that influenza virus is a good killer since it can use a multitude o f different 

components o f the cell death machinery.
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Part I. Introduction

Programmed cell death or apoptosis is an important process in that it helps 

remove unhealthy and diseased cells from an organism to maintain homeostasis. It occurs 

during embryogenesis and development o f the immune system; and it is a normal host 

response to viral infections to ensure that viral progeny does not spread. There are many 

viruses that encode proteins that affect apoptosis in a positive or negative manner. 

Blocking apoptosis by a viral gene product ensures that the virus can maintain viral 

progeny production, thus establishing a persistent infection in a host. Viruses with anti­

cell death abilities can maximize viral production by keeping the host cells alive and 

allow future propagation o f the virus. In contrast, virus induced host cell death is an 

important process as it contributes to the pathogenesis o f the virus. Different viruses may 

interact with cellular death machinery in different ways. Pro-cell death viruses can 

replicate quickly and spread easily so induction o f cell death may not limit infections.

The induction o f cell death may also allow avoidance from the immune system by killing 

cells o f the immune system. One virus that activates cell death is the influenza virus. Its 

importance stems from the fact that influenza viruses are recognized as serious 

worldwide pathogens for both humans and domestic animals. The molecular mechanism 

of influenza-induced cell death has not been resolved and is o f central importance to this 

thesis. It appears that this induced cell death contributes to the cytopathogenic effects of 

the virus. Therefore, it is important to understand how influenza viruses regulate cell 

death. I will discuss later the importance and pathways o f cell death in order to better 

analyze influenza induced cell death.
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Chapter 1. Biology of Influenza Virus

Influenza virus is an enveloped virion with a segmented negative sense single 

stranded RNA (ssRNA) genome. Influenza viruses belong to the Orthomyxoviridae (from 

the Greek orthos, meaning standard, correct and myxo, meaning mucous) family, which 

has three genera: influenza A and B viruses, influenza C and the tick-borne Thogoto-like 

viruses (unnamed). Much o f our discussion will be focused on type A influenza virus 

since it is an influential and widely studied pathogen. Influenza A viruses are further 

divided into subtypes based on the antigenic nature o f their hemagglutanin (HA 1 -1 4 )  

and neuraminidase (NA 1 -  9) glycoproteins (reviewed in Fields et al, 1996).

1.1. Viral Structure and Genome

The influenza virus is an enveloped virus, meaning that the lipid envelope o f the 

virus is derived from the plasma membrane of the infected host cell. The viruses are 

composed of 0.8% to 1% RNA, 70% protein, 20% lipid and 5% to 8% carbohydrate. 

Influenza virus particles are highly pleiomorphic, mostly spherical/ovoid, 80-120 nm 

diameter (reviewed in Compans and Choppin, 1975).

The outer surface o f the influenza A particle consists of a lipid envelope from 

which project two types o f glycoprotein spikes: a rod-shaped hemagglutinin, which is 

-135A trimer (HA), and a mushroom shaped neuraminidase, which is -60A  tetramer 

(NA). The ratio o f HA to NA is approximately 4-5 to 1. The third integral membrane 

protein is the M2 ion channel protein, for which biochemical evidence indicates a low
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copy number present in the virion. The inner side o f the envelope is lined by the matrix 

protein (M), which is the most abundant protein found in the virus. There is no stable 

lipid-free core other than the ribonucleoprotein (RNP) (Zabedee et al, 1985; Jackson et al, 

1991; Hughey et al, 1992).

The 'RNP' (RNA + nucleoprotein) particles appear as flexible rods that exhibit 

loops at one end and a periodicity of alternating major and minor grooves, suggesting that 

the structure is formed by a strand that is folded back on itself and then coiled on itself to 

form a type o f twin stranded helix or pan handled shape. The RNPs vary in length 

depending on the RNA segment (Duesburg, 1969; Pons et al, 1969; Rees and Dimmock, 

1981).

The RNPs consist o f four proteins and RNA. The nucleoprotein (NP) is the most 

abundant protein subunit in the nucleoprotein complex and binds to approximately 20 

nucleotides. Associated to this complex are the three polymerase (P) polypeptides (PA, 

PB1 and PB2), which function as an RNA dependent RNA polymerase. The RNP 

complex in turn is the RNA dependent transcriptase complex (Inglis et al, 1976; Lamb 

and Choppin, 1976).

The influenza virus has a segmented negative sense ssRNA genome. Influenza A 

and B viruses each contain eight distinct RNA segments, whereas influenza C viruses 

contain seven RNA segments. Negative-stranded RNA genomes have to serve two 

functions: first as a template for synthesis o f mRNAs and second as a template for 

synthesis o f the antigenome (+) strand. Influenza viruses provide some remarkable 

examples o f genome diversity: spliced mRNAs and overlapping reading frames (RF),
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bicistronic mRNAs and overlapping RF and coupled translation o f tandem cistrons 

(reviewed in Lamb and Choppin, 1983; here and elsewhere Lamb, 1989).

1.2. Viral Proteins and Functions

RNA dependent RNA polymerase complex

The three largest RNA segments (1-3) o f influenza A encode three viral 

polymerase (P) proteins, PB2, PB1 and PA, respectively. The proteins were named based 

on their behavior on an isoelectric focusing gel: two proteins were basic (PB1 and PB2) 

and one acidic (PA). These viral proteins together form a complex that is called the viral 

RNA polymerase and have a variety o f enzymatic activities. It appears that each P protein 

has its own karyophilic (nuclear transport) signal. The function o f PB2 is to recognize 

and bind to the 7mGpppGpNm cap structure at the 5’ end o f the host cell mRNA 

molecule and to be used for the priming o f influenza transcription. PB1 is responsible for 

chain initiation and elongation o f the viral mRNA. The function o f PA is not known 

(Inglis et al, 1976; Lamb and Choppin, 1976; Horisberger, 1980; Ulmanen et al, 1981; 

Winter and Fields, 1982).

Recently discovered was a novel 87-residue peptide encoded by the +1 reading 

frame of PB1 (Chen et al, 2001). This alternative reading-frame peptide designated PB1- 

F2 has several unusual features compared to other influenza gene products. PB1-F2 has a 

variable expression in individual infected cells, in some animal (especially swine) 

influenza virus isolates is absent, readily degraded by the proteasome complex and 

localizes to the mitochondria (Chen et al, 2001). N- and C-terminal deletion mutants and
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site-directed mutagenesis o f some basic residues o f PB1-F2 revealed a domain from 

residues 46 to 75 important for mitochondrial localization (Yamada et al, 2004). 

Transfection o f a plasmid encoding PB1-F2 into Vero, HeLa and MDCK cells had altered 

the overall mitochondrial morphology and lowered the inner mitochondrial membrane 

potential (Yamada et al, 2004). PB1-F2 had been shown to lead to the destabilization of 

mitochondrial membranes that leads to release o f macromolecular and cell death (Gibbs 

et al, 2003, Chanturiya et al, 2004). PB1-F2 contains a mitochondrial targeting sequence 

(MTS) (predicted to form a positively charged amphipathic alpha-helix) and is able to 

form variably sized stable pores that are inserted into the inner mitochondrial membrane 

(Gibbs et al, 2003, Chanturiya et al, 2004).

Hemagglutinin Protein

The fourth RNA segment encodes the surface hemagglutinin (HA) glycoprotein. 

The HA molecule is a type I integral membrane protein that forms a homotrimeric spike 

o f noncovalently linked monomers. It binds to sialic acid containing receptors on cell 

surfaces during viral attachment, fuses to plasma membranes during penetration in the 

cytoplasm and is a major antigenic determinant (Porter et al, 1979; Verhoeyen et al,

1980; Lamb, 1989; Nobusawa et al, 1991).

The HA molecule is synthesized as a single polypeptide, Ho, which is post- 

translationally modified by the addition o f oligosaccharides and cleaved into two 

disulfide linked chains, Hi and H2. Cleavage is required for the virus to be infectious and 

is thus a critical determinant in pathogenecity and spread o f infection. A precursor HA 

molecule that contains the sequence R-XK/R-R is cleaved by the intracellular furin
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protease residing in the trans Golgi network (Klenk et al, 1975; Lazarowitz and Choppin, 

1975; Klenk and Garten, 1994). Two bilayers o f two opposing membranes are fused 

together by a mechanism requiring a low pH conformational change exposing the fusion 

peptide in HA (Skehel et al, 1986).

Nucleocapsid Protein

The nucleocapsid protein (NP) is the major structural protein that binds to the 

negative stranded viral RNA and forms the RNP. The protein is encoded on the fifth 

RNA segment o f influenza A viruses. NP proteins are phosphorylated, but it is not clear 

what percentage o f NP molecules is phosphorylated and whether phosphorylation is 

essential for function (Privalsky and Penhoet, 1977; Petri and Dimmock, 1981). NP 

molecules are transported to the nucleus after synthesis in the cytoplasm by the 

karyophilic signal contained within the protein (Lin and Lai, 1983). The mechanism of 

assembly is poorly understood. Both virion RNA (- strand) and template (+ strand) RNAs 

are associated with NP molecules, whereas the viral mRNAs are (+ strand) are not 

associated with NP molecules (Hay et al, 1977; Pons, 1971; Lamb, 1989).

Neuraminidase Protein

Encoded on RNA segment 6 is the neuraminidase (NA) class II integral 

membrane protein (Colman, 1989). It is the second glycoprotein o f the influenza virion 

and a major antigenic determinant. NA catalyzes the cleavage of a-ketosidic linkage 

between a terminal sialic acid and adjacent D-galatose or D-galactosamine (Gottschalk, 

1957). The role o f NA in the influenza virus life cycle is still unclear. However, it has
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been shown that HA removes sialic acid from HA, NA and the cell surface, thus blocking 

virus aggregation during budding (Palese et al, 1974).

The Matrix and M2 Proteins

RNA segment 7 o f influenza A virus encodes two known proteins, the matrix 

protein (Mi) which lies inside the lipid envelope and constitutes the most abundant 

polypeptide in the virion, and the M2 protein, which is a minor component o f virions and 

has ion channel activity (Allen et al, 1980; Lamb and Lai, 1981). Three mRNA 

transcripts are derived from RNA segment 7: a colinear transcript encoding Mi protein, a 

spliced mRNA encoding the M2 protein and an alternatively spliced mRNA, which 

encodes a 9 amino acid peptide (Lamb et al, 1981).

The matrix protein underlies the viral lipid envelope and provides rigidity to the 

membrane. It is also believed that the matrix protein interacts with the HA, NA, and M2 

proteins and with the RNP structure. If  the Mi protein is not dissociated from the RNPs, 

then the RNPs will fail to be transported to the nucleus (Rees and Dimmock, 1981;

Martin and Helenius, 1991).

The M2 protein is a type III integral membrane protein that is abundant in infected 

cells but is underrepresented on the mature virion envelope. Once the virion is 

endocytosed and contained in an endosome, the M2 protein functions by pumping 

hydronium ions into the virion, facilitating a conformational change that disrupts the 

protein-protein bonds holding the virion together (Lamb et al, 1985; Hay, 1992;

Holsinger et al, 1994). The result is the dissociation of the matrix proteins from the 

RNPs.
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Non-Structural Proteins

RNA segment 8 encodes two non-structural proteins, NS1 and NS2, where the NS2 

mRNA is spliced out o f the NS1 mRNA (Inglis and Almond, 1980; Lamb et al 1980; 

Lamb and Choppin, 1980; Lamb and Lai, 1980).

The NS1 protein is abundant in influenza virus-infected cells but it has not been 

detected in virions, hence the designation NS  for nonstructural (Lazarowitz et al, 1971; 

Krug and Etkind, 1973). NS1 is a phosphoprotein that is translated early in infection and 

primarily located in the nucleus, but also appears late in the cytoplasm (reviewed in 

Fields et al, 1996). Several functions have been associated with the NS1 protein:

1. The NS1 protein inhibits pre-mRNA splicing by binding to specific splicing factors, 

e.g. U6 snRNP (Lu et al, 1994).

2. The NS 1 protein inhibits mRNA transport out o f the nucleus by binding 

to polyA (Alonso-Caplen et al, 1992; Fortes et al, 1994).

3. The NS1 protein stimulates viral mRNA translation by binding to the 5’ untranslated 

region (UTR) o f the viral mRNAs (de la Luna et al, 1995).

4. The NS1 protein inhibits in vitro dsRNA-mediated activation o f dsRNA-activated 

protein kinase (PKR) by binding to dsRNA (Lu et al, 1995).

5. NS1 may be an auxiliary virulence factor, playing a crucial role in inhibiting 

interferon-mediated antiviral responses o f the host (Garcia-Sastre et al, 1998).
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Two functional domains required for regulating nuclear export o f mRNA have 

been identified in the NS1 protein. A domain near the N-terminal end o f NS1 (residues 

19 through 38) was shown to be the RNA-binding domain. This domain is not arginine- 

rich as in some RNA-binding domains and does not even have a high net positive charge. 

The second NS1 functional domain, which is located in the C-terminal end, can be 

presumed to be the effector domain that interacts with host nuclear proteins. Influenza 

viruses can tolerate large C-terminal deletions o f NS1 protein, suggesting that the effector 

domain is not essential for viral replication (reviewed in Fields et al, 1996).

Recent evidence has shown that influenza A viruses expressing C-terminally 

deleted forms o f the NS1 protein (NS1-81 and NS1-110) have a reduction in the 

accumulation o f virion RNA and the synthesis and accumulation of late virus proteins 

(Falcon et al, 2004). These results indicate that the NS1 protein is essential for nuclear 

and cytoplasmic steps during the virus cycle (Falcon et al, 2004).

It has been proposed that the NS1 protein has the ability to suppress transcription 

of interferon-stimulated genes (ISG) and IFNa production. Support for the argument 

comes from a virus that has the entire NS1 protein deleted (delNSl). It is able to replicate 

in STAT1 (Signal Transducer and Activator o f Transcription 1) knockout mice but 

unable to grow in wt mice, MDCK cells and eggs. ST AT proteins are involved in the 

induction o f interferon in cells. However, delNSl has the ability to grow in Vero (Green 

monkey kidney) cells that are adapted to serum-free media. These cells have a genetic 

defect in interferon production (Emeny and Morgan, 1979). It has been demonstrated that 

tumor cells resistant to interferon alpha (IFNa) (correlated with a reduction in expression 

of STAT1) are susceptible to oncolysis by the infection of the delNSl influenza virus
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(Muster et al, 2004). The use o f this mutant virus can be exploited to kill human IFN- 

resistant melanoma cells (Muster et al, 2004).

A mutant NS1 protein defective in the amino-terminal region containing the 

dsRNA binding was made by substituting alanines for two basic amino acids within NS1 

(R38 and K41) that were previously found to be required for RNA binding (Donelan et 

al, 2003). The recombinant influenza A virus showed increased IFN-beta production in 

MDCKS cells (Donelan et al, 2003).

Altered NS 1 proteins with an impaired RNA-binding function or insertion o f a 

longer foreign sequence did not replicate in murine lungs but was able to induce a Thl- 

type immune response with high titers of virus-specific serum and mucosal 

immunoglobulin G2 (IgG2) and IgA, but with lower titers o f IgGl (Ferko et al, 2004). On 

the contrary, replicating viruses elicited high titers o f serum and mucosal IgGl but less 

serum IgA. The mutant viruses also induced a rapid local release o f proinflammatory 

cytokines such as interleukin-1 beta (IL-lbeta) and IL-6 (Ferko et al, 2004). The 

generation o f the mutant RNA binding domains created replication-deficient viruses that 

were good for making influenza virus vaccines.

Further support o f the function o f NS1 comes from the inhibition o f dsRNA- 

activated protein kinase (PKR). IFN is able to induce the activation o f PKR. In the 

presence of dsRNA PKR becomes activated and phosphorylates eIF2a. As a result, 

protein synthesis within the cell is globally blocked. NS1 protein binds to dsRNA and 

subsequently blocks the activation of dsRNA-activated PKR in vitro. For this reason it 

was suggested that one o f the mechanisms employed by the influenza virus to evade the 

antivirus effects might involve the NS1 protein. This hypothesis might explain why
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influenza transfectant viruses containing large deletions in the NS1 protein are capable o f 

replicating efficiently in the interferon deficient Vero cell lines but not in normal host 

cells.

The lethal H5N1 influenza viruses, unlike other human, avian, and swine 

influenza viruses, were found to be resistant to the anti-viral effects o f interferons and 

tumor necrosis factor alpha (Seo et al, 2004). This resistance was associated to the action 

of the NS1 protein and may explain a mechanism for highly virulent viruses (Seo et al, 

2004).

New evidence has shown that the NS1 protein o f human influenza A virus has an 

RNA silencing suppression activity in plants, similar to RNA silencing suppressor 

proteins of plant viruses (Bucher et al, 2004, Delgadillo et al, 2004). NS1 has also been 

shown to bind to small interfering RNA molecules (siRNAs) and enhance viral 

pathogenicity (Bucher et al, 2004). The data shows a potential role for NS1 in 

counteracting innate antiviral responses in mammals by sequestering siRNAs (Bucher et 

al, 2004, Delgadillo et al, 2004).

It has been proposed that the NS2 protein functions as a nuclear exporting protein, 

where it facilitates the export o f RNPs from the nucleus (O'Neill et al, 1998). As a result 

it is designated NEP, for nuclear export protein. It has also been found that the NS2 

protein is not a non-structural protein but exists in virions and is associated with the M l 

protein (Richardson and Akkina, 1991; Yasuda et al, 1993).

Knowing the functions and structures o f the various influenza proteins can give 

insight to how the virus can activate and modulate the components o f the cell death 

pathways. The different interactions by the individual influenza proteins with the host
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proteins can provide information to the induction o f cell death. For example, PB1, PB2, 

PA, NP and NS1 are synthesized early during an infection and could be possible inducers 

of cell death in the infected cells.

1.3. Viral Replication Strategy

Influenza viruses bind to sialic acid residues present on cell surface glycoproteins 

or glycolipids via the receptor-binding site in the distal tip o f the HA molecules. Different 

influenza viruses have different specificities for sialic acid linked to galactose by a2,6- or 

a2,3- linkages, and this is dependent on specific residues in the HA receptor-binding 

pocket. Interaction o f HA with sialic acid is o f fairly low affinity, but high avidity is 

probably achieved by multiple low-affinity interactions.

Influenza viruses enter cells by a process o f engulfment called receptor-mediated 

endocytosis. Following internalization, the vesicle fuses with endosomes, where 

uncoating o f influenza virus is dependent on the acidic pH of this compartment. For the 

influenza virus RNPs to penetrate into the cytosol, they have to cross the membrane of 

the virion and that o f endosomes (Matlin et al, 1982; Marsh and Helenius, 1989).

Negative-strand RNA viruses encode and package their own RNA-dependent 

RNA transcriptase, but mRNAs are synthesized only after the virus has uncoated in the 

infected cell. Viral replication occurs after synthesis o f the mRNAs and requires 

synthesis o f viral proteins. Among the RNA viruses, influenza virus is very special in that 

all of its RNA synthesis-transcription and replication-takes place in the nucleus o f the 

infected cell.
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Genome segments are transcribed by the 3 polymerase polypeptides associated 

with each genome segment. During the initial phase o f influenza infection (~2h), active 

host DNA synthesis is required and the replication o f the virus is prevented by UV 

exposure, but not thereafter (Abraham, 1979). The reason is that in the initial step of 

replication PB2 attaches to the m7GpppXm cap of host mRNAs. This structure is cleaved 

from the host mRNA by PB2, and serves as a primer for viral RNA synthesis where 11- 

15 nucleotides (complementary to the conserved sequence at the 3' end o f the vRNA) are 

added by PB1, after which PB2 dissociates from the growing strand; these structures can 

be isolated from infected cells. PB1 + PA then complete the synthesis o f the (+) sense 

strand (Fields et al, 1996; Mikulasova et al, 2000; Neumann et al, 2004).

Two classes o f (+) sense RNA are made in infected cells:

•  Incomplete, 3' polyadenylated transcripts that are exported to the cytoplasm and serve 

as mRNAs (due to the presence o f a specific polyadenylation sequence ~20nt from 

the 5' end o f the (-) sense vRNA template strand)

• cRNA = complete, non-polyadenylated (+) sense copies o f the (-) sense vRNA (made 

by readthrough o f the polyadenylation signal) which serve as template for the 

synthesis o f progeny (-) sense vRNAs.

In addition to stealing caps, influenza virus mRNAs make use o f another aspect of 

host cell nuclear function, namely, the splicing machinery. Influenza virus mRNA
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transcripts provide one example o f splicing of RNA that is not transcribed from DNA by 

RNA polymerase II. Similar splicing of RNA is seen in the Boma virus.

Most o f the proteins made (e.g. HA, NA) remain in the cytoplasm or become 

associated with the cell membrane. However, the NP protein migrates back into the 

nucleus, where it associates with newly-synthesized vRNA to form new nucleocapsids. 

These nucleocapsids migrate back out into the cytoplasm and towards the cell membrane 

(mechanism unclear). The level o f free nucleoprotein (NP) is thought to control whether 

mRNA or cRNA is produced because later in infection there is lots o f NP, and mRNA 

synthesis stops but cRNA synthesis continues. NP is thus a crucial switch in the 

replication cycle between expression and assembly. Shut-off o f host cell protein synthesis 

is complete by about 3 hours post infection (Fields et al, 1996; Neumann et al, 2004).

The packaging mechanism responsible for sorting eight distinct genome segments 

into each virus is not known. However, it has been found that greater than eight RNA 

segments can be packaged into a virus with the exact number o f extra RNA segments not 

known. In addition, there is some evidence that the sorting o f genome segments is not a 

purely random process (Duhaut and McCauley, 1996). Under conditions in which virions 

are limiting vRNAs compete for packaging but do so in a nonspecific manner and each 

influenza A virus virion must package an average o f 9 to 11 vRNAs (Bancroft and 

Parslow, 2002). The first step described in the process o f viral RNA packaging appears to 

be the recognition o f a specific RNA packaging signal by the virus's nucleocapsid (N) 

protein (Narayanan et al, 2003). Influenza A viruses with deleted HA and NA 

cytoplasmic tails showed reduced vRNA to protein content and altered morphology
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indicating that the HA and NA cytoplasmic tails affect not only virion morphology but 

also proper genome packaging (Zhang et al, 2000).

Influenza viruses are released from the infected cell by budding off the host 

plasma membrane and not from the cell lysing. Approximately 4h after infection, patches 

o f M l protein form on the cell membrane, which appears to thicken, incorporating HA 

and NA on the outside o f the membrane. The nucleocapsid segments are incorporated 

into the particle as it buds out through the membrane. NA is thought to have a role in 

release of budding particles, since budding is inhibited by anti-NA antibodies. Host-cell 

membrane proteins appear to be excluded from virions. Virus particles are gradually 

released from the surface o f the cell over a period of several hours before the cell 

eventually die. The molecular process o f how the virus kills the cell is not known and is 

under current debate. The death o f the cell is the focus o f this research. There are still 

many questions on how the virus is able to induce cell death in the infected cell. Before 

one can understand the induction o f viral induced cell death a general understanding of 

cell death is needed and will be discussed below.
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Chapter 2. Mechanisms of Cell Death

2.1. Importance of Cell Death

Cell death is an important biological process that serves as a major mechanism for 

the regulation o f cell numbers and as a defense mechanism to remove unwanted and 

potentially dangerous cells (Rossi and Gaidano, 2003; Debatin, 2004). Failure o f cells to 

die is seen in some cancers and autoimmune disorders. Conversely, an abnormal increase 

in cell death is observed in neurodegenerative disorders and ischemic injury. Therefore, 

an understanding o f the regulation o f the machinery of cell death is o f great value. Since 

the theme of this thesis involves virus-induced cell death an understanding o f the 

importance, types and pathways o f cell death will enable better insight into this topic of 

research. We begin our discussion on the importance of cell death during development, 

homeostasis and pathogenesis.

Cell death during the development o f the nervous and immune system allows the 

removal of superfluous cells and the proper functioning of these systems. During 

vertebrate brain development, nerve growth factor withdrawal induced cell death allows 

the appropriate connections between neurons to occur and helps with the formation o f the 

overall architecture o f the nervous system network (Oppenheim, 1991). In the immune 

system, the death o f the majority o f developing B cells removes cells with improper gene 

rearrangements, anti-self expression or lack of stimulation by interleukins (Gercel-Taylor 

et al, 2002).
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In all normal tissues, cell proliferation and cell death are finely balanced and any 

disruption alters the homeostasis. Blood and skin cells, for instance, are constantly 

renewed by their respective progenitor cells; but this proliferation has to be compensated 

by cell death. The activation o f cell death allows an organism to control the cell number 

and the tissue size, and to protect itself from harmful cells that threaten homeostasis 

(Barisic et al, 2003). An example o f this delicate balance is seen during differentiation of 

hemopoietic stem cells to mature erythrocytes (Testa, 2004). Cells during differentiation 

become progressively sensitive to erythropoietin, which controls both the survival and 

proliferation o f erythroid cells. The immune system is another example o f this delicate 

balance between cell proliferation and cell death. B cell death ensures that newly 

produced B cells have functional receptors and do not recognize self-antigens with high 

avidity. Cell death is triggered in lymphocytes when the pool of survival factor signals 

(e.g., IL-3 and IL-4) is limited (Khaled and Durum, 2002). This process has been termed 

“clonal abortion” (von Boehmer, 1994).

As cell death is critical for the development and maintenance o f homeostasis in 

healthy tissues, its dysregulation can lead to pathogenesis and disease. For example, 

excessive levels o f cell death contribute to neurodegenerative disorders (Ross and Poirier, 

2004; Bossy-Wetzel et al, 2004) such as Alzheimer’s disease (Campion et al, 1995), 

Huntington’s disease (Sawa et al, 2003; Browne and Beal, 2004) and spinal muscular 

atrophy (Morris, 2000); to vascular diseases (Jaeschke and Lemasters, 2003; Eefting et al, 

2004) and AIDS (acquired immunodeficiency syndrome), in the case o f human 

immunodeficiency virus (HIV) (Krzyzowska et al, 2000). During an HIV infection, an 

elevation o f cell death in both CD4+ and CD8+ cells occurs due to T cell activation,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

which leads to an impairment in the immune system and AIDS (Galati et al, 2002). In 

contrast, reduced levels o f cell death lead to the development of cancer (Green and Evan, 

2002; Vogelstein and Kinzler, 2004; Zhivotovsky and Kroemer, 2004), autoimmune 

diseases such as lupus (White and Rosen, 2003; Sheriff et al, 2004) and rheumatoid 

arthritis (Liu and Pope, 2004), persistent infections such as by adenovirus (Braithwaite 

and Russell, 2001; Lichtenstein et al, 2004) and herpes virus (Aubert and Blaho, 2001; 

Goodkin et al, 2004) and other diseases.

Cells possess an intrinsic ability to self-destruct by the activation o f a cell suicide 

program. Most cells maintain the program in readiness and activate cell death in response 

to specific, often pathological, stimuli. As mentioned above cell death is important during 

development, homeostasis and removal o f unwanted and potentially dangerous cells, such 

as potentially cancerous cells, self-reactive lymphocytes, or cells that have been infected 

by viruses.

A dying cell can display a variety of different morphological and biochemical 

characteristics that are distinct from each other, indicating that there are different types of 

cell death. These different types o f cell death will be discussed in more detail below.

2.2. Different Types of Cell Death

As mentioned above cell death plays an important role during development, 

homeostasis and pathogenesis. Cell death can be triggered by a variety o f stimuli, 

including withdrawal o f essential growth factors, treatment with glucocorticoids, y- 

irradiation, certain pathogens and activation of certain external receptors (Rossi and
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Gaidano, 2003). With the activation o f cell death cells can undergo different types of 

death involving many different death pathways, recognized by their distinct 

morphological and biochemical characteristics.

Cell death has been morphologically differentiated into physiological cell death 

and necrosis (Kerr, 1969; Kerr et al, 1972; Searle, 1975; Wyllie et al, 1980; Wyllie,

1987). Physiological cell death, a very well controlled process, has been most often 

referred to as programmed cell death (PCD) (Lockshin, 1969). The term PCD implies a 

predictable sequence o f steps in target cells under a genetic control. Classically its 

morphology has been divided into two types, i.e., apoptosis or type I cell death, and 

lysosomal or type II cell death (Kerr, 1965; Kerr, 1971; Schweichel and Merker, 1973; 

Clarke, 1990; Zakeri et al, 1993; Okada and Mak, 2004).

2.2.1. Apoptosis or Type I Cell Death

Type I or classical apoptotic cell death is characterized by morphological changes 

that include the rapid condensation of the cytoplasm and nuclear chromatin, resulting in 

DNA and chromatin fragmentation as well as blebbing o f the cell membrane surface, 

followed by the formation o f apoptotic bodies, phagocytosis, and secondary lysosomal 

degradation o f fragments by phagocytes or neighboring cells (Kerr et al, 1965; Kerr,

1971; 1972). During apoptotic cell death, the dying cell begins to round and reduce in 

volume and size, while the plasma membrane still maintains its integrity (Kerr et al,

1972). Apoptosis is usually associated with the activation o f nucleases that degrade the 

chromosomal DNA into large (50 to 300 kilobases) and subsequently into very small

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

oligonucleosomal fragments (Wyllie, 1980; Wyllie et al, 1984). These small fragments 

when electrophoresed on an agarose gel give the hallmark DNA laddering pattern that 

occurs during classical apoptosis (Cohen et al, 1994). During nuclear condensation in a 

dying cell, the chromatin condenses and begins to migrate along the nuclear membrane 

by a process called nuclear margination (Wyllie, 1980; Wyllie et al, 1981; Ziegler and 

Groscurth, 2004).

Another hallmark o f apoptosis is the activation o f a class o f cysteine proteases 

called caspases, which are responsible for propagating the cell death signal within the 

cell, the degradation o f certain cellular proteins, and reorganization o f the cytoskeleton. 

During apoptosis, depolarization and cleavage of actin, cytokeratins, lamins and other 

cytoskeletal proteins typically occurs (Bursch et al, 2000). The cleavage o f poly(ADP- 

ribosyl) polymerase (PARP) has also been shown to be an important marker for caspase 

activity, specifically for caspase-3 activity (Soldani and Scovassi, 2002). Cell death can 

occur even when caspases are inhibited but the lack o f caspase activity abolishes the 

apoptotic changes in a cell; classical apoptosis is caspase-dependent (Leist and Jaattela, 

2001; Glassford et al, 2002). The involvement o f these and other proteases will be 

discussed in more detail below.

Mitochondria, in addition to their role in respiration, are also involved in initiation 

and execution o f apoptosis, an activity that is controlled by Bcl-2 (B-cell lymphoma-2) 

family proteins (Singh, 2004) as will be discussed in more detail below. Mitochondrial 

function appears to be critical in some cells for executing a death program, and activation 

of these cellular organelles is a crucial step for coordinating and integrating several 

upstream and downstream apoptotic pathways (Schultz and Harrington, 2003).
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During the later stages o f apoptosis dying cells begin to fragment and form 

apoptotic bodies that are taken up by neighboring cells by the process o f phagocytosis 

(Duvall et al, 1985; Savill and Fadok, 2000). The lipid distribution between the outer and 

inner leaflets o f the plasma membrane enclosing the apoptotic bodies is critical for 

elimination of these cellular remnants. Phosphatidylserine, normally present in the inner 

leaflet and excluded from the outer leaflet, is exposed in the outer leaflet o f apoptotic 

bodies. The presence o f phosphatidylserine in the outer leaflet (as detected by Annexin 

V) marks apoptotic bodies for elimination by phagocytic cells (Duvall et al, 1985; Fadok 

et al, 1992; reviewed in Savill and Fadok, 2000). Thus, the process o f apoptosis does not 

elicit an inflammatory response.

Apoptosis is biochemically defined as an energy-requiring process since energy is 

needed to propagate the signal and achieve the apoptotic morphology in a cell (Nicotera 

et al, 2000; Lang-Rollin et al, 2003). However, in situations where the required energy is 

not found the whole apoptotic process can halt and continue via a different mechanism 

(for review, see Zakeri and Lockshin, 2002). It appears also that a requirement for 

macromolecular synthesis and de novo gene transcription (Wyllie et al, 1984; Lockshin 

and Zakeri, 1992) has been identified.

2.2.2. Autophagic or Lysosomal or Type II Cell Death

For many years apoptosis has been of great interest to the scientific community, 

and much has been learned about its mechanism. However, PCD is confined not only to 

apoptosis: morphological and biochemical data suggest that autophagic, type II or
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lysosomal cell death is important in PCD as well (Lockshin, 1973; Schweichel and 

Merker, 1973).

Autophagic cell death is a phylogenetically old phenomenon, as it has been 

observed in the slime mold Dictyostelium discoideum (Comillon et al, 1994), in C. 

elegans (Hall et al, 1997), and in other invertebrates and vertebrates. Autophagy occurs 

usually in quiescent or postmitotic cells that are large and have massive cytoplasm, such 

as muscle (Beaulaton and Lockshin, 1977), larval midgut (Lee et al, 2002) and glandular 

tissues at metamorphosis (Jochova et al, 1997). Activation o f autophagic PCD results in 

the massive elimination o f many cells during a developmental program or cell injury.

The characteristics o f autophagic cell death appear distinct from apoptosis 

although many apoptotic changes eventually develop. One o f the most prominent features 

o f autophagic PCD is the formation of numerous large vacuoles in the cytoplasm of dying 

cells. These autophagic vacuoles are formed as a result o f a fusion between late 

autophagasomes and lysosomes (Cuervo, 2004). 3-methyladenine (3-MA) blocks the 

formation o f autophagic vacuoles and the eventual death o f cells like tamoxifen treated 

human mammary carcinoma cells (MCF-7) (Bursch et al, 1996), gastric and glioma cells 

overexpressing Ras (Chi et al, 1999), neuronal cells deprived of NGF (Xue et al, 1999), 

and kidney cells exposed to bacterial toxins (i.e. Shiga and diphtheria toxins) (Seglen and 

Jordan, 1982; Sandvig and van Deurs, 1992). As in type I PCD (apoptosis), the 

membrane stays intact and cell death does not elicit an inflammatory response.

Another very prominent characteristic is the degradation o f cytoplasmic 

components prior to any nuclear changes (i.e. condensation and fragmentation of the 

nuclei), which usually occurs at the late stages of death (Bursch et al, 2001; reviewed in
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Marino and Lopez-Otin, 2003; Wang and Klionsky, 2003; Cuervo, 2004). Autophagic 

PCD is exemplified by the labial gland of Manduca sexta and intersegmental muscle of 

silkmoths (Lockshin and Williams, 1965; Lockshin and Beaulaton, 1974; Beaulaton and 

Lockshin, 1977; Halaby et al, 1994; Zakeri et al, 1995). Biochemical evidence suggests 

that the state o f the cytoskeleton in dying cells exhibits different fates according to the 

type o f death. In autophagic PCD the cytoskeleton is redistributed but mainly preserved 

as seen in MCF-7 cells treated with tamoxifen as compared to in apoptotic cells where 

the cytoskeleton is completely depolymerized (Bursch et al, 2000). Even though there are 

drastic cytoplasmic changes occurring during autophagy, the cell’s organelles remain 

intact and functional. Mitochondria appear intact and maintain ATP-levels required for 

the completion o f autodigestion (Lang-Rollin et al, 2003).

During autophagy, caspase activity is not needed to cause the distinct phenotype 

seen in this type o f death. A class o f cysteine proteases called cathepsins is activated 

during autophagy and will be discussed in more detail later, but briefly these enzymes 

reside within lysosomes and their proteolytic activity can degrade proteins as well as 

activate several caspases. The activity o f these enzymes is restricted not only to 

autophagy but can also be seen in apoptosis and necrotic cell death (Turk et al, 2001;

Turk and Guncar, 2003; Yu et al, 2004).

Autophagic death and apoptosis are not mutually exclusive as it has been found 

that both types o f death can occur simultaneously in tissues and the dying cells can share 

apoptotic and autophagic characteristics (Xue et al, 1999; Bursch, 2001; Lockshin and 

Zakeri, 2004; Edinger and Thompson, 2004). This may be a feature o f what we see in 

influenza induced cell death as suggested by our data, presented in the next section.
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2.2.3. Necrosis

In contrast to physiological cell death, necrosis appears to be death out o f control, 

with the damage to the cell membrane as its major marker, leading to the loss of 

membrane integrity and ion homeostasis (Syntichaki and Tavemarakis, 2002). Necrotic 

cell death has been presumed to be unregulated and not under genetic control. However, 

it has been found that necrosis may not be completely unregulated as first suspected 

(Kitanaka and Kuchino, 1999; Syntichaki and Tavemarakis, 2002; Okada and Mak,

2004). Generally necrosis is thought to be a passive process that does not require energy 

or new protein or mRNA synthesis (Nicotera et al, 1999; Van Cruchten and Van Den 

Broeck, 2002). For example in humans, necrosis has been found during hypoxia, toxin 

exposure, ischemia and amyotrophic lateral sclerosis (Walker et al, 1988; Price et al,

1999). Necrosis is a pathological form of cell death that results from massive cellular 

trauma. Cells swell and lyse, thereby releasing their cytoplasmic contents, which often 

cause inflammatory responses and organ damage. Clumpy, ill-defined aggregation of 

chromatin and random length DNA fragments also occur in necrotic cells. Most 

organelles o f the dying cell show signs o f membrane permeabilization and rupture. It has 

been shown that mitochondria, the endoplasmic reticulum (ER) and lysosomes are altered 

in necrotic cells (Ferri and Kroemer, 2001; Ziegler and Groscurth, 2004). Low ATP 

concentrations or impaired ATP generation can push the morphology o f cell death toward 

necrosis indicating that mitochondrial dysfunction is o f importance during necrosis. The 

dilation and increased permeability o f mitochondria during necrosis can contribute to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

decline in ATP (Nicotera et al, 1998; Leist and Jaattela, 2001). Ribosomes may dissociate 

and ER sequestered Ca++ may be released into the cytoplasm, thereby increasing 

cytoplasmic levels o f Ca++ and activating calpain, a protease that can activate other 

proteases (Syntichaki and Tavemarakis, 2002). Lysosomes or “suicide bags” as they are 

sometimes called, contain over 80 types o f hydrolytic enzymes. When these enzymes are 

released due to lysosomal membrane permeabilization or rupture, necrotic cell death 

occurs in heart and brain ischemic injuries (Adamec et al, 2000). Cells undergoing 

apoptosis can convert to necrosis, which is referred to as secondary necrosis (Muppidi et 

al, 2004).

2.2.4. Other Types of PCD

As mentioned above, cells can die by any of the three major types o f death as 

apoptosis, necrosis and autophagy, each of which leads to different morphological and 

biochemical characteristics. However cells may also undergo cell death that is different 

from the three major types. There are many intermediate types of cell death that can 

occur and most likely there is a continuum between the major pathways o f cell death. 

Intermediates could be variations in the degree o f chromatin condensation and 

margination or the extent o f blebbing (Leist and Jaattela, 2001; and see review Lockshin 

and Zakeri, 2002).

The variants have been termed apoptotic-like or necrotic-like cell death. The 

characteristic o f apoptosis-like cell death involves chromatin condensation that is less 

compact or complete, electron dense and complex than that seen in apoptosis. The
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display of the phagocytosis recognition signal molecules nevertheless occurs before lysis 

of the plasma membrane (Hirt et al, 2000). Other features o f apoptosis can occur at 

various degrees and combinations. As mitochondria lose their membrane potential (Af'm) 

the release o f AEF (apoptosis inducing factor) into the cytoplasm can trigger apoptosis- 

like cell death (Lorenzo et al, 1999; Susin et al, 1999). Depletion o f heat shock protein -  

70 (Hsp-70) in MCF-7 cells can activate apoptosis-like cell death (Nylandsted et al,

2000). During apoptosis-like cell death the activation o f caspases does not occur instead 

other proteases are activated such as cathepsins, calpains and serine proteases (Leist and 

Jaattela, 2001; Abraham and Shaham, 2004). Apoptosis-like cell death is regarded to as 

being caspase-independent cell death because cells can die without the activation of 

caspases.

Another alternative type o f cell death is defined as necrotic-like cell death. Here 

the cell dies in the absence o f chromatin condensation or clustering o f the chromatin to 

form speckles (Leist and Jaattela, 2001). Varying degrees o f apoptosis-like features can 

occur such as extemalization o f phosphatidylserine prior to cell lysis. Necrotic-like cell 

death involves caspase-independent pathways. However, activation o f caspase -  1 and -  

8 may occur (Leist and Jaattela, 2001). Necrotic-like cell death has been classified as 

“aborted apoptosis” (Mathiasen and Jaattela, 2002) and is the result o f active cellular 

processes that are interrupted with oxygen-radical scavengers (Vercammen et al, 1998), 

inhibition o f the DNA repair protein poly(ADP)-ribose polymerase (PARP) (Ha et al, 

1999) or mutations in intracellular signaling molecules (Holler et al, 2000).

Characterization o f the different modes of cell death by the identification o f the 

varying degrees in biochemical and morphological markers allows a better understanding
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of the mechanism of cell death. The mode of cell death could have a differential effect on 

surrounding tissues and organs (Savill and Fadok, 2000) and may control the horizontal 

spread of oncogenic inflammation and infection (Boise and Collins, 2001). Here, we are 

investigating the mechanism of influenza induced cell death. Identifying the mode of cell 

death in our model systems is crucial to determine the mechanism by which the virus 

kills the cell.

2.3. Pathways Involved in Cell Death

As the number o f identified gene products associated with cell death increases so 

does the complexity o f their interactions. The gene products go through specific 

independent signaling pathways that lead to induction and progression o f cell death. 

Activation o f these death pathways can either be initiated from within (intrinsic) or from 

the outside (extrinsic). There are many components identified in the different pathways 

leading to cell death and some of them pertinent to our investigation will be discussed 

below.

2.3.1. Extrinsic Pathway:

The extrinsic pathway is defined by the involvement o f an external stimulus that 

acts upon the cell, thereby activating an internal cellular response, which results in the 

activation o f the cell’s innate cell death machinery. The external death signal is 

propagated within the cell by specific death receptors that are found on the outer plasma
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membrane o f the cell. The death cue is actually the ligand o f the death receptor and the 

interaction o f the two activates the receptor. The activation o f the receptor transmits the 

death cue inside the cell and initiates the recruitment o f cell death components, which in 

turn activate a proteolytic cascade that kills the cell. The details o f this pathway are 

discussed in more detail below.

2.3.I.I. Death Receptors and Their Action:

The tumor necrosis factor (TNF) family o f receptors (TNFR) is characterized by 

homology in the extracellular domains. At least 16 members of the TNF ligand family 

have been identified. Some o f these receptors initiate apoptosis, some initiate cell 

proliferation and some initiate both (Schultz and Harrington, 2003). The cell surface 

receptors that transmit apoptotic signals initiated by ligation with a specific antibody or 

by the natural ligands are called death receptors (DR) and play a central role in induction 

of apoptosis (Schultz and Harrington, 2003; Porter and Dhakshinamoorthy, 2004).

Six different DRs characterized by a conserved extracellular cysteine-rich motif 

are known: Fas, TNFR1, DR3, DR4 (TRAIL-R1), DR5 (TRAIL-R2), and DR6 (Rossi 

and Gaidano, 2003). The ligands o f these receptors form a family o f related cytokines 

also named TNF family, containing TNFa, lymphotoxin (LTa), Fas-Ligand (FasL), 

Apo3-Ligand (Apo-3-L), and TRAIL (TNF-related apoptosis-inducing ligand) (Rossi and 

Gaidano, 2003) (Figure 1, see pg 53).

The activation o f the apoptotic pathway is initiated by the trimerization o f the DR 

to its specific protein ligand. Upon activation, these DRs transmit signals via a death
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domain (DD) (80-amino-acid domain) in their cytoplasmic tail and by the recruitment of 

specific adaptor proteins activate cytosolic cysteine proteases (caspases), as described 

below. Besides carrying the DD, adaptor proteins also contain a death effector domain 

(DED), which is involved in the next step o f apoptotic signaling along the extrinsic 

pathway described in the next paragraph.

The FasR-FasL and TRAIL-DR4/DR5 pathways represent two specific examples 

o f the extrinsic apoptotic signaling pathway in cells. The Fas receptor (FasR) is a 319- 

amino acid type 1 transmembrane glycoprotein, with broad distribution on both lymphoid 

and nonlymphoid cells (Itoh et al, 1991; Debatin, 2004). FasL is a version o f the general 

class o f FasR, and is a trimeric type 2 transmembrane protein that is primarily expressed 

by activated CD4+ and CD8+ T cells. It is released in soluble form after cleavage from its 

membrane site by metalloproteinases before binding FasR (Suda et al, 1993; Tanaka, et al 

1995). The FasR is crucial for the signaling o f apoptosis as well as the activation o f the 

transcription factor nuclear factor (NF)-kB (Rossi and Gaidano, 2003). An apoptotic 

signal is initiated in target cells when FasR is joined by its natural ligand FasL or by 

agonistic antibodies. The interaction may occur on the effector cell, or in some cases, on 

the same cell (Zimmermann et al, 2001). The FasR-FasL interaction causes receptor 

oligomerization and the DD o f the receptor then recruits adaptor proteins that also have 

DDs. One such protein is Fas-Associated Death Domain (FADD) protein, which has a 

DD at its C-terminus and a second protein-protein interaction domain called the Death 

Effector Domain (DED), at its N-terminus (Chinnaiyan et al, 1996; Muzio et al, 1996; 

Okada and Mak, 2004) (Figure 1). Other adaptor proteins include TRADD (TNF receptor
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associated DD), DAXX, RIP (receptor interacting protein kinase), and RAIDD (RIP 

associated protein with a DD) (Degterev et al, 2003) (Table 1).

Death Receptors Death Ligands Adaptor Proteins

FasR

TNFR1

DR3

DR4 (TRAIL-R1) 

DR5 (TRAIL-R2) 

DR6

FasL

TNFa

lymphotoxin (LTa)

TRAIL

Apo-3-L

FADD

TRADD

DAXX

RIP

RAIDD

Table 1. Receptors, ligands and adaptors used during extrinsic cell death pathways. 

Abbreviations: FasR, Fas receptor, TNFR1, tumor necrosis factor receptor 1; DR, death 

receptor; FasL, Fas-Ligand; TRAIL, TNF-related apoptosis-inducing ligand; FADD, Fas- 

Associated Death Domain; TRADD, TNF receptor associated DD; RIP, receptor 

interacting protein kinase; RAIDD, RIP associated protein with a DD; DD, death domain

The DED in the adaptor protein binds to the DED that is located in the prodomain o f an 

inactive initiator caspase (or procaspase) and forms a complex called the death inducing 

signaling complex (DISC). The result is the activation o f the initiator caspase and the
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start o f the proteolytic cascade. For example, FADD recruits the initiator procaspase-8 by 

homophilic interactions between the death effector domains o f each protein (Rossi and 

Gaidano, 2003). The activation o f caspase-8 then activates a series o f downstream 

caspases that result in cleavage o f structural and regulatory intracellular proteins, 

ultimately leading to apoptosis.

TRAIL, like FasL, is primarily expressed as a membrane protein. However there 

is evidence that a soluble form may also exist (Wajant et al, 2002). TRAIL can interact 

with five distinct death receptors belonging to the TNFR family. Two o f these receptors, 

DR4 and DR5, both contain a cytoplasmic DD and can elicit apoptosis when activated by 

TRAIL. Both TRAIL and the DR4 and DR5 receptors are widely expressed in tissues. 

Activation o f the DR4 and DR5 receptors by TRAIL results in the formation o f the DISC 

complex through recruitment o f FADD and subsequent activation o f caspase-8, which in 

turn initiates the proteolytic caspase cascade. The activation o f the proteolytic cascade 

can also be activated by an intrinsic cell death pathway, which will be discussed below.

2.3.2. Intrinsic Pathways:

The intrinsic pathway involves an internal stimulus such as DNA damage, 

withdrawal of growth factors, or chemotherapeutic agents all o f which induce cell death 

by the participation o f mitochondria. Mitochondria provide an intrinsic connection for the 

activation o f the proteolytic cascade or the activation o f a pathway independent o f 

caspases. At the initiation o f apoptosis, mitochondria can release into the cytoplasm 

several pro-apoptotic factors sequestered within the inner mitochondrial space, such as
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cytochrome c. Cytochrome c can participate in the activation o f procaspase-9, which 

subsequently activates procaspase-3, -6 and -7 . Mitochondrial function is regulated by 

the Bcl-2 family members, which exhibit either pro- or anti-apoptotic properties and 

represent a pathway independent o f caspases. Mitochondria are not the only organelles 

involved in the intrinsic pathway; lysosomes may be involved as well. Within lysosomes 

are a set of proteases called cathepsins that are mediators o f caspase-independent cell 

death. The different components of the intrinsic pathway will be discussed in more detail 

below.

2.3.2.I. Mitochondria and Bcl-2 Family

Mitochondria are known to be key players in apoptotic cell death (Mattson and 

Kroemer, 2003; Goldenthal and Marin-Garcia, 2004; Polster and Fiskum, 2004). 

Mitochondria provide an intrinsic connection for the activation o f the proteolytic cascade 

or the activation o f a pathway independent of caspases. Mitochondria have two 

membranes with an intermembrane space between the outer and inner membrane. 

Between these mitochondrial membranes is an electrical potential generated by the 

actions of the proton pumps embedded in the inner mitochondrial membrane. Inside the 

intermembrane space are a variety o f proteins that are involved in cell death. Also many 

proteins that are integrated in the outer membrane have a role during cell death (Alberts 

et al, 2002).

Beside changes in the nucleus during apoptosis, the mitochondria undergo some 

changes as well. For the most part the structure o f the mitochondria remains normal to
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slightly shrunken; they do not swell during apoptosis (Sesso et al, 2004). However 

mitochondria in dying cells exhibit increased permeability o f the inner membrane 

resulting in the loss o f mitochondrial membrane potential (ATm) and depolarization and 

uncoupling o f oxidative phosphorylation (Kroemer et al, 1995; Zamzami et al, 1995; 

Dufimann et al, 2003; Perl et al, 2004). As a consequence o f this mitochondria can release 

into the cytoplasm several pro-apoptotic factors sequestered within the inner 

mitochondrial space, such as cytochrome c (Jiang and Wang, 2004), apoptosis-inducing 

factor (AIF) (Zamzami et al, 1996; Daugas et al, 2000; Cregan et al, 2004), second 

mitochondrial activator o f caspases (Smac) (Wilkinson, 2004), direct IAP binding protein 

with Low pi (Diablo) (Verhagen et al, 2000), high temperature requirement (HtrA2) or 

Omi (Suzuki et al, 2001), endonuclease G (Amoult et al, 2003), caspase-2 (Enoksson, 

2004) and caspase-9 (Ravagnan et al, 2002; Debatin, 2004), and in turn these factors aid 

in the destruction o f the cell by blocking anti-apoptotic factors, activating caspases (Hill 

et al, 2003; Lorenzo and Susin, 2004; Polster and Fiskum, 2004) and degrading DNA 

(Liu, 2004) (Figure 2, pg 56). Normally, cytochrome c is localized in the intermembrane 

space, loosely attached to the outer surface o f the inner mitochondrial membrane and 

released when the membrane permeability of the mitochondria increases (Hancock et al,

2001). The release o f cytochrome c into the cytosol triggers the formation and activation 

o f the apoptosome complex, which includes the apoptotic protease activating factor-1 

(Apaf-1) bound to cytochrome-c and procaspase-9 (Ravagnan et al, 2002).

The activation o f the apoptosome activates caspase-9, which in turn activates 

caspase-3. Smac/Diablo and Omi/HtrA2 promote caspase activation by neutralizing the 

inhibitory effects on inhibitory apoptosis proteins (IAPs), while AEF and endonuclease G
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cause DNA condensation (Debatin, 2004). The mechanism o f how sequestered factors 

are released from the mitochondria is unclear but two models have been proposed. The 

first argues that during apoptosis a megapore, called the mitochondrial permeability 

transition (MPT) pore, is formed that spans the inner and outer mitochondrial 

membranes. The inner membrane is characterized by a transmembrane potential (ATm) 

generated through the activity of proton pumps of the respiratory chain. ATm dissipates 

after the cells are induced to die (Zamzami and Kroemer, 2001; Kroemer, 2003). The 

MPT includes the voltage-dependent anion channels (VDAC) in the outer membrane and 

the adenine-nucleotide translocase (ANT) in the inner membrane (Jiang and Wang,

2004). This pore allows solutes and water to enter causing the mitochondrion to swell and 

rupture its outer membrane, thus releasing its contents. Opening o f the MPT pore causes 

increased permeability o f the inner membrane, loss o f mitochondrial membrane potential 

(ATm), depolarization and uncoupling of oxidative phosphorylation and the release of 

cytochrome c (Kroemer, 2003). The second model states that proapoptotic Bcl-2 family 

members, such as Bax and Bak, form a channel and selectively mediate the release of 

cytochrome c into the cytosol without causing mitochondrial swelling and alteration of 

function (Mattson and Kroemer, 2003).

Induction o f the mitochondrial membrane permeabilization (MMP) is a major 

event in apoptosis (Kroemer, 2003). The MMP precedes other, non-mitochondrial signs 

o f apoptosis. Thus, the dissipation o f the mitochondrial transmembrane potential (ATm) 

is an early event o f cell death (Kroemer, 2003). Cells that have disrupted their ATm are 

irreversibly committed to undergo death, even when the apoptosis-inducing trigger is
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withdrawn. MMP (and in particular the ATm collapse) marks the point-of-no-retum of 

cell death.

Bcl-2 (B-cell lymphoma-2) family proteins play a pivotal role in the regulation of 

the mitochondrial pathway, since these proteins localize to intracellular membranes, in 

particular the mitochondrial membrane (Antonsson and Martinou, 2000). Bcl-2 was first 

discovered as a proto-oncogene in follicular B-cell lymphoma. Subsequently, it was 

identified as a mammalian homologue to the apoptosis repressor ced-9 in C. elegans. 

Since then, at least 19 Bcl-2 family members have been identified in mammalian cells. 

These members possess at least one o f four conserved motifs known as Bcl-2 homology 

domains (BH1-BH4). The Bcl-2 family members can be subdivided into three categories 

according to their function and structure (Adams and Cory, 2001; Zimmermann, 2001; 

Sprick and Walczak, 2004):

(1) Anti-apoptotic members, such as Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A l (Bfl-1), NR- 

13, and Boo (Diva), all o f which exert anti-cell death activity and contain at least 

BH1 and BH2 (those most similar to Bcl-2 contain all four BH domains). Viral 

members o f this group include E1B-19K, BHRF1, KS-Bcl-2, ORF16, and 

LMW5-HL.

(2) Pro-apoptotic members, such as Bax, Bak, and Bok (Mtd), which share sequence 

homology in BH1, BH2, and BH3, but not in BH4.

(3) BH3-only pro-apoptotic members, which include Bid, Bad, Bim, Bik, Blk, Hrk 

(DP5), Bnip3, BimL, and Noxa, and possess only the central short BH3 domain.
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Upon induction o f apoptosis, pro-apoptotic Bcl-2 proteins with multidomains 

such as Bax translocate from the cytoplasm to the outer mitochondrial membrane, where 

some argue that they oligomerize to form a pore-like structure, thereby promoting 

cytochrome-c release (Debatin, 2004). Bcl-2 or Bcl-XL exert their anti-apoptotic 

function, at least in part, by sequestering BH-3 domain-only proteins in stable 

mitochondrial complexes, thereby preventing activation and translocation o f Bax or Bak 

to mitochondria (Cheng, et al 2001). In addition, Bcl-2 and Bcl-XL block apoptosis by 

preventing cytochrome-c release through a direct effect on mitochondrial channels such 

as VDAC or MPT (Kroemer and Reed, 2000; Martinou and Green, 2001).

The extrinsic and intrinsic apoptotic pathways are intimately connected. For 

example, caspase-8 generated by the extrinsic pathway activates, by proteolysis, the pro- 

apoptotic BH-3 only domain protein, Bid. Upon cleavage, the truncated Bid protein 

translocates to mitochondria, induces cytochrome c release and thus leads to the 

formation of the apoptosome (Rossi and Gaidano, 2003). The intrinsic cell death pathway 

can also be activated by the involvement o f the tumor suppressor gene, p53.

2.3.2.2. p53

Apoptotic cell death may occur in either a p5 3-dependent or independent manner 

depending on the type o f stimulus (Reviewed in Zhou and Elledge, 2000). More than 

50% of human cancers carry p53 deletions or mutations (Serrano et al, 1997). As a tumor 

suppressor gene, p53 plays a crucial role in the execution of different forms o f apoptosis 

(Ferri and Kroemer, 2001; Haupt et al, 2002; Borresen-Dale, 2003).
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Under most conditions, p53 pathways start from DNA damage. In response to the 

signal emanating from the damage, the normally low levels o f p53 increase (Lowe et al, 

1993). Two types o f events can be triggered by p53 activation: growth arrest and cell 

death, depending on the stage o f the cell cycle as well as the cell type. In early G l, p53 

may trigger a checkpoint that blocks further progression through cell cycle. This 

checkpoint works by inducing p21 (Ko and Prives, 1996; Sphyris et al, 2004), an 

inhibitor of cyclin dependent kinases (cdks), to allow damaged DNA to be fixed before 

entering S phase. If  a cell is already in a later phase (S, G2 or M) when its DNA is 

damaged, p53 will stimulate cell death through transcriptional activation o f several pro- 

apoptotic proteins, such as Bax, Fas/CD95, death receptor 4 (DR4), DR5 and Bid 

(Vousden and Lu, 2002). P53 is involved in both the extrinsic and the intrinsic pathways 

o f apoptosis by initiating apoptosis through mitochondrial depolarization and sensitizing 

cells to inducers o f apoptosis (Hofseth et al, 2004). Other p53 transcriptional activated 

proteins include PUMA (p53-upregulated modulator o f apoptosis) (Yu et al, 2001;

Cregan et al, 2004), NOXA (Yakovlev et al, 2004), APAF-1 (Moroni et al, 2001) and the 

serine protease PRSS25 (also known as HTRA2). Recently, the gene encoding 

phosphatase PAC1 has also been identified as a target o f p53; this gene is induced 

following the binding of p53 to a novel palindromic binding site in response to oxidative 

stress (Yin et al, 2003).

P53 can also promote apoptosis through transcription independent mechanisms 

(Haupt et al, 2003). Activated p53 can directly or indirectly modulate the expression of 

both anti-apoptotic (Bcl-2 and Bcl-XL -  Vogelstein et al, 2000) and pro-apoptotic (Bax, 

Bak, Bid, NOXA and PUMA) proteins and control mitochondrial membrane
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permeability. It can modulate the release of mitochondrial proteins such as cytochrome c, 

SMAC, AIF and endonuclease G during apoptosis (Hofseth et al, 2004). Recently, a 

limited number o f whole molecules o f the p53 protein was shown to allow 

permeabilization of the outer mitochondrial membrane directly by forming complexes 

with, and inhibiting, the protective Bcl-XL and Bcl-2 proteins, leading to the release of 

cytochrome c (Mihara et al, 2003). It therefore seems that p53 induces several MMP- 

inducing proteins that might act redundantly or, alternatively, might be involved 

specifically in particular cell types undergoing p53-dependent cell death.

After the activation o f the intrinsic pathway, the signals converge, as in the 

extrinsic pathway, a caspase cascade.

2.3.2.3. Caspases

Although different signaling pathways exist in response to different stimuli, they 

usually converge to a common mechanism leading to cell death and the dismantling of a 

dying cell. Cysteinyl aspartate-specific proteases, caspases, are the main enzymes 

involved in this process. To date, the growing family o f caspases consists o f 14 

mammalian members, o f which 11 human enzymes have been identified (caspases 1-10 

and caspase 14) (Pistritto et al, 2002; Degterev et al, 2003). Based on phylogenetic 

analysis the caspase gene family is divided into 2 subfamilies, which are related either to 

the ICE-like group, homologous to IL-1 beta-converting enzyme (ICE) (caspases-1, -4, - 

5,-13) or to the mammalian counterparts o f the C. elegans protease called CED-3 (Cell 

Death Defective-3) (caspases-2, -3, -6, -7, -8, -9, -10) (Nicholson, 1999). These groups
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differed in function, those activated during apoptosis (caspases-2, -3, -6, -7, -8, -9, -10) 

and those implicated in the pro-inflammatory response (caspases-1, -4, -5, -13) (Creagh 

and Martin, 2001).

All caspases share a number o f distinct features. These include the catalytic triad 

residues, consisting o f the active site Cys285, which is a part o f the conserved QACXG 

pentapeptide sequence, His237 and the backbone carbonyl o f residue 177 (caspase-1 

numbering) (Degterev et al, 2003). A prominent feature o f the caspase family is its 

specificity for substrate cleavage C-terminal to an Aspartate residue, which is unique 

among mammalian proteases, except for the serine protease granzyme B. All caspases are 

synthesized as inactive precursor proteins or zymogens containing a prodomain followed 

by a large (p20) and small (p i7) subunit (Concha and Abdel-Meguid, 2002). The 

activation o f the zymogen precursor or procaspase is mediated by a series o f cleavages, 

the first being the separation of the large and small subunits, followed by the removal of 

the prodomain (Degterev et al, 2003). The active caspase is a tetra homodimer, with each 

monomer consisting o f a large and a small subunit.

During cell death caspases have evolved to link distinct upstream signaling 

pathways to downstream execution steps. These upstream family members are termed 

initiator caspases and possess long prodomains containing one of two characteristic 

protein-protein interaction motifs: the death effector domain (DED) (caspases-8 and -10) 

and the caspase activation and recruitment domain (CARD) (caspases-1, -2, -4, -5, -9, - 

11, and -12) (Creagh and Martin, 2001). These two motifs allow the initiator caspases to 

interact with upstream adaptor molecules (i.e. FADD) with similar motifs during the 

extrinsic cell death pathways (Chen and Wang, 2002). On the other hand, caspases
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involved in the downstream execution steps are termed effector caspases or executioner 

caspases (caspases-3, -6, and -7). These effector caspases are responsible for cleaving 

multiple cellular substrates, are typically processed and activated by upstream caspases, 

and are characterized by the presence o f a short prodomain (Nicholson, 1999; Shi, 2002).

At least three distinct pathways for caspase activation exist in mammalian cells: 

recruitment-activation or induced proximity mechanism, transactivation, and 

autoactivation (Nicholson, 1999; Shi, 2004). In the first case, two examples o f caspase 

activation following recruitment o f multiple homologous proenzymes to a common site 

have been demonstrated. Ligation o f the CD95 (Fas, APO-1) receptor, for example, 

recruits procaspase-8 to an oligomeric activation complex using the adapter protein 

FADD/MORT1 (Chen and Wang, 2002). Trans-activation o f one caspase by another is a 

second well-established mechanism for caspase proenzyme maturation and activation. In 

general, upstream activator caspases (caspases-8 or -9 once they have undergone 

recruitment-activation) cleave and activate downstream effector caspases (caspases-3 or - 

7) by proteolysis o f the Asp-X site between the large and small subunits. Finally, 

caspases can undergo autocatalytic activation, where the procaspases although inactive 

have a minimal amount o f catalytic activity and one homodimer may cleave the other. 

One such mechanism that seems to exist comes from the observation that RGD peptides 

can directly stimulate the autoactivation o f procaspase-3 (Roy et al, 2001).

It is important to establish several basic concepts when examining the role of 

caspases in the execution o f cell death. Firstly, caspases do not generally digest other 

proteins to small peptide fragments (Chang and Yang, 2000). Due to their strict substrate 

recognition specificity, caspases cleave targets at one or a few highly selective sites in a
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single protein. Secondly, even though caspases cleave some structural proteins required 

for the maintenance o f cell structure, they also frequently target signaling proteins, such 

as kinases. The cleavage o f such signaling molecules results in the activation or 

suppression of specific downstream pathways, which in turn execute cell death (Shi,

2002). Therefore, caspases serve as signaling mediators that orchestrate a complex web 

of downstream execution pathways. Close to 100 substrates have been identified thus far 

(Utz and Anderson, 2000; Degterev et al, 2003). Caspase targets can be subdivided into 

six major categories: (1) proteins directly involved in the regulation o f apoptosis, (2) 

proteins mediating/regulating apoptotic signal transduction, (3) structural and essential 

function proteins, (4) proteins required for cellular repair, (5) proteins regulating the cell 

cycle and (6) proteins involved in human pathologies (Degterev et al, 2003).

During the activation o f the extrinsic cell death pathway adaptor molecules bound 

on the cytoplasmic end o f the death receptors recruit initiator procaspases (e.g. caspases-8 

and -10). Upon recruitment, the initiator procaspases become activated and begin the 

propagation of the cell death proteolytic cascade. These upstream caspases activate 

effector or executioner caspases (caspases-3 and -7). The executioner caspases target a 

multitude of substrates; the cleavage o f these substrates produces the morphological and 

biochemical characteristics o f cell death.

Caspases are activated not only in the extrinsic cell death pathway but also in the 

intrinsic cell death pathway. The proteolytic cascade is primed to begin by the release of 

cytochrome c from dysfunctional mitochondria and association o f cytochrome c to Apaf- 

1 (apoptotic protease activating factor-1). The binding o f cytochrome c activates Apaf-1, 

which subsequently binds to procaspase-9 to form the apoptosome complex. As a result
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caspase-9 is activated and activates the executioner caspase-3. Both the extrinsic and 

intrinsic pathways converge to caspase-3, which is downstream o f the apoptotic signal. 

However both pathways are linked much earlier. The cleavage o f cytosolic BID, a BH3- 

only domain pro-apoptotic protein, by caspase-8 to form a truncated form, which 

translocates to the mitochondria and induces cytochrome c release, provides this linkage.

Caspases are not the only proteases involved in cell death. Lysosomal cathepsins 

have been found to play a major role in cell death by activating either caspase dependent 

or independent cell death.

2.3.2.4. Lysosomal proteases: Cathepsins

As mentioned before, lysosomes and more specifically their proteases called 

cathepsins have been implicated during autophagic cell death. About 500-600 proteases 

have been identified in the human genome (Lopez-Otin and Overall, 2002). O f these, 

about 60 are lysosomal proteases (Mason, 1995), which include a group o f about a dozen 

papain-like lysosomal cysteine proteases. All known lysosomal cysteine proteases are 

cathepsins, but not all cathepsins are lysosomal or cysteine proteases (Turk and Guncar,

2003). There are 11 human enzymes currently known (cathepsins B, C, F, H, L, K, O, S, 

V, X and W - Turk et al, 2000; Turk et al, 2001). Cathepsins are synthesized as 

monomeric inactive precursors, except for cathepsin C, which is a tetrameric protein, and 

are activated by the proteolytic removal of a N-terminal propeptide. Removal of the 

propepetide may be facilitated either by the activation of other proteases or by 

autocatalytic activation at acidic pH. Cathepsins are optimally active in the slightly
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acidic, reducing milieu in lysosomes (Turk et al, 2001). Due to their very destructive 

nature cathepsins are regulated by endogenous protein inhibitors called cystatins, and not 

by pH (Turk et al, 1993).

Cathepsins play an important role in many physiological processes (Turk et al, 

2001; Turk et al, 2002), such as protein degradation (Turk et al, 2000), prohormone 

processing (Tepel et al, 2000), processing of the MHC class II-associated invariant chain 

(cathepsins-S, -L, -B, -D), which is essential for the normal functioning of the immune 

system (Shi et al, 2000; Watts, 2001), normal bone remodeling (cathepsin-K) (Kakegawa 

et al, 1993), and tumor invasion and metastasis (cathepsins-B, -D, -L) (Sloane et al, 1994; 

Kos and Lah, 1998).

The deletion o f cathepsins has been shown to cause several genetic disorders. 

Pycnodysostosis, an autosomal recessive osteochondrodysplasia characterized in humans 

by severe bone abnormalities, was found to be associated with the loss-of-function 

mutation of cathepsin K (Gelb et al, 1996), while loss-of-function mutation in the 

cathepsin C gene leads to Papillon-Lefevre syndrome, an autosomal recessive disorder 

characterized in patients by palmoplantar keratosis and severe early-onset periodontitis 

(Toomes et al, 1999; Hart et al, 2000; Marazita et al, 2000).

Besides their involvement during physiological processes and disease, cathepsins, 

specifically cathepsins -B , -D and -L  act as mediators o f cell death in several cell types 

(Guicciardi et al, 2000; Foghsgaard et al, 2001; Kagedal et al, 2001; Bidere et al, 2003; 

Johansson et al, 2003). For example, microinjection of cathepsin-D into human fibroblast 

cells induces cell death (Roberg et al, 2002).
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Cathepsins play a major role during necrosis by the degradation o f cellular 

components (e.g. organelles), but have also been implicated during apoptosis (caspase- 

independent cell death) and autophagy (Cuervo, 2004; Edinger and Thompson, 2004).

The link to apoptosis is that cathepsins are able to activate caspases and affect the 

function of mitochondria. For instance, cathepsin L activates caspase-3 in digitonin- 

treated lysosomal fractions (Ishisaka et al, 1998,1999; Katunuma et al, 2001). Also, 

cathepsin D mediates cytochrome c release and caspase activation in human fibroblast 

apoptosis induced by staurosporine (Johansson, 2003).

Cathepsins can affect the activity o f Bcl-2 members and mitochondrial function. 

For example, cathepsin D can activate cytosolic Bax, which in turn can translocate to the 

mitochondria and selectively release AIF in T lymphocytes entering the early 

commitment phase to apoptosis (Bidere et al, 2003). The pro-apoptotic Bcl-2 family 

member, Bid, is cleaved to its active form in the presence o f lysosomal extracts, 

suggesting the possible involvement o f lysosomal proteases in apoptosis (Stoka et al, 

2000). In TNF-a treated hepatocytes, the activation of caspase-8 induces the release of 

cathepsin B from lysosomes, which mediates the release o f cytochrome c from 

mitochondria (Guicciardi et al, 2000).

Cathepsins do not always activate apoptosis in cells but can also protect cells 

against apoptosis. For instance, cathepsin B can be a negative regulator o f apoptosis. 

Overexpression o f cathepsin B in PC 12 cells lowered their sensitivity to apoptosis 

induced by serum deprivation, while inhibition of cathepsin B had the opposite effect 

(Shibata, 1998).
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The collection o f data on cathepsins has shown that they are an important part o f a 

cell’s arsenal for self-destruction and, like caspases, are essential. With the wealth of 

information known, we come back to our original question: how can influenza viruses 

induce cell death and activate the death machinery?

2.4. Virus Induced Cell Death

Although it has been known for many years that many viruses cause programmed 

death of the host cell, the molecular mechanism remains unsolved. This induced cell 

death contributes to the cytopathogenic effects o f the virus (Lyles, 2000). Although there 

is no obvious advantage for the induction o f cell death by a cytopathogenic virus, the 

virus may indeed induce cell death as a method of limiting the inflammatory and immune 

response by the infected host to be more effective in its propagation to other cells 

(O’Brien, 1998). Host cells infected with bovine herpesvirus (Yazici et al, 2004), chicken 

anemia virus (CAV) (Notebom, 2004), lymphocytic choriomeningitis virus (Wolfe et al, 

2002), human immunodeficiency virus-1 (HIV-1) (Gil et al, 2004), alphavirus (Li and 

Stollar, 2004), adenovirus (Opalka et al, 2002), parvovirus (Chisaka et al, 2003), porcine 

reproductive and respiratory syndrome virus (PRRSV) (Labarque et al, 2003), 

papillomaviruses (Singh and Bhat, 2004) and influenza virus undergo apoptotic death. 

However, viral replication o f cytopathogenic viruses (i.e. influenza virus) may also occur 

more rapidly than the onset or progression of the induced cell death thereby allowing the 

spread o f the virus (Kurokawa et al, 1999).
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Patients with HIV-1 infection are characterized by a selective depletion o f a 

subset o f T lymphocytes, CD4+T cells, which leads eventually to immunosuppression 

(Chaves and Kallas, 2004). It was first proposed that the pathology o f HIV disease might 

result from an inappropriate triggering of apoptosis (Ameisen and Capron, 1991). The 

induction of apoptosis via the HIV-1 Tat protein involves the upregulation o f FasL, 

which in turn activates the Fas receptor in uninfected cells (Westendorp et al, 1995; 

Salmen et al, 2004). By contrast, death o f HIV-infected cells seems to be Fas- 

independent and driven by other viral components such as vpr and HIV proteases 

(Dianzani et al, 2003). A key role is played by the death receptor Fas, but a role can also 

be played by other death receptors, such as the TNF and TRAIL receptors (Dianzani et al, 

2003; Guillemard et al, 2004).

The envelope glycoprotein complex (Env) kills uninfected cells expressing CD4 

and/or the chemokine receptor CXCR4 or CCR5 (Dianzani et al, 2003). The signs o f 

Env-induced apoptosis include the loss o f the mitochondrial transmembrane potential and 

the release o f cytochrome c and AIF (Genini et al, 2001). The mechanisms of Env- 

triggered apoptotic MMP may involve an elevation o f cytosolic Ca++, reactive oxygen 

species and/or the transcriptional activation o f p53, with the consequent expression of 

pro-apoptotic proteins such as Bax, which permeabilizes mitochondrial membranes 

(Castedo et al, 2003). Both the intrinsic and extrinsic signaling pathways can mediate cell 

death during HIV-1 infection (Petit et al, 2003).

In another example the prototypic alphavirus, Sindbis virus (SV), replicates 

lytically in a variety o f mammalian cell lines and lytic replication appears to be due to the 

induction o f apoptosis (Levine and Griffin, 1993). This induction o f apoptosis also
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contributes to the pathogenicity o f infection. Neurons o f infected neonatal mice die by 

apoptosis, and the mice develop a fatal encephalitis as a result of virus infection (Levine 

et al, 1996). The cellular pathways involved in alphavirus-induced apoptosis are complex, 

and much remains poorly understood. Experimental results point to the involvement of 

both the mitochondrial and the death receptor pathways (Li and Stollar, 2004). SV can 

induce apoptosis simply by the process o f membrane fusion and entry, by the expression 

of the envelope proteins, or by the expression of the nonstructural protein, NSP2. 

However, viral particles are not necessary to activate apoptosis, since transfection with 

viral RNA or even viral RNA expressing only the nonstructural proteins will result in 

apoptosis.

We see many instances o f viruses activating the various components o f the 

different cell death pathways and it appears that viruses tend to activate multiple 

pathways instead o f one. As a result the different viruses use an interplay between the 

activation o f the extrinsic and intrinsic cell death pathways to kill a cell. In this thesis we 

will present our data on the involvement of the different cell death pathways during 

influenza induced cell death. In this introduction we will examine the number o f reports 

by other researchers on influenza induced cell death and discuss key questions on the 

type of cell death induced, the possible inducers o f cell death and mechanism of 

induction.

Takizawa and colleagues were the first to study influenza induced cell death in 

tissue culture cells and found the hallmark DNA laddering characteristics occurring in 

HeLa and MDCK cells infected with influenza A/Udom/72 (H3N2) virus (Takizawa et 

al, 1993). According to Hinshaw and colleagues, a virulent avian influenza
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A/Turkey/Ontario/7732/66 (Ty/Ont) virus induced severe lymphoid depletion in vivo and 

rapidly killed an avian lymphocyte cell line (RP9) in vitro. These authors found that, 

within 5h after infection, Ty/Ont virus induced fragmentation of the DNA of RP9 cells 

into a 200-bp ladder and caused ultrastructural changes characteristic o f apoptotic cell 

death (Hinshaw et al, 1994). Furthermore, infection o f mice with influenza virus led to 

cell death in bronchial epithelial and alveolar cells as indicated by a positive signal for 

DNA fragmentation (Mori et al, 1995). The reports suggested that influenza induced cell 

death was apoptotic. It was not determined what viral protein(s) were involved in the 

induction of influenza induced cell death. Some candidates are discussed below.

Transforming growth factor-beta (TGF-P), which can induce apoptosis in various 

cells (Siegel and Massague, 2003) was upregulated in MDCK cells and in mice infected 

with influenza virus (Schultz-Cherry and Hinshaw, 1996). This upregulation was 

influenced by the activity o f the neuraminidase (NA) glycoprotein o f influenza virus. 

Other evidence to support the argument that NA activity played some role during 

influenza induced cell death was that NA inhibitors partially abrogated apoptosis and 

viruses with high NA activity produced increased cell death (Morris et al, 1999). 

However, UV treatment o f virus inhibited cell death even though NA activity was high, 

indicating that NA was not the sole inducer of cell death and that other pathways were 

involved.

Another possible candidate for the induction of influenza induced cell death was 

the non-structural -1  (NS-1) protein. This viral protein, normally involved in inhibiting 

PKR activity and regulating RNA export from the nucleus, was shown to either inhibit
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(Zhimov et al, 2002) or induce (Schultz-Cherry et al, 2001) cell death, but the reason for 

the contradiction was not known.

Lastly, another possible viral inducer o f cell death came with the identification of 

PB1-F2, a new influenza virus protein expressed from a +1 reading frame of the PB1 

polymerase gene segment (Chen et al, 2001). PB1-F2 induced apoptosis if  added to cells, 

and infection with recombinant viruses lacking the protein resulted in reduced apoptotic 

rates in lymphocytes (Chen et al, 2001). However, most o f the avian virus strains lacked 

the reading frame for this protein and PBl-F2-deficieny did not affect apoptosis in a 

variety of other host cells (Chen et al, 2001).

Thus influenza viruses induce cell death but the individual components involved 

in the different cell death pathways that are activated are not resolved. Preliminary data 

by others is available and presented below.

Initially it was found that influenza viruses were able to stimulate the production 

o f Tumor Necrosis Factor -  Alpha (TNF-a), a ligand belonging to the Tumor Necrosis 

Factor Family, in murine macrophages (Nain et al, 1990; Hinder et al, 1991; Peschke et 

al, 1993; Fujimoto et al, 1998). Influenza A virus infections were commonly associated 

with symptoms suggesting involvement of TNF-a (Nain et al, 1990). Messenger RNA of 

the TNF receptor family member, Fas, was expressed in infected HeLa cells at 3 and 4 h 

pi and appeared on the surface at 12 h pi (Takizawa et al, 1993; Takizawa et al, 1995; 

Wada et al, 1995). Saito et al showed that the fungal metabolite Brefeldin A (BFA), 

which blocks protein transport from the ER to Golgi apparatus, inhibited influenza 

induced cell death in MDCK cells (Saito et al, 1996). They proposed that BFA might act 

by blocking viral membrane proteins or intracellular transport of the Fas antigen.
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Dying cells can activate a variety o f different cell death pathways as discussed 

above. One such pathway involves the recruitment o f adaptor proteins such as FADD 

(Fas-Associated Death Domain) for the activation o f caspase-8. Balachandran and 

colleagues investigated cell death in murine embryo fibroblasts (MEF) and reported that 

infected FADD knockout MEF’s treated with interferon had lowered levels o f influenza 

induced cell death than wild type (WT) MEF’s (Balachandran et al, 2000). They 

concluded that interferons potentiate influenza induced cell death through the activation 

of the FADD/caspase-8 extrinsic pathway.

Double stranded RNA activated protein kinase (PKR) was induced by interferons, 

and was thought to participate in antiviral activities (Samuel, 1991). HeLa cells with a 

point mutated PKR protein and infected with influenza A/Udom/72 (H3N2) virus 

demonstrated a lowered expression o f Fas proteins in these cells (Takizawa et al, 1996). 

MEF cells overexpressing PKR were more sensitive to influenza infections than WT cells 

(Balachandran et al, 2000). Thus PKR may participate in influenza induced cell death.

One hallmark o f apoptosis is the activation o f caspases. Human macrophages 

infected with influenza A/Beijing/353/89 (H3N2) showed activation o f caspase-1 by the 

cleavage of proIL-ip and proIL-18 proteins (Pirhonen et al, 1999). Caspase-3-like 

activity can be detected in influenza A/Udom/72 (H3N2) virus infected HeLa cells, but 

inhibition by a caspase-3-like inhibitor, Ac-DEVD-CHO, did not completely block 

influenza induced cell death, indicating that other cell death pathways may be activated 

(Takizawa et al, 1999). Caspases cleave cellular proteins but they can also cleave the N- 

terminus of influenza A and B nucleoproteins (Zhirnov et al, 1999).
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Wurzer et al showed that caspase-3 was needed for the efficient propagation o f an 

avian influenza virus (Avian A/Bratislava/79 (H7N7)) in cells by the use o f small 

interfering RNA (siRNA) molecules (Wurzer et al, 2003). They showed that when 

caspase-3 was knocked down by siRNAs, viral titers increased. Caspase inhibition by 

zDEVD-fmk, a caspase-3 specific inhibitor, also resulted in inhibition o f influenza 

induced cell death (Wurzer et al, 2003).

Most research has focused on extrinsic pathway of cell death during influenza 

induced cell death, but there is very little mention about the activation o f the intrinsic 

pathway of cell death. In this thesis, we will explore the potential activation of the 

mitochondrial pathway as well as other components o f the different cell death pathways 

during influenza induced cell death. Since the mode of cell death induced can be cell type 

dependent we will further investigate the mode of cell death occurring in cells that 

normally become infected with influenza viruses, as opposed to cells such as MDCK 

cells, which are commonly used as a convenient lab model even though they are not 

normally attached by influenza viruses.
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Figure 1. Extrinsic cell death pathway.

FasR and TRAILR1/2 (DR4/DR5, respectively) are transmembrane receptors belonging 

to the family o f death receptors. In general terms, a death receptor is composed o f an 

extracellular domain containing the ligand binding site, a transmembrane domain and an 

intracellular domain, termed the death domain (DD). Engagement by a death ligand 

induces death receptor activation by homotrimerization. Once activated, death receptors 

recruit adaptor proteins through the homophilic interaction o f their own DD to the DD of 

the adaptor proteins such as FADD. Characteristically, the adaptor protein contains an 

additional domain, the death effector domain (DED), necessary for procaspase 

recruitment. In the next step, the DED domain o f the adaptor protein interacts in a 

homophilic manner with the DED of an initiator caspase termed procaspase-8. The 

formed complex is called DISC (death inducing signaling complex). Procaspase-8 is 

synthesized as an inactive precursor that is activated by auto-proteolytic cleavage after 

recruitment in the DISC. Activation o f caspase-8 triggers the activation o f downstream 

effector caspases such as caspase-3. The activation o f caspase-3 leads to the proteolytic 

cleavage o f the cellular substrates and cell death o f the cell.
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Figure 2. Intrinsic cell death pathway.

Activated caspase-8 triggers the cleavage o f the cytosolic Bid protein to form a truncated 

protein (tBid). Truncated Bid translocates to the mitochondrial membrane and stimulates 

the insertion or oligomerization o f Bax or Bak in the outer membrane. Membrane 

permeabilization then causes the release o f AIF, cytochrome c, Smac-a/DIABLO and 

procaspases. Cytochome c recruits the caspase adaptor molecule Apaf-1 and Apaf-1 

recruits the initiator caspase procaspase-9. Together, Apaf-1 and procaspase-9 form the 

apoptosome enzymatic complex. The apoptosome, through the enzymatic activity of 

activated caspase-9, triggers the activation o f the downstream effector caspase-3, 

inducing cell death. In response to stress, lysosomes undergo membrane permeabilization 

and/or local activation and release o f cathepsins. Cathepsins then can cause the 

proteolytic activation o f Bid and might have direct effects on caspases and nuclear DNA. 

Abbreviations: t-Bid, truncated Bid; A'Fm, membrane potential; MPT, membrane 

permeability transition; Endo G, endonuclease G; AIF, apoptosis inducing factor; 

(Smac)/DIABLO, second mitochondria derived activator o f caspases; LAP, inhibitor of 

apoptosis protein.
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Part II. Materials and Methods
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MATERIALS AND METHODS 

I. Cell Culture

1. Madin Darby canine kidney (MDCK) cells

MDCK cells (ATCC # CCL-34) are an immortal adherent cell line with an epithelial 

morphology, and are derived from normal kidney cells from Canis familiaris (cocker spaniel 

dog). These cells were a gift from Dr. Anastasia Gregoriades, Queens College.

MDCK cells were cultured in MEM (minimum essential medium Eagle, also EMEM)

(Gibco, cat # 61100-061) media supplemented with 10% heat inactivated fetal bovine serum 

(AFBS) (heat inactivated at 56°C for 30 min in a water bath) (Equitech-Bio, cat # LSFB-0500), 

2mM L-glutamine (Gicbo, cat # 25030-081), 1.5g/L sodium bicarbonate (Sigma-Aldrich, St 

Louis MO), 50U/ml penicillin (Gibco, cat # 15140-122), and 50mg/ml streptomycin (Gibco, cat 

# 15140-122). During the infection, infected MDCK cells were cultured in MEM media 

supplemented with 5 % AFBS 50U/ml penicillin and 50mg/ml streptomycin. The cells were 

incubated at 37°C in 5% CO2 humidified condition.

Passaging of cells:

Confluent cells had their old media removed and washed with 6 ml o f IX  phosphate buffered 

saline (PBS) (see section on reagents). The PBS wash was aspirated away and 1.5 ml o f 2.5% 

trypsin/EDTA (Life Technologies, Rockville MD) was added to remove the cells off the plate. 

The cells were placed in a cell culture incubator (37°C) for incubation until the cells began to lift
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off the flask. After trypsinization, 15 ml o f warm fresh media was added to stop the action of the 

trypsin and the cells were split 1:10 in a new flask.

2. U937 and U937R cells

U937 cells are a human histiocytic lymphoma (macrophage) cell line with monocyte 

morphology in suspension. As developed in our laboratory, U937R cells are a subset o f the U937 

parent cell line and are less sensitive to ceramide, fas and TNF-a treatments (Karasawas et al, 

1996). U937R cells loosely adhere to tissue culture plates while U937 are grown in suspension.

Both U937 and U937R cells were cultured in R P M I1640 media (Gibco, cat # 31800- 

022) supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 50U/ml 

penicillin and 50mg/ml streptomycin. During the infection, infected U937 and U937R cells were 

cultured in RPMI 1640 media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml 

penicillin and 50mg/ml streptomycin. The cells were incubated at 37°C in 5% CO2 humidified 

condition. U937R cells were passaged as stated for MDCK cells.

3. A549 cells

A549 cells (ATCC # CCL-185) are an adherent cell line with an epithelial morphology 

and are a continuous tumor-cell line derived from human lung carcinoma. These cells were a gift 

from Dr. Jeffrey A. Kazzaz (Winthrop-University Hospital).

A549 cells were cultured in Ham’s F12K Nutrient medium (Gibco, cat# 211127-022) 

supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 50U/ml penicillin 

and 50mg/ml streptomycin. During the infection, infected A549 cells were cultured in Ham’s 

F12K Nutrient medium supplemented with 5 % AFBS 50U/ml penicillin and 50mg/ml
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streptomycin. The cells were incubated at 37°C in 5% CO2 humidified condition. A549 cells 

were passaged as stated for MDCK cells.

4. C8 and A9 cells

C8 cells are a wild type mouse embryo fibroblast line transformed with adenovirus El A 

and ras and have normal levels o f p53 expression [p53 +\+]. A9 cells are a mouse embryo 

fibroblast line transformed with adenovirus E l A and ras and are devoid o f p53 expression [p53 - 

/-]. C8 cells grow slowly and form syncytia, while A9 cells proliferate quickly and are smaller in 

size than C8 cells. These cells were a gift from Dr. Scott Lowe at CSHL.

C8 and A9 cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) (Gibco, 

cat# 12800-017) supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 

50U/ml penicillin and 50mg/ml streptomycin. During the infection, infected C8 and A9 cells 

were cultured in DMEM media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml 

penicillin and 50mg/ml streptomycin. Both cell lines were susceptible to cell death by serum 

withdrawal or reduction (1% FBS). The cells were incubated at 37°C in 7% CO2 humidified 

condition. C8 and A9 cells were passaged as stated for MDCK cells.

5. Cathepsin-B -D -L -/- and WT mouse embryo fibroblast (MEF) cells

Mouse embryo fibroblast (MEF) cells harvested from transgenic mouse embryos with 

single knockout genotypes o f cathepsin-B, -D, or -L or wild-type (WT) were immortalized with 

SV40. The cells were kindly provided by Dr. Marianne Boes at Harvard Medical School.

MEF cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) (Gibco, cat# 

12800-017) supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate,
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50U/ml penicillin and 50mg/ml streptomycin. During the infection, infected MEF cells were 

cultured in DMEM media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml penicillin 

and 50mg/ml streptomycin. The cells were incubated at 37°C in 5% CO2 humidified condition. 

MEF cells were passaged as stated for MDCK cells.

6. Bak -/-, Bax -/-, Bak -/-/Bax -/- (DKO), and WT MEF cells

Mouse embryo fibroblast (MEF) cells harvested from transgenic mouse embryos with 

single knockout genotypes o f Bak or Bax, or double knockout o f Bak/Bax (DKO), or wild-type 

(WT) were transformed with SV40. The cells were kindly provided by Dr. Stanley Korsmeyer at 

Howard Hughes Medical Institute.

MEF cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) (Gibco, cat# 

12800-017) supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 

50U/ml penicillin and 50mg/ml streptomycin. During the infection, infected MEF cells were 

cultured in DMEM media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml penicillin 

and 50mg/ml streptomycin. The cells were incubated at 37°C in 5% CO2 humidified condition. 

MEF cells were passaged as stated for MDCK cells.

7. PC-12 WT and PC-12 Bcl-2 overexpressing cells

PC-12 (adrenal pheochromocytoma) (ATCC CRL 1721) cells are an adherent cell line of 

rat origin that can be treated with NGF to differentiate into sympathetic neuron-like cells 

complete with neural dendritic processes. PC-12 cells overexpressing Bcl-2 were stably 

transfected with a plasmid containing Bcl-2. These cells were a gift from Dr. Soraya Smaili at 

Universidade Federal de Sao Paulo.
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PC-12 cells were cultured in RPMI-1640 media (Gibco, cat # 31800-022) supplemented 

with 5% AFBS and 10% horse serum, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 50U/ml 

penicillin and 50mg/ml streptomycin. During the infection, infected PC-12 WT and PC-12 Bcl-2 

cells were cultured in DMEM media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml 

penicillin and 50mg/ml streptomycin. The cells were incubated at 37°C in 5% CO2 humidified 

condition. PC-12 cells were passaged as stated for MDCK cells.

8. MCF-7 cells

MCF-7 (ATCC # HTB-22) cells are an adherent cell line with epithelial-like morphology 

and are a continuous tumor-cell line derived from human breast adenocarcinoma. They are 

deficient in caspase-3.

MCF-7 cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) (Gibco, cat# 

12800-017) supplemented with 10% AFBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 

50U/ml penicillin and 50mg/ml streptomycin. During the infection, infected MCF-7 cells were 

cultured in DMEM media supplemented with 5% AFBS, 2mM L-glutamine, 50U/ml penicillin 

and 50mg/ml streptomycin. The cells were incubated at 37°C in 5% CO2 humidified condition. 

MCF-7 cells were passaged as stated for MDCK cells.

9. Mouse primary Bim -/- cells

Bim knockout mice (266/266 DEL) were provided by Dr. Philippe Bouillet o f The Walter 

& Eliza Hall Institute o f Medical Research, Australia. To obtain adult primary murine cell 

cultures we first dissected the Bim knockout mice (266/266 DEL) and harvested the lung and 

kidneys. The organs were immediately placed in ice cold PBS and were ground down with sterile
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nylon strainers. The mixture o f cells and PBS was centrifuged at 1,000 x g for 5 min and the 

supernatant aspirated. The cell pellet was resuspended with 6 ml o f DMEM +10% FBS and 

added to 100 mm plates. The plates were incubated at 37°C in 5% CO2 humidified condition 

until confluent.

II. Influenza Virus 

Influenza A/WSN/33 (H1N1) (WSN)

Influenza A/WSN/33 (WSN) virus was cultured in 10-day-old embryonated chicken eggs 

(Charles River SPAFAS, North Franklin, CT) and incubated for 2 days post infection at 35 °C 

(see below). The allantoic fluid was collected, aliquoted and stored at -80  °C. The viral titer o f 

the allantoic fluid was determined by the plaque assay technique. Stock titers range from 4.5 -  9 

x 108 pfu/ml.

III. Procedure to Seed Embryonated Chick Eggs

Embryonated chicken eggs o f 8-11 days old (about 2-10 eggs per virus strain) were 

candled to determine the viability and position o f the embryo. A mark was placed between the 

interface o f the air sac and shell membrane (injection site), avoiding any major blood vessels.

For the infection dose, a 10'3 dilution o f the viral stock was made by serial dilution with the virus 

diluting media (see section on reagents). The marked area was swabbed with ethanol and a small 

indent was made on the eggshell for injection o f the virus. For the inoculation a lcc sterile 

hypodermic syringe was used and 0.1 ml o f diluted virus was injected into each egg. The 

injection hole was closed with either melted wax or Scotch tape. The eggs were incubated at 35-
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37°C for 48 hours. After the incubation, the infected eggs were placed at 4°C overnight to 

solidify the membranes, kill the embryo and coagulate the blood. The tops o f the eggs were 

opened and the infectious allantoic fluid (clear or slightly opaque liquid) was collected and 

placed in sterile tube on ice. RBC and yolk was avoided during the collection. The infectious 

allantoic fluid was spun at 1,000 x g for 5 min and the supernatant was aliquoted into cryovials. 

The cryovials were later placed in -  80°C freezer.

IV. Quantitation of Influenza Virus

1. Plaque Assay

The plaque assay is an infectivity assay that allows one to quantitate the number of 

infectious units in a virus sample. Plaques are zones o f cell lysis or CPE (cytopathic effect) 

within a monolayer o f cells. Each plaque forms from one infectious virus thus a precise 

calculation of the virus titer can be made. The plaque assay is more sensitive and precise as 

compared to the HA (hemagglutination) assay because it calculates only live viruses.

Procedure:

To determine the level o f virus production in a certain cell line we infected the cells with 

a MOI of 0.001 to allow multiple rounds o f infection. At every 24 h interval (24 -  144 h) we 

collected the supernatant for quantification o f the virus.

MDCK cells were plated in 35 mm dishes (~ 2 x 106 cells/plate) overnight in order to 

obtain a monolayer o f cells. The plated cells were washed with IX PBS and each plate was 

inoculated with 0.1 ml o f the appropriate virus dilution (stock virus was serially diluted to 10'1 -
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10'7 with virus diluting media). The plates were incubated at room temperature (RT) for 1 hour; 

shake every 20 minutes to insure an even inoculation. During the viral infection, the virus 

overlay plaquing media (see section on reagents) was prepared and placed in a 37°C water bath 

for warming. Just before the end o f the infection time, molten agar was added to the virus 

overlay plaquing media and mixed well. The inoculum was removed quickly before the 

solidification o f the plaquing media and 2 ml o f warmed agar overlay medium was added to each 

dish, avoiding unevenness and addition o f bubbles. The agar was left to set and dishes were 

placed upside down when the agar had hardened. The dishes were incubated at 37°C in 5% CO2 

humidified condition for 2-3 days post infection for the formation of plaques. The appearance of 

a plaque was designated as a clear area on the plate and was counted as one plaque forming unit 

(pfu). After counting the number o f plaques formed, plates were preserved by carefully staining 

the cells by removing the agar overlay and adding 2 ml o f crystal violet stain (see section on 

reagents) for 10 minutes. The stain was poured off and the plate was carefully rinsed with tap 

water and dried upside down.

The infectivity titer was calculated as the number o f plaque forming units per ml (pfu ml' 

’) o f virus by this formula: plaque number X reciprocal o f dilution X reciprocal o f inoculation 

volume in ml. To be statistically significant 2 0 -1 0 0  plaques per plate were used for the plaque 

number. For example: We counted 32 plaques on a plate infected with a sample diluted to 10'4. 

Our inoculation volume was 0.1 ml. We set up the calculation as follows: (32 plaques) X (1/10*4) 

X (1/0.1 ml) = (32) X (10,000) X (100) = 32,000,000 pfu

2. Haemagglutination (HA) Assay
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Influenza viruses possess the ability to aggregate red blood cells (RBC) by the interaction 

o f specific glycoproteins (HA) with surface receptors present on the plasma membrane o f RBCs. 

This effect is referred to as haemagglutination. The HA assay is an indirect method o f 

determining virus titer because it is not a measure o f infectivity, since virus replication does not 

occur. Instead it is a measure o f virus particles in a sample. The assay is not sensitive because it 

requires a very large number o f particles to agglutinate the RBCs, but is useful when viruses 

cannot form plaques.

Procedure:

We added 50 pi o f undiluted virus to the first two wells o f a V-shaped bottom 96 well 

plate. Depending on how concentrated the sample was the 8 or 12 well side was used. The 

addition o f virus was done under the hood with aerosol resistant pipet tips. Two-fold serial 

dilutions o f the virus with virus diluting media were carried out in all the wells (2-8 or 12) except 

the first well. The sample was mixed well by drawing the mixture up and down with the pipet. 

We added 50 pi o f the sample from the second well to the third well. With a fresh tip the sample 

was mixed uniformly and transferred to the next well. The process was repeated until the last 

well (8 or 12) was reached. After the addition and mixing at the last well 50 pi was removed. We 

added 50 pi o f 0.5% chicken RBCs (chicken, adult erythrocytes cat# 30-903J, Bio Whittaker, 

Walkersville MD) to all the wells. The bottom of the tray was rubbed to mix the samples. The 

tray was placed in 4°C for 1 hour and the plate read after the incubation.

• Positive agglutination occurred when sufficient amounts o f the virus formed cross-bridges 

between RBCs, which created a latticework structure that coated the sides o f the well.
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• Negative agglutination occurred when insufficient amounts o f the virus were present and did 

not form enough cross-bridges between RBCs. The unagglutinated RBCs fell to the bottom 

of the well and formed well-defined RBC pellets.

A viral titer was determined by end point titration where the last dilution that showed 

complete agglutination by definition contained 1 HA unit. HA titer o f a viral sample was the 

reciprocal o f the highest dilution o f complete agglutination divided by the inoculation volume 

(HA units/ml).

V. Typical Virus Infection Procedure

1. Infection of Adherent Cells

The appropriate cell line was plated in 35, 60, or 100 mm plates depending on the 

experiment and the number o f cells needed. Typically 7-8 x 106 cells for 100 mm plates, 2-4 x 

106 cells for 60 mm plates or 1-1.5 x 106 cells for 35 mm plates were plated overnight. The old 

media was removed and the cells washed with IX PBS. The wash was aspirated away and the 

cells were inoculated with either: 0.1 ml for 35 mm plates, 0.25 ml for 60 mm plates or 0.5 ml 

for 100 mm plates o f the appropriate virus dilution o f the stock virus (see below fo r  calculation 

determination). The dilution varied depending on whether a single round o f infection (high 

multiplicity o f infection, MOI) or multiple rounds o f infection (low MOI) were needed. For the 

influenza virus a single round o f replication takes approximately 8 hours. Typically a MOI o f 5 

was used for most infections (an MOI o f 1 is 1 virus per 1 cell). Mock-infected cells were
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inoculated only with the vims diluting media. The infected cells were incubated for 1 hour at RT 

and shook every 20 minutes. The vims was aspirated away and either: 1.5 ml for 35 mm plates, 3 

ml for 60 mm plates or 6 ml for 100 mm plates o f the appropriate media with reduced semm (see 

cell culture fo r  details) was added. Plates were incubated at 37°C in 5% CO2 humidified 

condition. Cells were collected at the desired time point (hours post infection).

Vims number calculation

x / # o f cells = desired MOI solve for x

x = # o f vims (pfu, plaque forming units) divide by inoculation volume (ml) 

x = pfu/ml 

Dilution o f vims stock

C1V1 = C2V2 solve for VI

Cl = conc. o f stock vims (pfu/ml) C2 = conc. wanted o f vims (pfu/ml)

VI = vol. o f stock vims V2 = total vol. o f vims needed

2. Infection of Suspension Cells (U937 cells)
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Prior to infecting the suspension cells the appropriate number o f cells needed for the 

experiment were counted on the day of the infection. Cells were added to 15 ml Falcon tubes, 

and centrifuged at 1,000 x g for 5 min and the supernatant aspirated away. The pellet was 

resuspend with IX  PBS and centrifuged at 1,000 x g for 5 min. The wash was aspirated away 

and the pellet was resuspended with 1ml of virus diluting media containing the appropriate virus 

dilution o f the stock virus. Mock-infected cells were inoculated only with the virus diluting 

media. The infected cells were incubated for 1 hour at RT and shook every 20 minutes. After the 

infection the cells were washed with 4 ml o f IX PBS and centrifuged at 1,000 x g for 5 min. The 

virus/wash was removed and the pellet was resuspended with either: 1.5 ml for 35 mm plates, 3 

ml for 60 mm plates or 6 ml for 100 mm plates o f the appropriate media with reduced serum.

The suspension cells were plated in the appropriate size plate and incubated at 37°C in 5% CO2 

humidified condition. Cells were collected at the desired time point (hpi).

VI. Characterization of Cell Death

Membrane Integrity (Cell Viability):

1. Trypan Blue Exclusion

Cells undergoing apoptosis or necrosis lose membrane integrity, which allows vital dyes, 

like trypan blue, to enter (Karasawas et al, 1996). Virus and mock-infected cells were trypsinzed 

and pelleted at 1,000 x g for 5 min. The pellet was washed and thoroughly but gently 

resuspended with IX  PBS so as to break up any cell clumps that could make counting difficult. 

Cells were mixed with an equal volume of 0.4% trypan blue (0.4% trypan blue in IX  PBS,
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pH7.4) (Sigma-Aldrich, St Louis MO) solution for 5 min at RT. Cell were viewed under a light 

microscope and counted on a hematocrit slide. At least 200 cells were counted for each time 

point. Cells stained blue were considered as dead while white cells were alive. The percent (%) 

dead cells were counted. Each assay was run in triplicate.

2. Live/Dead® Assay

The Live/Dead® Viability/Cytotoxicity assay kit (Molecular Probes, Eugene OR) was 

employed to assess cell viability in infected cells. Two parameters, intracellular esterase activity 

and plasma membrane integrity, can be used to assess cell viability. This assay utilizes calcein 

AM and ethidium homodimer-1 to differentiate between live and dead cell populations. Live 

cells have intracellular esterase activity and are able to convert the nonfluorescent calcein AM to 

an intense green fluorescent (ex/em -495 nm/~515nm) polyanion. Ethidium homodimer-1 enters 

only cells with compromised plasma membranes and preferentially binds DNA to give an intense 

red fluorescence (ex/em -495 nm/~635 nm) in dead cells. Live cells exclude uptake o f ethidium 

homodimer-1 because they have intact plasma membranes. The Live/Dead® 

Viability/Cytotoxicity assay was followed as directed by the manufacturer. Briefly, cells were 

plated on glass coverslips overnight and infected the following day. Subsequently cells were 

treated with a solution containing 2 pM calcein AM and 4 pM ethidium homodimer-1 for 40 min 

at RT and viewed under a Leitz DMRB fluorescence microscope.

Nuclear Alterations:

1. DNA Fragmentation Analysis by Agarose Gel Electrophoresis
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The desired cell line was plated in 100 mm plates at a cell density o f 7 x 106 cells, and 

incubated overnight. The cells were infected as stated above and left for the desired time (hpi) 

for DNA extraction. The cells were scraped with a rubber policeman, washed with IX PBS and 

centrifuged for 10 minutes (min) at 1,000 x g. The supernatant was aspirated and the pellet was 

resuspended with 1.5 ml o f IX  PBS. The cells were added into a microcentrifuge tube and 

respun at 1,000 x g for 5 min. The wash was removed and the cell pellet was resuspended with 

0.5 ml of lysis buffer (lOmM Tris-HCl at pH 7.5, lOmM EDTA at pH8.0, 0.2% Triton X-100) 

and incubated on ice for 15 min. The lysate was centrifuged at 12,000 x g for 20 min and the 

supernatant was treated with 5 pi RNase A (100 pg/ml) (Sigma) and incubated at 37°C for 1 

hour. DNA was purified by phenol extractions with back extractions and precipitated overnight 

by adding 2.5 vol. o f 100% ethanol and 30pl o f 5M NaCl. The DNA sample was centrifuged at 

12,000 x g for 5 min and washed with 75% ethanol. The DNA pellet was dried in a Speedvac 

and resuspend in TE buffer (10 mM Tris-Cl, lmM  EDTA, pH 8.0) with ethidium bromide and 

10X loading buffer. Resuspended DNA was run on a 2% agarose gel (ran until dye front was 2/3 

down) and viewed with a UV transluminator for detection o f DNA laddering.

For a more sensitive detection o f fragmented DNA radioactive end labeling o f DNA was 

performed as described previously (Karasawas et al, 1996). Briefly, DNA was collected as 

mentioned above and labeled with 25pCi [a 32P]ddATP (3000 Ci/mmol) (Amersham, Arlington, 

IL) and incubated with 25 U o f terminal transferase (Boehringer-Mannheim, New York) and 

25mM C0 CI2 at 37°C for 60 min. Followed by phenol extraction and overnight ethanol 

precipitation. Fragmented DNA was separated on a 2% agarose gel. The gel was dried at 60 °C 

for 3 hrs and exposed to X-ray film for 30 min.
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2. In situ DNA Fragmentation (TUNEL POD)

Infected cells on glass coverslips were fixed with 3% paraformaldehyde in IX  PBS for 10 

min at RT, and washed with IX  PBS. End-labeling was done by using the TUNEL POD kit 

(Roche Molecular Biochemicals, Germany cat # 1684817) according to the manufacturer’s 

instructions. Briefly, cells were permeabilized and incubated with 0.3% H2O2 in methanol to 

abolish endogenous peroxidase activity. Next samples were incubated for 30 min at 37 °C with a 

TUNEL reaction mixture containing 9 parts TUNEL label + 1 part TUNEL enzyme. The 

peroxidase covalently linked to 3’ ends in this step (TUNEL POD) and its substrate, 3, 3’- 

diaminobenzidine (DAB) (Sigma-Aldrich, St Louis MO) were used for signal detection.

3. Chromatin Condensation and Fragmentation by Hoechst Staining

Chromatin condensation and fragmentation was assessed by the DNA fluorochrome 

febenzim ide (also called Hoechst 33258). Virus and mock-infected cells were trypsinzed, 

washed and centrifuged at 1,000 x g for 5 min. The pellet was resuspended and fixed with 100 pi 

of 3% paraformaldehyde (Fisher) in IX PBS for 10 min at RT. After fixation the cells were 

centrifuged at 1,000 x g for 5 min. The pellet was resuspended in 40 pi o f Hoechst 33258 

(Sigma-Aldrich, St Louis MO) at 16pg/ml in IX PBS for 25 min RT. Cells were washed with 1 

ml o f IX PBS, centrifuged at 1,000 x g for 5 min and resuspended with the appropriate volume 

o f IX PBS (dependent on pellet size). Nuclei that have fragmented into small dense bodies are 

considered apoptotic while nuclei with evenly dispersed chromatin are non-apoptotic. 

Quantitation o f fragmented nuclei was observed using a Leitz DMRB fluorescence microscope.

4. Quantification of Apoptosis by Flow Cytometry
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Apoptosis was measured using subdiploid DNA peaks analysis after staining with 

propidium iodide (PI). Collected samples were fixed with a mixture o f methanol: acetone (4:1) 

and PBS in a 1:1 ratio for 10 min at -20  °C. After fixation the samples were sent to our 

collaborator Dr. Serafina Oliverio at the University o f Rome, Italy for further processing as 

discussed below. For subdiploid DNA evaluation cells were washed twice in PBS after 

incubation and resuspended in 0.75 ml hypotonic fluorochrome solution containing 50p.g/ml PI 

(Calbiochem, La Jolla, CA) in 0.1% sodium citrate plus 0.1% Triton x-100 (Sigma, St. Louis, 

MO) in polypropylene tubes (Nunc). The tubes were placed at 4°C in the dark overnight before 

the flow-cytometric analysis. The PI fluorescence o f individual nuclei was determined using a 

XL flow cytometer (Coulter, Hialeah, FL.) and the percentage o f apoptotic nuclei was 

determined on the basis o f the number o f cells in the subdiploid DNA peak in the DNA 

fluorescence histogram.

Morphology: 

Electron microscopy (EM)

Plates seeded with MDCK and A549 cells with a density o f 1.5 x 106 were infected with 

WSN virus at a MOI o f 5. At various hours post infection (h pi) cells were fixed in 0.5% 

glutaraldehyde in IX  PBS, pH 7.4 for 10 min. The cells were gently scraped off with a rubber 

policeman and centrifuged in microcentrifuge tubes at 12,000 x g for 5 min. The centrifuge tube 

with pellet was sliced with a razor to 1 mm sections and placed in 1 ml o f 2.5% glutaraldehyde in 

IX PBS, pH 7.4 overnight at RT. The slices containing the cells were washed 3 times with IX 

PBS, pH 7.4 for 5 min each. The secondary fixation was with 1% osmium tetroxide for 3 hours
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at 4 °C, after which the cells were washed 3 times with IX  PBS, pH 7.4 for 5 min each and 

dehydrated through ascending ethanol concentrations (50% -100% ) for 10 min each. The 

samples were sent to Dr Daniela Quaglino at the University o f Modena, Italy for further 

processing. Samples were embedded in Spurr resin, sectioned with the Reichert-Jung Ultracut E 

microtome and stained with lead citrate and aqueous uranyl acetate. High resolution images were 

taken with a JOEL JEM-1200 EX electron microscope. All reagents were purchased from 

Electron Microscopy Sciences, Fort Washington PA.

Measurement o f  mitochondrial function was performed in several ways:

1. Measurement of Mitochondrial Membrane Potential

Rhodamine-123 (Sigma-Aldrich, St Louis MO) is a cationic fluorescent dye that is 

readily taken up by actively respiring mitochondria and commonly used in membrane 

depolarization analysis during cell death. A loss in fluorescence signal represents a disruption in 

the mitochondrial transmembrane potential. Rhodamine-123 is dissolved in dimethylsulfoxide at 

a stock concentration o f 1 mM.

Cells were plated at a concentration o f 2 x 106 cells in 60 mm plates overnight. As 

described previously (Goldstein and Korczack, 1981), cells were loaded with 1 |rM of 

rhodamine-123 (Sigma-Aldrich, St Louis MO) during the last 45 min o f the infection at 37 °C in 

the dark. Subsequently cells were scraped, washed with IX  PBS, centrifuged at 1,000 x g at 5 

min and the pellet lysed with 1 ml of isobutanol for 5 min. The mock-infected cells were used for 

the basal level o f fluorescence. Fluorescence intensity o f rhodamine-123 extracted by isobutanol
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was quantified on a Perkin Elmer MPF-66 fluorescence spectrophotofluorometer at 508 nm 

excitation and 536 nm emission. The slits were set at 5 nm (excitation) and 10 nm (emission).

2. MitoTracker Red

Conventional fluorescent stains for mitochondria, such as rhodamine 123, are readily 

sequestered by functioning mitochondria, but are subsequently washed out o f the cells once the 

mitochondrion's membrane potential is lost. MitoTracker Red is a mitochondrion-selective stain 

that is concentrated by active mitochondria and retained during cell fixation. MitoTracker Red 

contains a mildly thiol-reactive chloromethyl moiety. The chloromethyl group appears to be 

responsible for keeping the dye associated with the mitochondria after fixation.

Prior to collection, cells plated on coverslips (35 mm plates) were treated with 20 nM of 

MitoTracker Red (stock: 100 pm in DMSO) (Molecular Probes, Eugene OR) for the last 30 min 

o f the experiment. The cells were washed with PBS and fixed with 3% paraformaldehyde 

(Fisher) in IX PBS for 10 min at RT. The fixed samples were analyzed on a Leitz DMRB 

fluorescence microscope with a Rhodamine filter set.

3. MTT Assay

The MTT (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

measures the enzymatic activity o f the succinate-tetrazolium reductase system (EC 1.3.99.1), 

which belongs to the mitochondrial respiratory chain and is a good marker for measuring cell 

viability since activity is present only in viable cells. The assay also measures the state o f the 

mitochondrial respiratory chain within mitochondria.
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Cells were plated at a concentration o f 1.5 x 106 in 35 mm plates overnight. A 37.5 pi 

aliquot of a 5mg/ml stock solution o f MTT (Sigma) was added to the plate, which were 

incubated for 1 hr at 37°C. Cells were scraped off the plate, washed once with IX  PBS and 

centrifuged for 6 min at 1,000 x g. Tetrazolium salts when reduced form a purple colored water- 

insoluble formazan precipitate that can be solubilized and quantitated spectrometrically. The 

pellet was resuspended with 0.1 N acidic isopropanol (IN  HC1) and centrifuged for 5 min at

1,000 x g. The supernatant was analyzed by a spectrometer and the difference between the 

absorbance of 570nm (background) and 690nm of each sample was measured.

4. Isolation of Cytosolic and Mitochondrial Fractions of Cytochrome c

Cells were washed once with IX PBS and centrifuged at 1,000 x g for 5 min. The pellet 

was resuspended in CLAMI buffer (250 mM sucrose, 70 mM KC1, 50 mg/ml digitonin in IX 

PBS, protease inhibitor cocktail (1 tab le t/10 ml CLAMI buffer)) and incubated on ice for 5 min. 

The cells were pelleted at 12,000 x g for 5 min at 4°C. The supernatant (cytoplasmic fraction) 

was removed and the pellet was resuspended with universal immunoprecipitation buffer (IP) 

(50mM Tris-HCl at pH 7.4, 150 mM NaCl, 2mM EDTA, 2mM EGTA, 0.2% Triton X-100, 0.3% 

NP-40, protease inhibitor cocktail (1 tab le t/10 ml IP buffer) (Boehringer Mannheim, Germany)) 

and incubated on ice for 30 min. The samples were centrifuged at 12,000 x g for 10 min at 4°C 

and the supernatant collected (represents the mitochondrial fraction).

Mitochondrial and cytoplasmic fractions (30 pg total protein loaded per lane) were 

separated on 15% SDS-PAGE and electroblotted onto nitrocellulose membranes (see below fo r  

further detail on Western blotting). Cytochrome c was detected by a monoclonal antibody 

[1:500 dilution] (Pharmingen). Secondary goat-antimouse horseradish peroxidase-labeled
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antibody [1:10,000 dilution] (Amersham Pharmacia Biotech) was detected by enhanced 

chemiluminescence.

Measurement of Lysosome Activity:

1. In situ analysis of Acid Phosphatase Activity in Lysosomes (qualitative)

Cells were grown on coverslips overnight, infected as described above and samples were 

collected at various horns post infection. The coverslips were placed in a coplin jar and citrate 

fixation solution (18 mM citric acid, 9 mM sodium citrate, 12 mM NaCl) was added and left for 

30 seconds. The coverslips were washed for 1 min with CIH2O. An acid phosphatase solution (see 

section on reagents) was added to the coplin jar and incubated for 1 h at 37°C. Coverslips were 

gently washed with running tap water for 2 min and air dried. A methylene blue (1.4% [w/v] in 

ethanol) counter stain was added for 10 sec and coverslips were rinsed twice with CIH2O. The 

coverslips were mounted onto slides with crystal mount solution.

2. In vitro analysis of Acid Phosphatase Activity in Lysosomes (quantitative)

Cells were plated at 2 x 106 cells in 60 mm plates overnight, infected as described above

and samples were collected at various hours post infection. Cells were carefully scraped with a

rubber policeman, transferred to an ice-cold disposable culture tube and spun for 10 min at 1,000

x g at 4 °C. The pellet was washed with ice cold IX PBS, transferred to a ice cold 

microcentrifuge tube and spun for 10 min at 1,000 x g at 4 °C. The pellet was resuspended with 

100 pi of IX PBS, mixed with 0.5 ml of p-nitrophenol phosphate (substrate) (see section on 

reagents) and 0.5 ml citrate buffer (see section on reagents) on ice. The sample was vortexed
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very well and incubated at 37°C for 1 h. Following incubation, the reaction was terminated by 

the addition of 5 pi 1 N NaOH and vortexed. When made alkaline, nitrophenol was converted to 

a yellow precipitate complex and measured at 410 nm. The intensity o f color formed was 

proportional to enzyme activity.

VH. Protein Analysis 

1. Protein Extraction with RIPA Buffer

The desired cell line was plated overnight in 100 mm plates and the cells were infected 

with an MOI o f 5 the following day. The cells were carefully scraped with a rubber policeman, 

transferred to an ice cold disposable culture tube and spun for 10 min at 1,000 x g at 4 °C. The 

supernatant was aspirated away and the pellet was washed with ice cold IX  PBS. The 

resuspended cells were transferred to a ice cold microcentrifuge tube and spun for 10 min at

1,000 x g at 4 °C. The pellet was resuspended with 50-200 pi (depending on size o f pellet) of 

RIPA buffer (10 mM Tris-HCl pH 7.4,150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5 mM 

EDTA) with protease inhibitor cocktail (1 tablet per 10 ml RIPA buffer) (Boehringer Mannheim, 

Germany) and incubated on ice for 30 min. Lysate was spun at 12,000 x g for 20 minutes. The 

supernatant was transferred to a new microcentrifuge tube and stored at -2 0  or -8 0  °C.

2. Western Blotting

The Bio-Rad protein assay (Bradford method) (Bio-Rad Lab., Hercules CA) was used to 

determine protein concentrations in the samples. Equal amounts o f total protein (30 pg) were 

resolved on 7%, 10% or 15% SDS-polyacrylamide gels (gel percentage dependent on molecular
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size of protein o f interest) and transferred onto Hybond supported nitrocellulose membranes 

(Amersham Pharmacia Biotech) by semi-dry electroblotters. The blots were blocked for 1 h in 

5% nonfat dry milk in IX  PBS + 0.1% Tween 20 (PBST) at RT and then incubated with primary 

antibodies in blocker (5% nonfat dry milk in PBST) overnight at 4 °C. Primary antibodies used 

were: caspase-8 [1:1000 dilution] and caspase-3 [1:1000 dilution] gift from Donald Nicholson 

(Merck Frosst, Canada), cytochrome c [1:500 dilution] (Santa Cruz Biotechnology), Bid [1:500 

dilution] (Santa Cruz Biotechnology) and PARP [1:500 dilution] (Santa Cruz Biotechnology). 

After 3 washes with PBST blots were exposed to goat anti-rabbit or, for Bid, donkey anti-goat 

conjugated with horseradish peroxidase (HRP) secondary antibody [1:10,000] for 1 h at RT and 

followed with an additional 3 washes with PBST. The blots were incubated with the ECL Plus 

chemiluminescence Western blotting detection reagent (Amersham Pharmacia Biotech) and 

exposed to Kodak BioMax film (Sigma-Aldrich, St Louis MO) for visualization.

3. Immunocytochemistry

The desired cell line was plated in 35 mm plates with glass coverslips at a cell density o f

1.5 x 106 cells, and incubated overnight. The cells were infected as stated above and left for the

desired time (h pi). Supernatants from the plates were collected, centrifuged, washed with IX 

PBS and the cell pellet resuspended and fixed with 3% paraformaldehyde (Fisher) in IX PBS for 

10 min at RT. At the same time the plates were also washed with IX PBS and fixed with 3% 

paraformaldehyde (Fisher) in IX  PBS for 10 min at RT. Cells collected from supernatant were 

spread onto poly-L-lysine coated microscope slides and the coverslips were permeabilized with 

PBS + 0.1% Triton X-100 for 5 min at RT in coplin jars. Both slides and coverslips were washed 

once with PBS and blocked with 5% goat serum for 1 h at RT. Blocking serum was removed and
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samples were incubated with the appropriate primary antibody at 4°C overnight in a humidified 

chambered box. Primary antibodies used were against caspase-3 [1:1000 dilution]

(Pharmingen) and cytochrome c [1:500 dilution] (Santa Cruz Biotechnology) and antibodies 

were diluted with PBST with 1% goat serum. The following day the samples were washed 3 

times with PBST and incubated with goat anti-rabbit (IgG [H+L]) or goat anti-mouse (IgG 

[H+L]) secondary antibody conjugated with Alexa Fluor® 488 (Molecular Probes) for 1 h at RT. 

Samples were later washed 3 times with PBST and mounted with gel mount and sealed with nail 

polish.

VIII. In  vitro Caspase Inhibition

Following the one hour infection with influenza or viral diluting media the infected and 

mock infected cells were treated with the pan-caspase inhibitor zVAD-fmk (benzyl-oxycarbonyl- 

Val-Ala-Asp(Ome)fluoromethylketone) (Calbiochem, cat # 627610) with a final concentration of 

50 pM. Cell samples were taken at the appropriate times (hpi).

IX. Reagents

IX Phosphate Buffered Saline (PBS)

IX PBS was made by adding 137 mM NaCl, 2.7 mM KC1,4.3 mM Na2HP0 4 -7 H2 0  and 1.4 mM 

KH2PO4, pH 7.3. The solution was autoclaved. To make 10X PBS the recipe was multiplied by 

10.
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100X CaMg

The CaMg solution was made by adding 1 g CaCl2, 1 g MgCl2 and 100 ml (IH2O. The 

solution was autoclaved.

Virus Diluting Media

Virus diluting media was made by adding 10 ml 10X PBS, 0.6 ml 35% BSA, 100X P/S 

(penicillin/streptomycin), and 1 ml 100X CaMg. The mixture was brought up to volume to 100 

ml with (IH2O. CaMg was mixed in last; otherwise CaMg and PBS would precipitate out.

MEM  mix

MEM mix was made by adding 2X Minimal Essential Medium (MEM) (cat # 12-668A) 

(BioWhittaker, Walkersville MD), 0.42% bovine serum albumin (BSA), 2X L-glutamine (4 

mM), lOOU/ml penicillin and 100 mg/ml streptomycin, 0.24% sodium bicarbonate, and 0.02M 

HEPES.

Virus Plaquing Media

The agar overlay medium was prepared by mixing (for 25 ml) 14 ml o f M EM  mix, 0.25 

ml 1% DEAE dextran, 0.5 ml 5% NaHCC>3, and 2.75 ml dfLO into a 50 ml conical centrifuge 

tube and placed into 37 °C water bath until needed. Right before adding overlay media over cells

7.5 ml of warmed 2% Oxoid® agar (Oxoid, Hampshire England) was added and mixed well.

Crystal Violet Staining Solution
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Crystal violet staining solution was made by adding 4 ml o f 1% crystal violet solution in 

H2O, 8 ml methanol and 30 ml H2O.

Acid Phosphatase Solution (Sigma, cat# 181-A1

The acid phosphatase solution was made by mixing 0.6 ml o f NaNC>3 and 0.6 ml Fast 

Garnet GBC base solution (7 mg/ml in HC1) into a 50 ml Falcon tube and incubating for 2-5 min 

at RT. Next 22.8 ml o f {IH2O was added and the mixture was warmed to 37°C. Lastly, 3 ml of 

acetate solution (2.5 mM pH 5.2) and 3 ml o f Naphthol AS-BI phosphoric acid solution (4 g/L) 

was added to the entire mixture.

p-Nitrophenol Phosphate Working Solution:

The p-nitrophenol phosphate, disodium hexahydrate (Sigma, cat# N-4645) powder was 

added to (ffl^O to a working concentration o f 5 mg/ml. The solution was stored at -20°C.

Citrate Buffer:

Citrate buffer was made by adding 90 mM citrate and 10 mM NaCl, pH 4.8. The buffer was 

stored at 4°C.
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Objective

Influenza virus has evolved ways to induce cell death that contributes to its 

pathogenesis but the details remain to be found. To determine the mechanism of 

induction we set on to characterize the type o f cell death induced by the virus. Followed 

by investigating the activation and the requirement o f different components o f the various 

cell death pathways.

The first question addressed was whether influenza A/WSN/33 (WSN) virus 

could kill Madin Darby canine kidney (MDCK) and A549 human lung epithelial cells 

and if  so how? As mentioned in the Introduction there are many types o f cell death so 

characterizing the type o f cell death induced in both cell lines was o f importance. The 

characterization o f the type o f cell death was done by examining the cellular changes 

occurring within the infected cell such as alterations in membrane integrity, morphology 

and nuclear composition.

The next question asked was, in regard to the involvement o f the different 

components o f the cell death pathways in influenza induced cell death and whether they 

were required? We examined the involvement and requirement o f the various 

components o f the extrinsic and intrinsic cell death pathways.

As part o f the extrinsic pathway a ligand can bind to the specific receptor and 

induce cell death. We asked whether the attachment o f virus to the cell surface could 

activate the extrinsic pathway leading to cell death without viral replication. Our data 

present in this section showed that viral replication is required. In addition previous 

studies (Takizawa et al, 1993; Takizawa et al, 1995; Wada et al, 1995; Balachandran et
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al, 2000) have shown that influenza viruses can upregulate the expression o f the Tumor 

Necrosis Factor Receptor Family member called Fas in HeLa cells. The Fas receptor is 

important since it is activated during the extrinsic cell death pathway. We therefore 

evaluated the need o f the Fas signaling pathway by the use o f a cell line defective in Fas.

Beside the extrinsic cell death pathway the intrinsic pathway contributes to the 

demise o f the cell. Two important components o f the intrinsic pathway involve the 

mitochondria and p53. The mitochondria plays an important role during cell death as it 

can release pro-apoptotic factors into the cytoplasm that can induce a caspase dependent 

and caspase-independent cell death pathway. We first investigated whether the 

mitochondria are affected during influenza induced cell death by measuring the 

mitochondrial membrane potential, respiration state and release o f apoptotic factors (such 

as cyto c) into the cytoplasm. There are many proteins belonging to the Bcl-2 family that 

associate with the mitochondria and modulate its activity. Therefore we next examined 

the requirement o f pro-apoptotic (Bak, Bax and Bim) and anti-apoptotic (Bcl-2) Bcl-2 

family members during influenza induced cell death by the use o f  knockout mouse 

embryo fibroblast (MEF) cells.

The p53 signaling pathway plays a crucial role in the induction o f cell death 

(Hickman et al, 2002). Certain viruses have been shown to modulate the activity o f p53 

hence affecting the induction o f cell death. For example, the human cytomegalovirus 

encodes an early gene product, IE2, which has been shown to repress p53 transcriptional 

activity and inhibit apoptosis (Hagemeier et al, 1994; Zhu et al, 1995). As for the 

influenza virus it is not known whether influenza induced cell death is p53 dependent or
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independent. We therefore tested the requirement o f p53 during influenza induced cell 

death.

As discussed in the Introduction a certain class o f cysteine proteases called 

caspases are involved in propagating the cell death signal and degrading the cell.

Although different signaling pathways can be activated by different stimuli, caspases 

always converge to a common point linking the extrinsic and intrinsic pathways and lead 

to the demise o f the cell. We therefore evaluated whether caspases are activated during 

influenza induced cell death in A549 and MDCK cells. In addition to examining the 

activation o f caspases we wanted to determine whether caspases are dispensable during 

influenza induced cell death.

The cleavage o f Bid, a pro-apoptotic Bcl-2 member, by caspase-8 is another 

convergence point o f the extrinsic and intrinsic cell death pathways. The activated 

truncated Bid is important since it translocates to the mitochondria and affects its 

function. For that reason we evaluated the cleavage of Bid during influenza induced cell 

death.

Besides the involvement o f caspases during cell death another class o f proteases 

implicated in cell death are the lysosomal resident cathepsin proteases. For example, in 

Autographa californica M Nucleopolyhedrovirus cathepsins have been implicated in 

activating the virally encoded protein, ProV-CATH, which has an essential role in host 

liquefaction (Horn et al, 2002). No studies to date have shown the need o f cathepsins 

during influenza induced cell death therefore we investigated the invovlement o f 

cathepsins during influenza induced cell death by using knockout MEF cells.
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Part III. Results and Discussion 

Chapter 1. Characterization of Influenza A Virus Induced Cell Death in MDCK and 

A549 Cells

1.1. Determination of Viral Production and Effective MOI for Cell Killing:

Prior to the evaluation of the type o f cell death we measured the amount of 

influenza A/WSN/33 [H1N1] (WSN) virus production in MDCK cells to establish the 

level o f a productive viral infection in our hands. We chose MDCK cells because they are 

used extensively in general research on the influenza virus and can efficiently replicate 

the virus. Viral titer was determined by the plaque assay as described in Materials and 

Methods and was calculated as plaque forming units per milliliter (pfu/ml) through 

various hours post infection (hpi). Plaques were defined as regions where cells no longer 

existed within a monolayer o f cells and were counted as one viral particle. We found an 

increase o f WSN virus production at 24 hpi, which began to plateau at 48 hpi and 

declined slightly by 144 hpi (Figure 1A, see pg 156) indicating that a productive and 

sustainable infection was achieved.

To establish a multiplicity o f infection (MOI) or infection dose that would 

effectively cause a cytopathic effect in infected MDCK cells, we infected these cells with 

varying amounts o f influenza virus. An MOI of one is equivalent to one virus per cell, 

regardless o f volume. The higher the MOI used, the more viruses that can infect an 

individual cell. Varying the M OI’s would also help in determining whether an increase in
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viral load contributes to an overall increase in the amount o f cell death or if  the viral 

replication cycle was quicker than the progression of cell death.

The cytoplasmic affect o f virus on cells was measured by the level o f  cell death. 

The level o f cell death was measured by the trypan blue exclusion assay, which was a 

good maker for membrane integrity and an indicator o f cell viability. Cells that had taken 

up the trypan blue dye were scored as positive for trypan blue and designated as dead or 

dying cells because the outer plasma membrane integrity was compromised. Cells 

appearing white were considered as live cells. MDCK cells were plated and infected with 

WSN concentrations that ranged from an MOI of 0.1 to 10. We found a direct correlation 

between increases in MOI at 24 hpi and the level o f cell death (Figure IB) as measured 

by trypan blue. A general trend could be seen in that as the MOI was increased more cells 

died. The number o f deaths approximately doubled between a MOI o f 1 and 10.

However the error bars for cell death o f MDCK cells infected with an MOI of 

0.1, 0.5 and 1 overlappeds suggesting that the virus replicated and spread to non-infected 

cells quicker than the appearance o f trypan blue positive cells. At a low MOI (i.e. 0.5) not 

all o f the cells are infected by the initial addition o f the virus, but with the rapid spread of 

the virus the cell death percentages were similar to the cells infected with an MOI of 1, 

where all cells were infected.

1.1.1. Summary and Discussion:

The plaque assay showed that influenza A/WSN/33 (WSN) virus replicated very 

well in MDCK cells while the MOI experiments indicated that an MOI o f 5 gave good
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cell killing in MDCK cells that was not substantially increased by increase in MOI. 

Therefore MDCK cells were subsequently infected at an MOI o f 5.

1.2. Evaluation of the Type of Cell Death in MDCK Cells:

1.2.1. Membrane Integrity:

MDCK cells were infected with WSN at a MOI o f 5 to ensure that all the cells 

were infected at approximately the same exact time. Cells were collected at various hpi 

for the analysis o f cell death. We used several methods to assess the extent and type of 

cell death. Trypan blue was used as a marker o f membrane integrity and an indicator of 

cell viability. We found that percent cell death o f MDCK cells increased during the 

infection and significantly increased by 48 hpi (Figure 2). At 48 hpi, approximately 80% 

of infected MDCK cells were positive for trypan blue while mock infected cells 

(uninfected control cells) at the same time had over 20% cell death.

1.2.2. Nuclear Alterations:

An apoptotic cell has condensed chromatin with nuclear shrinkage and 

fragmentation that can be detected by a fluorogenic dye called Hoechst. Fragmented 

nuclei appear as a cluster o f spheres with intense white staining due to the condensation 

of the chromatin as compared to normal nuclei, which appear spread out and pale blue, as 

will be seen later. Only nuclei that were condensed and fragmented were scored because 

there were many variations in the extent o f nuclear changes present. Fluorescence 

microscopy with Hoechst staining showed that WSN infected MDCK cells at 24 hpi
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displayed many cells with fragmented and condensed nuclei as compared to the mock- 

infected cells (Figure 3A). A quantitative analysis o f nuclear fragmentation on the same 

sample of cells (in Figure 2) used for trypan blue showed a steady increase in the number 

o f cells having fragmented nuclei and the majority o f MDCK cells by 48 hpi had high 

levels of fragmentation (Figure 3B, bars). During WSN infection, increased levels o f the 

cytopathic effect as measured by trypan blue (Figure 3B, line) correlated with increased 

levels of nuclear fragmentation and condensation at 48 hpi. We see at 24 hpi 

approximately a 50% higher level o f fragmented nuclei than trypan blue positive cells. 

This suggests that during WSN infection changes within the nucleus occur earlier than 

the disruption of the outer plasma membrane. The MDCK cells infected with varying 

MOI’s were also quantitated for the number o f cells having fragmented nuclei as seen 

with Hoechst staining. Although we find a direct correlation between the increases in 

MOI and increases o f fragmented nuclei (Figure 3C) the percentage o f cells with 

fragmented nuclei was higher than the blue cells revealed by trypan blue. The nuclear 

data also showed that high levels o f fragmented nuclei appeared in cells infected with 

high MOI’s, consistently approximately 40% more cells with fragmented nuclei than the 

picture for TB.

Nuclear fragmentation is accompanied by DNA fragmentation and the appearance 

o f a DNA ladder, a hallmark o f apoptotic cell death. MDCK cells infected with an MOI 

o f 5 were harvested at different h pi and their DNA extracted and electrophoresed on an 

agarose gel for the presence o f a DNA ladder. As shown in Figure 4A, gel electrophoresis 

o f DNA taken from infected MDCK cells showed laddering was barely detected at 

around 8 hpi and increased with time with high levels at 24 hpi. Mock-infected MDCK
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cells at 24 hpi showed no DNA fragmentation. Regardless o f the level o f MOI infected 

cells undergo characteristic DNA laddering depicting apoptotic cell death (Figure 4B). 

MDCK cells infected with a high MOI had a higher percentage o f fragmented nuclei than 

cells infected with a low MOI (Figure 3C); however, regardless o f MOI the DNA ladder 

appeared to be relatively equal in fluorescence intensity in all samples. Perhaps at higher 

MOI’s the DNA undergoes more damage and upon processing the lower molecular 

weight DNA is lost as compared to samples o f low MOI.

Flow cytometry has been used to detect apoptotic cells by looking at changes in 

morphology of the dying cell that can be detected by alterations in the light scatter 

properties, or by assessing cellular DNA content. In an apoptotic cell, degradation o f 

DNA reduces the total DNA content and as a consequence, the apoptotic cell takes up 

less DNA binding dye and the cells are counted in a sub G0-G1 peak. As a result dying 

cells can be distinguished from healthy cells, based on the level o f DNA present and the 

fluorescence emitted. This method has also been referred to as fluorescence activated 

cell-sorting (FACS) analysis.

To use this method in our study we first infected MDCK cells with WSN (MOI 5) 

and collected the cells at various h pi and fixed them with methanol:acetone (4:1). The 

samples were later sent to our collaborator, Dr. Serafina Oliverio at the University of 

Rome, Italy for FACS analysis. The cells were treated with the DNA binding dye 

propidium iodide (PI) and their DNA content analyzed. FACS analysis (Figure 5) of 

WSN infected MDCK cells correlated with the DNA fragmentation and Hoechst staining 

data. Dead cells were detected as early as 10 hpi. By 24 hpi a large proportion of cells 

underwent apoptotic cell death as indicated by an increase o f the subdiploid population
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(M l). This M l population represents cells that have nuclei that are fragmented. A steady 

rise in cell death from 6 to 12 hpi can be seen and a second rise at 18 to 24 hpi, indicating 

a new round o f replication.

1.2.3. Morphology:

During apoptotic cell death there are morphological changes that occur within a 

dying cell, such as cell rounding and shrinkage. We first analyzed these changes by light 

microscopy (LM) and then by electron microscopy (EM). Thick sections (1 pm thick) 

normally used for the evaluation of sample quality prior to EM analysis were, initially 

used for the morphological study. MDCK cells were infected with an MOI o f 5 and 

examined at different h pi. For a control, mock-infected cells were used at 24 hpi. Cells 

were harvested at various hpi and fixed with glutaraldehyde and osmium tetraoxide and 

dehydrated with increasing percentages o f ethanol. The samples were sent to Dr Daniela 

Quaglino at the University o f Modena, Italy and processed for EM analysis. Mock- 

infected MDCK cells were slender and elongated with visible nuclei and multiple 

nucleoli (Figure 6A). By 8 hpi regions o f infected and dying cells were detected with 

signs o f cell rounding and intense staining of the nuclei and cells with methylene blue 

(Figure 6B) as compared to the mock-infected cells. Later at 24 hpi we could see massive 

levels o f cell death as detected by cell rounding, nuclear changes and disintegration of 

cell structures (Figure 6C).

EM analysis showed further evidence of apoptotic cell death in infected MDCK 

cells. EM micrographs showed greater detail than that seen by LM in mock-infected cells 

(Figure 7A). An increase in the number o f apoptotic cells was observed with increases in
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time o f infection. In the population at 24 hpi we can detect typical apoptotic morphology 

such as condensation o f chromatin, fragmentation o f nuclei and cell rounding and 

shrinkage as compared to the mock-infected cells (Figure 7B). The infected cells had 

patches of increased electron density due to dense aggregates o f chromatin as well as the 

margination o f the chromatin and alterations o f the cytoplasm, namely the extensive 

formation of vacuoles, were present (Figure 7C). Some infected cells displayed signs of 

secondary necrosis indicating advanced stages o f influenza induced cell death (Figure 8). 

The cells appeared necrotic because o f the disintegration o f the outer plasma membrane 

and the degraded and diffuse appearance o f the chromatin. The EM analysis showed at a 

single time post infection cells undergoing different stages o f  cell death. Visual 

inspection indicated that not all infected MDCK cells died at the same time even though 

all MDCK cells were infected with WSN (MOI 5). The reason was not clear and will be 

analyzed further as discussed below.

1.2.4. Not All MDCK Cells Undergo Cell Death at the Same Rate:

MDCK cells infected with WSN do not all die at the same time. This is evident 

even with light microscopy examination even though all the cells were infected with the 

virus at the same time (Figure 9A and B). At 12 hpi, MDCK cells infected with WSN at 

an MOI of 5 showed many cells detaching from the plate (arrows) while a large number 

of infected cells still remained attached. To examine this further, during each time point 

the unattached cells, which were located in the supernatant, were separated from the 

attached cells and cell viability was measured by the trypan blue exclusion assay for both 

populations. Cells that were no longer attached had higher levels o f trypan blue positive
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cells than attached cells and the ratio increased as time progressed (Figure 10A). We also 

assessed cell viability o f the two populations by another assay called Live/Dead® 

because this assay uses different parameters to evaluate cell death in cells and provides an 

easy colorimetric method to differentiate between live and dead cells. Also in situ 

analysis o f cell death can be assessed without disturbing cell morphology, unlike trypan 

blue analysis where cells have to be trypsizined prior to analysis. The Live/Dead® assay 

measures the activity o f an esterase that is active only in living cells. Cells with this 

activity and therefore alive are able to convert calceinAM to a fluorescent product and 

appear green as seen in mock-infected MDCK cells (Figure 10B). The hydrolyzed 

fluorescent product cannot escape intact cells. Dead cells, however, appear red due to the 

co-presence o f ethidium homodimer, which only enters cells with compromised 

membranes and intercalates within the DNA. Live/Dead® analysis conferred that the 

floating MDCK cells infected at a MOI o f 5 at 24 hpi were dead (Figure IOC) while the 

attached cells appeared to be alive (Figure 10D).

Quantification with Hoechst staining was also done on these two populations 

(Figure 11 A) and the results correlated with the cell viability data. There was a clear 

distinction between attached versus unattached cells by 48 hpi in that 100% o f unattached 

cells had fragmented nuclei while attached cells had very low levels o f fragmentation. 

Mock-infected cells had normal nuclei (Figure 1 IB) as seen by fluorescence microscopy 

while the majority o f unattached cells had condensed and fragmented nuclei (Figure 11C) 

in contrast to the attached cells, which had intact nuclei, but differed from mock-infected 

cells in that they began to condense (Figure 1 ID). Although all cells were exposed to the
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vims it was apparent that they responded differently. The reason was for this differential 

response was not clear.

1.2.5. Summary and Discussion:

We have started to characterize influenza A/WSN/33 (WSN) vims induced cell 

death in Madin Darby canine kidney (MDCK) cells and have determined that cell death 

was apoptotic by a variety o f methods. We see at 48 hpi, approximately 80% o f infected 

MDCK cells were positive for trypan blue, indicating that the outer plasma membrane 

was compromised. An apoptotic cell often has condensed chromatin with nuclear 

shrinkage and fragmentation. A quantitative analysis o f nuclear fragmentation showed a 

steady increase in the number o f cells having fragmented nuclei and the majority of 

MDCK cells by 48 hpi had high levels o f fragmentation. During WSN infection, 

increased levels o f the cytopathic effect correlated with increased levels o f nuclear 

fragmentation and condensation at 48 hpi. This suggested that during WSN infection 

changes within the nucleus occur earlier than the dismption of the outer plasma 

membrane.

A hallmark o f apoptotic cell death is the fragmentation of DNA into 

oligonucleosomal fragments as detected by gel electrophoresis. DNA fragmentation was 

detected slightly at around 8 hpi and increased with time with high levels already at 24 

hpi. Mock-infected MDCK cells at 24 hpi show no DNA fragmentation.

The morphology o f MDCK cells infected with WSN was analyzed by electron 

microscopy. In the population at 24 hpi we can detect typical apoptotic morphology such 

as condensation o f chromatin, fragmentation o f nuclei and cell rounding and shrinkage as
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compared to the mock-infected cells. The infected cells had patches o f increased electron 

density due to dense aggregates o f chromatin and alterations o f the cytoplasm, namely the 

formation o f vacuoles. The cell shape o f dying cells was no longer elongated as the mock 

infected cells but now round in appearance. Our data presented here indicates that WSN 

viruses kill MDCK cells by a classical apoptotic morphology. Further analysis o f the 

individual components o f the various cell death pathways, such as caspases would give 

further evidence o f apoptotic cell death in MDCK cells and will be discussed later.

Besides the observation o f classical apoptotic phenotypes in WSN infected 

MDCK cells we saw a correlation between infection dose and cell death. A general trend 

could be seen in that as the multiplicity o f infection (MOI) was increased more MDCK 

cells infected with WSN showed higher trypan blue positive levels and increased 

numbers o f condensed and fragmented nuclei as measured by Hoechst staining.

Also our examination o f cells by light and electron microscopy showed that 

MDCK cells infected with WSN do not all die at the same time, even though all the cells 

were infected with the virus at the same time. During the influenza infection MDCK cells 

detached from the plate with increasing numbers as time progressed. There was a clear 

distinction between attached versus unattached cells by 48 hpi in that close to 100% of 

unattached cells had fragmented nuclei and trypan blue positive while attached cells had 

very low levels o f fragmentation and good viability. It was not clear why MDCK cells 

died at different rates.

Since MDCK cells are not generally infected by influenza we used a human lung 

epithelial cell line to better mimic the cells involved during the infection process.
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1.3. Evaluation of the Type of Cell Death in A549 Cells:

MDCK cells are a good cell line for evaluating influenza induced cell death 

because WSN replicates very well and the cells are easy to handle and manipulate. 

However these cells are kidney cells and are not normally involved and infected during 

an influenza infection. We wanted to use a cell line model system that would resemble 

the cells that are primarily involved in an influenza infection. In humans, influenza A 

viruses normally infect cells throughout the respiratory system. We chose the A549 

human lung epithelial cell line because these cells are typically involved during an 

infection.

1.3.1. Determination of Viral and Protein Production:

Even though A549 cells were lung cells we still wanted to test whether the human 

lung epithelial cell line was suitable for analysis o f virus-induced cell death. It was 

important to show that A549 cells were permissive for replication o f influenza 

A/WSN/33 (WSN) virus and could sustain productive infections. The plaque assay 

(Figure 12 A) showed that A549 cells could support replication o f WSN since the viral 

titer increased through time and began to plateau by 72 hours post infection (hpi). As 

compared to MDCK cells, which are permissive to WSN, A549 cells somewhat more 

resistant, producing slightly less than 5% o f the plaque forming units/ml (pfu/ml) 

produced by MDCK cells at 144 hpi. However, at 24 hpi MDCK cells produced almost 

4000x more pfu/ml than A549 cells. MDCK cells were more efficient in viral replication 

but A549 cells could still produce high titers o f virus.
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In order to determine whether viral proteins were synthesized in A549 cells we 

incubated the cells in media enriched with radioactive amino acids at several 24 hour 

intervals after infection. Labeling infected cells with 35S methionine demonstrated that in 

A549 cells (Figure 12B) host protein synthesis was almost completely shut off by 24 hpi 

and at that time viral protein production was high. Influenza proteins such as the 

nucleoprotein (NP), nonstructural-1 (NS-1) protein and hemagglutanin (HA) were 

actively synthesized at 24 hpi but at later times production was much less as visible on 

the autoradiograph. This reduction in radioactive signal meant that viral protein synthesis 

was declining and that maximal viral protein production occurred somewhere between 24 

and 48 hpi.

1.3.2. Membrane Integrity:

The level o f cell death was measured by trypan blue and the percentage o f trypan 

positive cells steadily increased through the infection (Figure 13 A). Forty-eight hours 

after the initial infection only 24% of infected A549 cells were positive, but by 144 hpi 

the number climbed to approximately 90%. This indicated that a longer infection time 

was needed before significant levels of cell death can be seen in A549 cells. The extent of 

cell viability o f infected A549 cells was also conferred by the Live/Dead® assay. At 72 

hpi mock-infected cells fluoresced green (Figure 13B and C) while at the same time 50% 

of infected A549 cells fluoresced both green and red (Figure 13D and E), which 

correlated with the trypan blue data.

1.3.3. Nuclear Alterations:
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As mentioned before, during apoptotic cell death the chromatin condenses and the 

nucleus shrinks and fragments. As seen by Hoechst staining, infected A549 cells that had 

taken up trypan blue showed very little nuclear fragmentation (Figure 14A) even at 144 

hpi. Nuclei from mock-infected A549 cells were large and mostly oval in shape with the 

chromatin being loosely packed (Figure 14B). At 96 hpi nuclei from infected A549 cells 

were not fragmented as seen in MDCK cells but the nuclei were round and the chromatin 

condensed as detected by Hoechst staining (Figure 14C). It is possible that, because the 

rate o f cell death was much slower in A549 cells we missed the population o f cells 

undergoing nuclear fragmentation.

A disparity can be seen in infected A549 cells in that lowered levels o f cell 

viability did not correlate to increased levels o f nuclear fragmentation (Figure 15). At 144 

hpi, 10% of infected cells had nuclear changes, but at the same time 90% of the cells had 

compromised outer plasma membranes. This suggests that a dying A549 cell does not 

manifest marked changes within the nucleus and that the virus affects different cells 

differentially but ultimately the end result remains the same; the cell dies.

The fragmentation o f DNA into oligonucleosomal fragments as detected by gel 

electrophoresis and TUNEL (Terminal deoxynucleotidyl transferase (TdT)-mediated 

dUTP Nick End Labeling) assay represents a hallmark o f apoptotic cell death. DNA 

isolated from infected A549 cells lacked the characteristic laddering as seen on agarose 

gels after 96 hpi or 144 hpi (Figure 16A). These data correlate with the Hoechst analysis 

data in that low levels o f fragmentation were detected in infected A549 cells. The lack of 

DNA fragmentation could result from a lack o f nucleases degrading the DNA in A549 

cells or the insensitivity o f the method. Employing a radioactive DNA end labeling
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technique we can easily test the latter possibility (Zakeri et al, 1993). To evaluate the 

sensitivity o f the assay we labeled isolates o f DNA from infected cells at different h pi 

with 32P ATP and ran it on a gel. The autoradiograph showed the characteristic laddering 

beginning at 48 hpi and becoming more intense at 144 hpi (Figure 16B). By 96 hpi, large 

MW DNA fragments were no longer detected in the gel while smaller MW DNA 

fragments increased by 144 hpi. Nevertheless the labeling at 144 hpi represents only a 

small fraction o f cells undergoing nuclear fragmentation. The results indicate that A549 

cells do display the hallmark DNA laddering pattern seen during apoptosis, but more 

importantly the low level could indicate that other nucleases (e.g. EndoG nuclease) other 

than CAD (caspase activated DNase), the main nuclease for causing the DNA laddering 

phenotype, were activated or that nucleases in general become activated very late in the 

infection.

We employed the TUNEL assay. The terminal deoxynucleotidyl transferase 

enzyme tags newly generated free 3' OH DNA ends with a modified dUTP nucleotide 

(digoxigenin-11-dUTP) and can be detected with an antidigoxigenin antibody conjugated 

with either a peroxidase or fluorescein molecule. TUNEL analysis o f infected A549 cells 

showed that about 40% o f the infected population at 144 hpi was TUNEL positive 

(Figure 17A and B). TUNEL positive cells do not necessarily have nuclei that are 

fragmented, but that the cells at least have nicked DNA that exposes 3 ’-OH ends.

1.3.4. Morphology:

Light and electron microscopy analysis was performed on infected A549 cells to 

identify any morphological changes that occur during influenza induced cell death. As
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mentioned before an apoptotic cell displays cell rounding, chromatin condensation and 

fragmentation as well as margination o f chromatin. For light microscopy (LM), mock- 

infected A549 cells appeared elongated, wide and having distinctly stained nucleoli 

(Figure 18A). Infected A549 cells at 24 hpi (Figure 18B) and 72 hpi (Figure 18C) became 

thinner and more heavily stained but did not completely round up and remained 

elongated. Compared to mock-infected A549 cells by EM (Figure 19A) infected cells at 

72 hpi (Figure 19B) and 144hpi (Figure 19C) had condensed fragmented marginated 

chromatin that was not very electron dense. However the EM micrographs confirmed the 

LM data in that the cytoplasm did not completely condense. There were signs o f infected 

A549 cells undergoing secondary necrosis and displaying poorly stained chromatin, 

indicating degradation (Figure 19D). We also observed that the cytoplasm o f some 

infected A549 cells showed extensive vacuolization as evident at 72 hpi (Figure 20).

1.3.5. Summary and Discussion:

As with MDCK cells we have also characterized cell death induced by influenza 

virus in the A549 human lung epithelial cell line, and found that they die by apoptosis. At 

48 hpi, infected A549 cells were 24% positive for trypan blue in comparison to about 

80% of infected MDCK cells, but by 144h pi infected A549 cells reached 80% cell death. 

Thus, before a sizable amount o f infected A549 cells turned trypan positive it took an 

extra 96 hpi. This disparity between the cells will be addressed in more detail in the next 

sections below. Thus relative to MDCK cells they were delayed approximately 96 h.
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A large proportion o f dying infected MDCK cells have condensed and fragmented 

nuclei while on the other hand infected A549 cells that took up trypan blue showed much 

less nuclear fragmentation.

As mentioned before, a hallmark o f apoptotic cell death is the fragmentation of 

DNA into oligonucleosomal fragments as detected by gel electrophoresis and TUNEL. 

DNA isolated from infected A549 cells lacked the characteristic laddering as seen on 

agarose gels after 144 hpi. A more sensitive assay with labeled DNA with 32P ATP 

showed the characteristic laddering beginning at 48 hpi and becoming more intense at 

144 hpi. Similarly, the TUNEL analysis data o f infected A549 cells showed that about 

40% of the infected population at 144 hpi was TUNEL positive, indicating that infected 

A549 cells at least had DNA that was nicked with exposed 3’-OH ends. Nevertheless the 

labeling at 144 hpi indicated that 60% of infected cells were not TUNEL positive.

A possible reason for the low level o f DNA fragmentation in A549 cells may be 

that A549 cells lack either ICAD (Inhibitor o f Caspase-Activated DNase) or CAD 

(Caspase-Activated DNase) proteins. ICAD acts as a chaperone protein that helps in the 

proper folding o f CAD and is required for the efficient function o f the CAD protein. The 

association o f ICAD with CAD inhibits its nuclease activity. Cells deficient in ICAD 

show reduced chromatin condensation and a delay in cell death as compared to wild type 

cells (Zhang and Xu, 2002). Upon activation o f caspase-3, ICAD is cleaved and CAD 

becomes activated. CAD is the main nuclease that is involved in producing the DNA 

ladder pattern seen on agarose gels. It has been shown that lungs cells do not express 

CAD mRNA (Mukae et al, 1998).
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Beside the reduced level o f DNA fragmentation, A549 cells had low levels of 

nuclear fragmentation, which made sense since extensive intemucleosomal DNA 

fragmentation correlates with the collapse o f the chromatin structure (Walker and 

Sikorska, 1998). Prior to nuclear fragmentation the DNA must first be degraded to allow 

destabilization o f the chromatin structure. Rusnak et al used DU-145 human prostatic 

cancer cells to establish a temporal correlation between DNA and nuclear fragmentation 

since these cells undergo apoptosis and produce high molecular weight DNA fragments 

but not the low molecular weight DNA ladder fragments (Rusnak et al, 1996). They 

showed that attached cells accumulated DNA fragments o f the size o f 450-600 kilobase 

pairs (kbp) and prior to detachment the accumulation o f some smaller DNA sizes (30-50 

kbp). Upon detachment, the nuclear and chromatin morphology of the cells changed 

significantly with increases in the smaller fragments (Rusnak et al, 1996). Our data 

showed similar results in that MDCK cells had extensive DNA and nuclear fragmentation 

in the detached cell population whereas the majority o f A549 cells remained attached and 

had very reduced DNA and nuclear fragmentation. The low level o f nuclear changes 

found within A549 cells could also be speculated as a reduction in the level o f 

degradation o f the nuclear cytoskeleton (e.g. cleavage of nuclear lamina).

Lastly, morphological data showed that WSN infected A549 cells displayed 

condensed and marginated chromatin, and extensive cytoplasmic vacuolization. Infected 

A549 cells showed limited rounding at 72 (Figure 19B and 20) or 144 hpi (Figure 19C) 

as compared to MDCK cells (Figure 7 and 8, see pg 168 and 170).

Based on the above data A549 cells display some apoptotic characteristics but 

further evidence will be presented later. In examining the characteristics o f cell death in
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A549 cells we see differences in kinetics o f cell death and nuclear changes between 

MDCK and A549 cells. The differences seen between the cells come from their intrinsic 

characteristics since the inducer o f cell death is the same for both cells. It is o f great 

interest to understand and identify the unique features within the individual cells that 

allow the virus to affect the cells differently and display contrasting features. If for 

example a cell lacking caspase-3 dies then one can speculate that other executioner 

caspases are activated or that death is caspase independent. Unfortunately the scope o f 

this thesis will not address this important part since there are general characteristics 

occurring during influenza induced cell death and the aim o f the project is to identify the 

common features that occur during influenza induced cell death. However, the intrinsic 

features found within MDCK and A549 cells will be addressed later in future work and 

provide valuable data on this complex process.

1.4. Viral Replication is Required to Induce Cell Death:

As mentioned in the Introduction a cell death response can be initiated by the 

binding of a ligand to its appropriate receptor complex to transmit the death signal within 

a cell. An excellent example o f this type o f activation is nicely exemplified by the Fas- 

FasL cell death pathway. In the case for viruses, a virus may enter a cell by first binding 

onto its proper receptor and later be internalized by either receptor mediated endocytosis 

or fusion o f the outer plasma membrane with the viral membrane. With this one can think 

of the virus as a ligand binding onto its appropriate receptor and possibly activating a 

signal transduction pathway.
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We asked if  viral attachment and internalization alone was sufficient to elicit a 

cell death response or whether viral replication was needed to initiate cell death. To test 

this question we UV inactivated the virus because UV inactivation disrupts the viral 

genome and does not allow viral replication to occur but does permit internalization of 

the virus. For example, UV inactivation of lyssavirus prevents decapsidation and 

replication o f the virus and in turn inhibits TRAIL induced cell death (Kassis et al, 2004). 

In contrast, sindbis virus appears to induce apoptosis simply by the process o f membrane 

fusion and entry (Bobak et al, 1997, Li and Stollar, 2004). Virus was inactivated by 

irradiating the viral stock with UV light at 254 nm (50 J/m2), following which we 

infected the cells with the irradiated virus. MDCK cells infected with UV treated virus 

neither showed the typical DNA laddering characteristic o f apoptosis at 24 hpi by gel 

electrophoresis (Figure 21 A) nor did the virus kill the cell as measured by trypan blue 

analysis (Figure 2 IB). However, untreated viruses produced strong DNA laddering and 

killing in MDCK cells. Because hemagglutinin (HA) proteins are responsible for 

allowing the virus to bind to the cell irradiated viral samples were tested by the 

Haemagglutination assay as mentioned in the Materials and Methods to determine 

whether WSN viruses still retain active HA molecules. If  this protein is not functional 

then the virus will not bind and become internalized. The Haemagglutination assay 

showed an HA titer o f 80 HA units per ml and confirmed that activity was retained but 

lowered as compared to non-irradiated viruses (5120 HA units per ml).

1.4.1. Summary and Discussion:
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These results showed that viral replication was an important step in inducing 

influenza induced cell death, but that the mere attachment and internalization o f the virus 

was not sufficient enough to elicit a cell death response. Binding o f the virus to the cell 

surface was similar to a ligand binding to its receptor, but in this case the virus did not 

initiate a death signal; viral RNA and proteins were needed to start the induction o f cell 

death within a cell. The signal for death by the virus occurs within the cell and not 

externally. However, as mentioned in the Introduction the influenza virus stimulates the 

synthesis o f Fas molecules, which can potentially bind to surface receptors and activate a 

cell death response. Data to be presented later suggests that Fas is not the main initiator 

o f cell death and that other players also contribute to the activation o f cell death.

1.5. Difference in Kinetics of Cell Death is Not Unique to Influenza Induced Cell 

Death:

We have shown that influenza induced cell death appears to be apoptotic and 

proceeds in a dose dependent manner. However the kinetics o f cell death are different in 

the two cell lines examined in that A549 cells required 144 hpi for 80-90% cell death 

whereas MDCK cells reached this level o f cell death after 48 hpi. To investigate if  this 

was intrinsic to the cell type we used another cell death inducer. We chose the protein 

synthesis inhibitor, cycloheximide (CHX) as an alternative cell death inducer because 

during influenza infections the virus shuts off host protein synthesis so CHX may mimic 

this viral process although our concentration was much higher than that needed for 

blocking o f protein synthesis. CHX has been used extensively in cell death studies and 

has been found to induce cell death in many cell types.
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Trypan blue and Hoechst staining were used to assess the level o f cell death in the 

treated cells. MDCK cells either exposed to with 100 pg/ml o f CHX (Wu et al, 2004) or 

infected with WSN (M O I5) had comparable percentages o f cell death (35% and 30%, 

respectively) at 24 hpi (Figure 22A) as measured by trypan blue. By 48 hpi, 95% o f CHX 

treated MDCK cells were trypan blue positive as compared to 85% for WSN infected 

MDCK cells indicating that host protein synthesis was not required to kill MDCK cells.

Hoechst staining revealed high levels o f fragmented nuclei in both CHX and 

WSN treated MDCK cells at 48 hpi, but initially at 24 hpi CHX treatments yielded a 

higher percentage o f fragmented nuclei (Figure 22B). Overall the level o f fragmentation 

was similar in both treatments and the difference seen at 24 hpi probably occurred 

because the virus may delay the fragmentation process since viral replication occurs 

within the nucleus o f the infected cell.

In A549 cells we saw a difference in cell death kinetics with both treatments. At 

96 hpi, 50% of WSN infected A549 cells were positive for trypan blue while CHX 

yielded only 24% positive cells (Figure 23 A). By 144 hpi the level o f cell death was 

elevated in both WSN and CHX treated A549 cells with 89% and 78% trypan blue 

positive cells, respectively (Figure 23 A). Progression o f trypan blue positive cells 

differed between the two treatments indicating that plasma membrane changes as well as 

death o f the cell occurred more quickly in infected A549 cells than in CHX treated cells. 

Hoechst staining showed that the level o f fragmented nuclei fell way below the level of 

trypan blue positive cells in both treatments, but CHX treated A549 cells had higher 

numbers o f fragmented nuclei at 144 hpi than WSN infected A549 cells (Figure 23B).
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1.5.1. Summary and Discussion:

The difference in cell death seen between WSN infected MDCK and A549 cells 

was not specific to infection but were based on intrinsic differences between the two cell 

types. Even though the rate o f death differed between CHX treated and WSN infected 

A549 cells the time course was similar and by 144 h the level o f cell death in both 

treatments was comparable. In MDCK cells the level o f cell death was relatively similar 

as well as the time course o f death since at 48 h a difference o f 10% can be seen between 

both treatments.

MDCK cells were killed almost three times as fast as A549 at similar MOI. The 

difference did not derive from a lower initial production o f virus in A549 cells since high 

levels of viral protein were detected by 35S methionine labeling (see Figure 12B, pg 178). 

The same differential in time-to-death was observed when cells were exposed to 

cycloheximide, indicating that intrinsic features o f the cell line determine its response. As 

mentioned previously, we see again that the intrinsic features o f the cells greatly 

determine the outcome even if  different inducers o f cell death were used. Future studies 

o f the intrinsic features will greatly provide better insight into influenza induced cell 

death. However, in order to answer whether specific cell death components must be 

needed during influenza induced cell death we employed various cell lines to address the 

need o f each component. The data collected provide a general idea o f the mechanism of 

influenza induced cell death.

It is known that the inhibition o f cellular processes by viruses can indirectly 

induce cell death. Since influenza shuts off host protein synthesis this means that the cell 

death machinery needed to kill the cell is already made and available for activation. This
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can also be said to be somewhat the core for CHX treated cells although our doses are 

much higher than what is required to stop protein synthesis. Another possibility is that by 

shutting off protein synthesis labile anti-apoptotic proteins will not be present to block 

cell death so instead cell death could be initiated (Griffin and Hardwick, 1997).
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Objective

Beside the extrinsic cell death pathway the intrinsic pathway contributes to the 

demise of the cell. Two important components o f the intrinsic pathway involve the 

mitochondria and p53. The mitochondria plays an important role during cell death as it 

can release pro-apoptotic factors into the cytoplasm that can induce a caspase dependent 

and caspase-independent cell death pathway. We first investigated whether the 

mitochondria are affected during influenza induced cell death by measuring the 

mitochondrial membrane potential, respiration state and release o f apoptotic factors (such 

as cyto c) into the cytoplasm. There are many proteins belonging to the Bcl-2 family that 

associate with the mitochondria and modulate its activity. Therefore we next examined 

the requirement o f pro-apoptotic (Bak, Bax and Bim) and anti-apoptotic (Bcl-2) Bcl-2 

family members during influenza induced cell death by the use o f  knockout mouse 

embryo fibroblast (MEF) cells.

The p53 signaling pathway plays a crucial role in the induction o f cell death 

(Hickman et al, 2002). Certain viruses have been shown to modulate the activity of p53 

hence affecting the induction o f cell death. For example, the human cytomegalovirus 

encodes an early gene product, IE2, which has been shown to repress p53 transcriptional 

activity and inhibit apoptosis (Hagemeier et al, 1994; Zhu et al, 1995). As for the 

influenza virus it is not known whether influenza induced cell death is p53 dependent or 

independent. We therefore tested the requirement o f p53 during influenza induced cell 

death.
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As discussed in the Introduction a certain class o f cysteine proteases called 

caspases are involved in propagating the cell death signal and degrading the cell.

Although different signaling pathways can be activated by different stimuli, caspases 

always converge to a common point linking the extrinsic and intrinsic pathways and lead 

to the demise o f the cell. We therefore evaluated whether caspases are activated during 

influenza induced cell death in A549 and MDCK cells. In addition to examining the 

activation o f caspases we wanted to determine whether caspases are dispensable during 

influenza induced cell death.

The cleavage o f Bid, a pro-apoptotic Bcl-2 member, by caspase-8 is another 

convergence point o f the extrinsic and intrinsic cell death pathways. The activated 

truncated Bid is important since it translocates to the mitochondria and affects its 

function. For that reason we evaluated the cleavage o f Bid during influenza induced cell 

death.

Besides the involvement o f caspases during cell death another class o f proteases 

implicated in cell death are the lysosomal resident cathepsin proteases. For example, in 

Autographa californica M Nucleopolyhedrovirus cathepsins have been implicated in 

activating the virally encoded protein, ProV-CATH, which has an essential role in host 

liquefaction (Horn et al, 2002). No studies to date have shown the need o f cathepsins 

during influenza induced cell death therefore we investigated the invovlement o f 

cathepsins during influenza induced cell death by using knockout MEF cells.
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Chapter 2. Pathways Altered During Influenza A Virus Induced Cell Death

The data presented above demonstrates that WSN infected MDCK and A549 cells 

proceed to die in an apoptotic manner, indicating that the induction o f cell death by the 

virus uses common cell death pathways. It is not known what pathways are activated and 

what components are involved during WSN induced cell death. In the next section we 

will present data on the various cell death components found in the extrinsic and intrinsic 

cell death pathways that are involved during WSN induced cell death.

2.1. Extrinsic Pathways:

As discussed in the Introduction cells may activate either an extrinsic or intrinsic 

pathway to initiate cell death. The activation o f the extrinsic cell death pathway involves 

the binding o f a ligand to its appropriate receptor, which in turn recruits certain adaptor 

molecules and in turn activates the initiator caspases. One very well studied extrinsic 

pathway is the Fas/FADD/Caspase-8 pathway. Briefly it involves the trimerization o f the 

Fas receptor with FasL, the ligand, and recruitment o f the death domain (DD) containing 

FADD adaptor protein. These DD’s on FADD recruit procaspase-8, which also has the 

DD’s and allows cleavage o f procaspase-8 to active caspase-8 by transactivation. As a 

consequence the activation o f caspase-8 begins the proteolytic cascade seen during 

apoptosis by activating caspase-3. We wished to evaluate the need for Fas during 

influenza induced cell death since others had implicated Fas as an agent in influenza 

infected cells.
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2.1.1. Fas Receptor: Reduction of Fas Alters the Level of Influenza Induced Cell 

Death:

It has been reported previously that influenza induced cell death proceeds by the 

activation o f the Fas/FADD/Caspase-8 signaling pathway in mouse embryo fibroblast 

(MEF) cells (Balachandran et al, 2000). Others have reported that influenza virus induced 

a transient but noticeable increase in Fas antigen mRNA early after infection, followed by 

the expression of Fas on the cell surface of HeLa cells (Takizawa et al, 1993). To explore 

the potential need for the activation o f the Fas cell death pathway during influenza 

induced cell death we employed a human cell line called U937R.

The U937R cell line was developed in our laboratory by Dr Nicos Karasavvas and 

was selected as a subset from the human histiocytic lymphoma (macrophage) cell line 

designated U937. The U937R cells were isolated during ceramide induced cell death 

studies in which a population of cells was found to be resistant to ceramide induced cell 

death. Hence the designation U937R, where the “R” means resistance (Karasavvas et al, 

1996). The cells were also found to be resistant to Fas and TNFa treatment. Another 

striking feature was that the cells changed from being normally a suspension cell line to 

one that was able to adhere to plates. As measured by RT-PCR, U937R cells appeared 

not to express or had very low levels o f Fas mRNA as determined by Dr Andreas 

Cossarizza o f the University o f Modena, Italy. The cells also had a delayed response and 

lowered sensitivity to treatment with anti-Fas antibody (acts as FasL) as compared with 

the parental U937 cell line that was very sensitive to the anti-Fas antibody.
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U937 and U937R cells were infected with WSN at an MOI o f 5 and assayed for 

cell death at selected h pi. Initially both U937 and U937R cells had similar levels o f cell 

death at 24 and 48 hpi as measured by trypan blue, but by 72 hpi there was a significant 

difference between the two (Figure 24A). U937 cells were almost all positive for trypan 

blue while only 76% o f the U937R cell population were dying. This suggested that the 

lowered level o f Fas expression present in the U937R cells did not hinder the activation 

o f influenza induced cell death since at 24 and 48 hpi cell death was comparable to the 

U937 cells, which do express Fas. However the data at 72 hpi indicates that U937R cells 

may activate an alternative cell death pathway and that the activation of the Fas pathway 

appears to lead to a more effective cell killing as seen in infected U937 cells. Hoechst 

staining of both cells showed that U937R cells initially had more fragmented nuclei than 

U937 cell at 24 hpi, but at 48 hpi the difference narrowed and by 72 hpi nearly all the 

U937 cells had fragmented nuclei (Figure 24B). This further illustrates that U937 and 

U937R cells activate different pathways or that initially they activate the same pathway 

but since U937R cells lack Fas cell death diverges and continues on through a different 

pathway. The type o f cell death occurring during influenza induced cell death in U937R 

cells was assessed by DNA fragmentation analysis. At 24 hpi we observed the classical 

DNA laddering pattern in both infected U937 and U937R cells indicating that death was 

apoptotic in nature (Figure 24C).

2.1.1.1. Summary and Discussion:

Our data show that a cell defective for Fas can still die when infected with WSN, 

but with a reduction in the total number o f dying cells as compared to the parental cell
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line. This could suggest that Fas is not required during influenza induced cell death but 

the presence o f Fas increases the number o f dying cells. It appears that infected cells may 

not only activate one cell death pathway but several and the impairment o f one may only 

delay or reduce the level o f cell death but not eliminate it from happening. Evidence o f 

other pathways will be presented later.

2.2. Intrinsic Pathways:

As stated in the Introduction, mitochondria play a role in the intrinsic cell death 

pathway. Mitochondrial function and associated proteins have been implicated in the 

induction and progression of cell death. Here we present data on the mitochondrial 

alterations that occur during influenza induced cell death and the possible involvement of 

the various mitochondrial proteins, referred to as Bcl-2 family members. Beside 

mitochondria there are other components involved in the intrinsic cell death pathways.

We determined the need for p53 during influenza induced cell death because many 

viruses affect the function o f p53 protein.

2.2.1. Alterations in Mitochondrial Function During Influenza Induced Cell Death:

During cell death the mitochondria undergo many internal changes. One such 

change involves the loss o f membrane potential between the inner mitochondrial plasma 

membrane and as a result the proton gradient across this inner membrane becomes 

disrupted. This loss o f potential causes a disruption in the synthesis o f ATP. The exact
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mechanism for the loss o f membrane potential is under debate but in general the 

mitochondrial membranes become more permeable allowing greater movement o f solutes 

across them. We measured the membrane potential (ATV) and permeability o f 

mitochondria during influenza virus infection by using a cationic lipophilic dye called 

Rhodamine 123 (Rhl23), which remains within the mitochondria when a potential exists 

between the inner membrane space and matrix. Loss o f membrane potential engenders a 

loss in fluorescence and an increase in membrane permeability o f mitochondria. This loss 

in membrane potential results in the release o f pro-apoptotic factors like cytochrome c, 

apoptosis inducing factor (AIF), endonuclease G, and SMAC/DIABLO into the 

cytoplasm, and in turn these factors aid in the destruction o f the cell by blocking anti- 

apoptotic factors, activating caspases and degrading DNA.

2.2.1.1. Mitochondrial Membrane Potential:

To measure the mitochondrial membrane potential WSN infected A549 cells prior 

to harvesting were incubated with the fluorescent probe, Rhl23. Mitochondrial 

membrane potential was determined by the fluorescence signal emitted by retained 

Rhl23 within the functional mitochondria and detected by a Perkin Elmer MPF-66 

spectrophotofluorometer. Mitochondria in infected A549 cells showed a drop in 

membrane potential by a loss in measured fluorescence at 24 hpi (Figure 25 A) and 

continued to substantially decrease through 96 hpi. O f course these are aggregate 

measurements o f many cells. At 48 hpi infected A549 cells showed a 30-fold loss in 

membrane potential, but with only 20% dead cells indicating that mitochondrial 

dysfunction may not necessarily dictate increased levels o f death. Infected MDCK cells
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showed no loss in fluorescence at 24 hpi as compared to mock-infected cells, but by 48 

hpi the potential dropped substantially (Figure 25B). The decrease in fluorescence signal 

at 48 hpi correlated with the poor viability and indicated that mitochondrial changes 

occurred when the outer membrane was compromised. It was not clear whether the loss 

o f potential preceded the increased induction of cell death as measured by trypan blue 

(loss in membrane integrity) (see Figure 2, pg 158) or that as a result o f the poor viability 

o f the cell the mitochondria became dysfunctional. Being that the measurements 

represent the whole cell population perhaps a few cells have collapsing membrane 

potentials while others are normal. The Rhl23 data however suggests that during 

influenza induced cell death the timing o f mitochondrial membrane potential loss 

coincides with increased levels o f cell death as measured by trypan blue as seen in the 

A549 and MDCK experiments. For example, in A549 cells we see a gradual increase in 

cell death and a gradual decline in membrane potential. As the cell membrane increases 

to be compromised we see a decrease in membrane potential. In situ measurements of 

individual cells will be described shortly since the membrane potential measurements 

taken so far represent membrane potentials of the whole cell population.

2.2.I.2. Mitochondrial Respiration:

Mitochondrial function can also be determined by the reduction o f MTT by the 

enzymatic activity o f succinate-tetrazolium reductase, which occurs only in respiring 

mitochondria and is a good marker o f cell viability and status o f the electron transport 

chain and oxidative phosphorylation process. The reduction o f MTT produces a purple 

precipitate inside a cell that can be solubilized and mitochondrial respiration can be
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measured by the change in optical density (OD570) o f the sample as compared to the 

control. Samples were normalized for OD570 per microgram o f total protein (OD570/p,g). 

Mitochondrial respiration in infected A549 cells gradually dropped from an empirical 

value o f 0.70 during the infection with the decrease in activity becoming significant by 

96 h pi with a value o f 0.32 as compared to mock-infected cells, which was 0.97 (Figure 

25C). As for infected MDCK cells, mitochondrial respiration drastically collapsed from 

1.36 as seen in mock-infected cells to 0.29 by 48 h pi (Figure 25D), a result correlating 

with the Rhl23 data (see Figure 25B). For infected A549 cells we see a gradual 

deterioration of mitochondrial respiration that correlates with the gradual drop o f viability 

and mitochondrial potential seen during the infection. While in infected MDCK cells a 

sudden collapse is seen that corresponds with the drastic drop of viability and 

mitochondrial potential seen at 48 hpi.

2.2.1.3. Mitochondrial Redox Potential:

Many mitochondrial probes are not retained long in mitochondria and are readily 

washed out when the potential is lost, but we employed a mitochondrial probe called 

MitoTracker Red that remains fixed in the cell allowing further processing o f the 

samples. We used the probe to do in situ labeling o f the mitochondria with visualization 

under a fluorescence microscope. The ability o f the dye to be fixed within the 

mitochondria is dependent on the redox state inside the organelle. We used this dye to 

evaluate mitochondrial stress in A549 cells induced to die by viruses.

In mock-infected A549 cells at 144 hpi the majority o f the fluorescence signal 

was concentrated in filamentous strands within the cytoplasm, thus represented the
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normal arrangement o f mitochondria in the cells (Figure 26, white arrows). As the 

infection progressed the arrangement and distribution of mitochondria drastically 

changed. The fluorescence signal was more diffuse and spread out within the cytoplasm 

and the filamentous strands were lost as seen at 96 or 144 hpi (Figure 26, green arrows), 

indicating that the mitochondrial membrane was probably more permeable and the dye 

could readily move out o f the mitochondria.

2.2.I.4. Release of Cytochrome c from Mitochondria:

A third major indicator o f alterations in mitochondrial function during cell death 

is the release o f cytochrome c from the mitochondrial pellet (P) into the cytoplasm or 

supernatant fraction (S). The release o f cytochrome c into the cytoplasm is an important 

step during the intrinsic cell death pathway and allows the amplification o f the proteolytic 

cascade. Caspase-3 can be activated by the apoptosome, which is made up o f caspase-9 

and apaf-1 linked with cytochrome c. In infected MDCK cells, Western blotting using an 

antibody against cytochrome c showed a strong reaction in the pellet fraction (P) at 4 hpi 

with little reactivity in the supernatant fraction (S) (Figure 27A). As the cells die we find 

an increase in the release o f cytochrome c into the supernatant fraction (S) by 18 hpi. 

Cytochrome c release appears before we detect substantial levels o f cell death as 

measured by trypan blue (see Figure 2B). We can therefore conclude that the release of 

cytochrome c preceded the drop in mitochondrial membrane potential and mitochondrial 

collapse and other morphological events seen during cell death. We detect in A549 cells a 

release of cytochrome c into the cytoplasm by 24 hpi (Figure 27B).
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Another method for determining the release o f cytochrome c is by 

immunocytochemistry. Cells plated on coverslips were infected with WSN (MOI 5), 

collected at 24 h intervals and fixed with paraformaldehyde. The samples were triple 

labeled with an antibody against cytochrome c (green fluorescence), MitoTracker Red 

(red fluorescence) and Hoechst dye (blue fluorescence). In mock-infected A549 cells that 

the green cytochrome c signal was punctate (Figure 27C) indicating that cytochrome c 

was localized within mitochondria. In contrast, infected A549 cells showed a diffuse 

fluorescence signal (Figure 27D) suggesting that cytochrome c was released into the 

cytoplasm. The MitoTracker probe used to visualize the mitochondrial pattern in mock- 

infected and infected A549 cells, respectively (Figure 27E and F) showed a diffuse 

fluorescence signal indicting mitochondrial membrane alterations.

2.2.I.5. Summary and Discussion:

Mitochondria play an important role during cell death in that the loss o f 

mitochondrial membrane potential (AvFm) can influence their function and can release 

pro-apoptotic factors like cytochrome c, AIF, endonuclease G, and SMAC/DIABLO into 

the cytoplasm, which in turn help the progression o f the death signal within the cell.

Mitochondria were analyzed by several means to measure transmembrane 

potential and function. Mitochondrial transmembrane potentials were altered early in the 

infection cycle o f  A549 cells. There was a severe drop in potential in infected cells at 48 

hpi (Rhl23) but percent cell death at 48 hpi was slightly above 25%, suggesting that most 

cells were viable but with dysfunctional mitochondria. Also the respiration within the 

mitochondria, as measured by MTT, showed a gradual decrease in A549 cells indicating
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an increase in the number o f cells o f the total cell population with lowered respiration. As 

the A'Fm and enzyme activity decreased during the infection the cell viability decreased 

as well. There was also an inverse relationship between caspase activity and AvFm. This 

suggests that the activation o f caspases and loss o f A ¥m are coupled in A549 cells.

The individual cell (in situ) and total cell population data are consistent in that the release 

of cytochrome c and the alterations in mitochondrial membrane potential in infected 

A549 cells (Figure 27 C-F).

It appears that caspases, not mitochondrial dysfunction may be the main driving 

force for killing A549 cells. We saw that mitochondrial dysfunction as measured by 

Rhl23 and MTT occurred early during the infection while levels o f trypan blue positive 

cells were low. It was not until we saw many cells expressing active caspase-3 as 

determined by immunocytochemistry that we observe higher levels o f trypan blue 

positive cells. A general outline o f these events can be illustrated below:

mitochondrial active significant levels of

dysfunction ^  caspase-3 ^  trypan blue positive cells

 ^  nuclear

changes

Mitochondrial dysfunction such as loss o f ATm, increase in membrane 

permeability and loss o f enzyme activity occurred suddenly in MDCK cells much later in 

the infection (48 hpi) when cell death was high. Prior to that the mitochondrial membrane
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potential was similar to that o f mock infected cells (24 hpi) and cell death as measured by 

trypan blue was low. The high levels o f cell death at 48 hpi could be attributed to 

mitochondrial malfunction and not only the activity o f caspases because we find at 24 hpi 

that caspases were active while the level o f trypan blue positive cells was at 30% and 

mitochondria appeared to function normally as in mitochondria o f mock-infected cells. 

This suggested that caspase activation came before mitochondria dysfunction, but 

significant levels o f cell death correlated with the loss o f the membrane potential.

Infected MDCK cells released cytochrome c at 18 hpi when caspases were active, but 

release of cytochrome c does not always involve membrane potential loss and may 

involve members o f the Bcl-2 family. It appears that mitochondrial changes occurred 

later on in the infection process for MDCK cells.

2.2.2. Mitochondria Associated Proteins -  Bcl-2 Family Members:

2.2.2.I. Pro-Apoptotic Members -  BAK and BAX:

As mentioned previously, mitochondria can release several factors into the 

cytoplasm, but the mechanism of how sequestered factors are released is unclear and two 

models have been proposed. The first argues that during apoptosis a megapore, called the 

mitochondrial permeability transition (MPT) pore, is formed that spans the inner and 

outer mitochondrial membranes. This pore allows solutes and water to enter causing the 

mitochondrion to swell and rupture its outer membrane, thus releasing its contents. 

Opening o f the MPT pore causes increased permeability o f the inner membrane, loss of 

mitochondrial membrane potential (AvFm), depolarization and uncoupling o f oxidative
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phosphorylation. The second model states that pro-apoptotic Bcl-2 family members, such 

as BAK and BAX, form a channel and selectively mediate the release o f cytochrome c 

into the cytosol without causing mitochondrial swelling. Mitochondrial function is 

regulated by the interactions o f various members o f the Bcl-2 family and the difference in 

ratios of both pro- and anti-apoptotic members can determine the fate o f the mitochondria 

and the cell. To evaluate the role o f Bcl-2 family members such as BAK and BAX in 

influenza induced cell death we used mouse embryo fibroblast (MEF) cells knocked out 

for BAK and BAX.

At 24 h pi infected BAK knockout (BAK -/-) cells showed more than about a 10% 

increase in the level o f cell death as compared with BAX knockout (BAX -/-), BAK -/- / 

BAX -/- double knockout (DKO) and wild type (WT) MEF cells (Figure 28A) as 

measured by trypan blue. By 48 h pi BAK -/-, BAX -/-, and DKO cells show more 

sensitivity to the viral infection than WT cells. BAK -/- cultures had approximately 80% 

dead cells while WT cells had only 15% dead cells. The lowered percentage in cell death 

in WT cells may be accounted by the high mitotic rate o f the cells and low rate o f death. 

However once cell death is activated the destruction o f the cell could be rapid and 

complete so upon trypan analysis there is little o f the cell left for quantification.

We exposed all the MEF cells to 100 pg/ml o f cycloheximide (CHX) and 

assessed their viability by trypan blue. We used another death inducer to test the 

sensitivity of the MEF WT cells to apoptosis. The deletion o f BAK or BAX should 

confer some resistance to the cells from cell death while the WT cells should be more 

sensitive to the treatment.
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BAK -/- and DKO cells were protected against CHX treatment while survival of 

BAX -/- cells indicated a partial requirement for BAX in CHX induced death (Figure 

28B). WT cells however were very sensitive to CHX treatment, with 80% dead cells at 

48 hpi indicating that WT cells were not defective in cell death. WT cells responded as 

predicted to CHX treatment in that cell death was high while single and double knockout 

MEF’s were resistant to CHX-induced death.

The reason for the reduced level o f cell death in WSN infected WT cells is not 

clear, but CHX induces cell death by a mechanism other than inhibition o f protein 

synthesis otherwise 1 pg/ml should induce apoptosis. However in comparison to WT 

cells the deletion o f BAK or BAX results in increased induction o f virus induced cell 

death as seen in our data (see Figure 28A and B). The deletion o f BAK or BAX appears 

to create an environment within the cell to promote WSN induced cell death.

To determine whether viral production may be affected by BAK and BAX we 

used the plaque assay to assess viral replication in the various MEF cells. WT cells 

showed high levels o f viral production and was used as our control (Figure 28C). 

Interestingly these cells produce many viruses while the level of death appears low when 

compared to the knockout cells. This means that low cell death is not attributable to a 

nonproductive infection or poor replication. Both BAK -/- and DKO cells had higher 

viral titers than WT cells throughout the infection whereas BAX -/- cells showed lower 

levels of viral production than the WT cells. However this lower level o f virus production 

does not appear to hinder its ability to die as reflected at 48 hpi where 69% of cells die 

(see Fig. 28A). Based on these data it appears that the BAK protein alone may affect 

WSN vims production, but this interference and lowered production does not perturb the
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virus induced cell death process. The WT and BAX -/- cells demonstrate that an increase 

in production o f WSN virus does not necessarily guarantee high levels o f cell death. It 

appears that BAK and BAX alone are not completely required for influenza induced cell 

death since cell death is close to 80%. However if  both proteins are deleted there was 

about a 20% reduction in cell death, which means that the proteins play some role in 

influenza induced cell death but are not the main players and perhaps other similar 

proteins can do this job.

2.2.2.I.I. Summary and Discussion:

Mouse embryo fibroblast (MEF) cells with either BAK or BAX knockout showed 

a higher degree o f cell death at 48 hpi than wildtype (WT) cells (see Table 1). WT cells 

treated with 100 pg/ml cycloheximide were readily killed so it is not clear why WT cells 

are not sensitive to influenza. The low level o f cell death did not result from inadequate 

viral replication because viral titers were higher than in BAX knockout (BAX -/-) cells. 

WT cells have a high mitotic rate (seen during cell culturing) and death progression could 

be rapid enough that cells disintegrate before quantification by trypan blue. Interestingly, 

BAX -/- cells had high cell death coupled with the lowest titer o f virus o f the MEF’s, 

which can be speculated that the deletion o f BAX might allow BAK to interact with a 

certain protein and potentiate the induction of influenza induced cell death. There is a 

report that an influenza protein overlapping the PB1 open reading frame (designated 

PB1-F2) can localize in the inner mitochondrial membrane and impact function (Gibbs et 

al, 2003). Another possibility is that the alternative spliced PB1 protein may interact with 

BAK and BAX and that these proteins may have some inhibitory effect on PB1-F2, but
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when either one o f the mitochondrial proteins are knockedout PB1-F2 can replace their 

functions and cause mitochondrial dysfunction. Without both BAK and BAX PB1-F2 can 

insert itself into the mitochondrial membrane and disrupt its function as seen in the DKO 

cells. The increased number o f dying cells may contribute to the reduction of viral titer or 

BAK itself could interfere with viral replication by affecting the mitochondria and 

possibly lowering the level o f ATP thus providing less energy for the virus to use for 

itself. Even though WT cells have BAK present, its ability to affect viral replication could 

be blocked by its interaction with BAX. BAK knockout cells also had cell death, which 

could indicate that BAX can also potentiate viral induced cell death, but BAX appears 

not to alter viral replication.

Trypan Blue Positive 

MEF cells WSN Production WSN CHX

BAX -/- +++ +++ +

BAK -/- + +++

DKO +++ ++

WT ++ + +++

Table 1. Summary of WSN virus production and level o f trypan blue positive cells in 

MEF cells. The deletion o f either BAK or BAX alone does not hinder cell death, but the 

deletion of both lowers cell death. Also, WSN replication does not correlate with the 

number of trypan blue positive cells. For example: BAK -/- cells have high levels of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

trypan positive cells but low WSN production while WT cells have low number o f trypan 

positive cells and a higher production o f virus. (+++, high; ++, medium; +, low; no 

death; WSN, virus; CHX, cycloheximide)

2.22.2. Pro-apoptotic Members -  BIM:

As discussed in the Introduction there are other Bcl-2 Family proteins besides 

BAK and BAX that are involved in cell death induction and progression. We analyzed 

the need for BIM, a pro-apoptotic protein, and for BCL-2, an anti-apoptotic protein, 

during influenza induced cell death.

We studied the need for BIM, a BH3 only domain protein, during influenza 

induced cell death because it can also translocate to the mitochondria and alter the 

function o f the organelle. Kidney and lung cells from BIM knockout (BIM -/-) mice 

were harvested and cultured for analysis. Primary lung BIM -/- cells were infected with 

WSN and by 72 hpi over 80% of the cells were trypan blue positive (Figure 29A), but 

only 15% of the cells had fragmented nuclei as measured by Hoechst staining (Figure 

29B). This suggests that lung cells may not readily undergo fragmentation similar to 

A549 cells. At 24 hpi there were many infected BIM -/- cells were round and floating in 

the plate as compared to the mock-infected cells (Figure 29C). Primary kidney BIM -/- 

cells are similar to lung BEM -/- cells in that at 48 hpi over 90% of the cells were positive 

for trypan blue (Figure 30A). At 48 hpi the cells were destroyed and appeared to undergo 

secondary necrosis (Figure 30B). The data indicated that BIM is not needed for influenza
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induced cell death because in both cell types cell death percentages as measured by 

trypan blue were very high.

2.2.2.3. Anti-apoptotic Members -  BCL-2:

Up to this point we have concentrated only on Bcl-2 proteins that have pro- 

apoptotic properties so the next question we asked was, could anti-apoptotic Bcl-2 family 

members prevent influenza induced cell death? We examined the prototypical anti- 

apoptotic Bcl-2 family member protein called BCL-2. To test the effect o f this protein we 

infected both naive PC-12 cells, which constitutively overexpress BCL-2 (PC-12 bcl2 +) 

and the parental cell line (PC-12 WT) with WSN at a MOI of 5. At 24 hpi both cell lines 

had similar levels o f cell death as measured by trypan blue indicating no protection, but at 

48 hpi we found there to be a limited amount o f protection (P<0.038) against influenza 

induced cell death (Figure 31). Longer infection times resulted in higher percentages of 

death in mock-infected cells, which made calculating the overall value o f  cell death 

difficult since mock-infected cell death values were subtracted from the WSN infected 

cell death values and percent cell death was expressed as percent o f control and 

represented cell death due only to the virus. Mock-infected cells showed high death rates 

because o f the low serum amount present in the media. Influenza viruses were not strong 

inducers o f cell death in either o f these cells because cell death percentages did not go 

above 45%. BCL-2 offers very slight protection against influenza virus indicating that 

Bcl-2 proteins can affect influenza induced cell death as supported by others (Olsen et al, 

1994). It also suggests that the mitochondria in PC 12 cells are not the main driving force 

for cell death activation because BCL-2 has so little impact.
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2.2.3. Deletion of P53 Does Not Prevent the Induction of Influenza Induced Cell 

Death:

As mentioned in the Introduction exposure to UV light normally damages the 

genomic DNA whereupon p53 senses the damage and activates a p53 transcription 

dependent cell death pathway. This intrinsic pathway has been shown to enhance the 

effects of apoptosis by also activating a transcription independent mitochondrial pathway 

(Mihara et al, 2003). As a result many viruses (i.e. adenovirus) have encoded proteins 

that act upon the p53 protein by either activating or suppressing its function. Since p53 is 

involved in apoptotic cell death and viruses can affect its function we asked whether p53 

dependent cell death is involved in influenza induced cell death. We used MEF cells that 

either have normal levels o f p53 expression, designated as C8 (p53 +/+), or devoid o f p53 

expression, designated as A9 (p53 -/-) and determined if  influenza induced cell death is 

altered or suppressed by the lack o f expression o f p53. Prior to the infection studies we 

evaluated the response o f the MEF cells to ultraviolet (UV) light to determine that A9 

cells are indeed resistant to UV.

The MEF cells were exposed to UV light (50 J/M2) and thier viabilities assayed 

by trypan blue. With a few seconds o f exposure massive numbers o f C8 cells were trypan 

blue positive 24 h later indicating extreme sensitivity to UV and activation o f p53 (Figure 

32). However, A9 cells had significantly lower percentages o f cell death than C8 cells 

thereby showing that the lack o f p53 hampered cell killing in a dose dependent manner. 

The UV light experiments showed that A9 cells were a good model system to test the 

need for p53.
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Both C8 and A9 cells were infected with WSN at a MOI of 5 and cell death was 

analyzed by trypan blue and DNA fragmentation. By 24 hpi C8 and A9 cells were very 

sensitive to the influenza virus as indicated by the high number o f dead cells present 

(Figure 33 A). However there was a 17% reduction o f cell death seen in A9 cells (P < 

0.001) indicating that p53 activation during influenza induced cell death may enhance 

cell killing but was not a major factor because over 80% of infected A9 cells were dead. 

DNA samples taken from infected C8 and A9 cells showed DNA laddering at 24 hpi 

(Figure 33B). Mock-infected A9 cells showed slight DNA laddering due to the low serum 

during the infection. Nonetheless the amount o f fragmentation in A9 cells was 

comparable to C8 cells. This finding supports the fact that p53 was not completely 

required for influenza induced cell death.

2.2.3.I. Summary and Discussion:

The deletion o f p53 in A9 cells does not hinder the induction o f cell death since 

the level o f trypan blue positive cells was over 80%, but in comparison to the C8 cells, 

which have p53, the data indicated that p53 had the potential to potentiate the induction 

of cell death. The induction o f apoptosis in both cells by WSN was demonstrated by 

DNA laddering (Figure 33B), which indicated that p53 was not essential. P53 may 

increase the level o f cell death in cells by its ability to upregulate BAX, NOXA and 

PUMA (Ferri and Kroemer, 2001), since BAX was dispensable during influenza induced 

cell death further work is needed.

Since the influenza virus can affect transcription in a cell, the p53 transcription 

dependent cell death pathway may not be involved, but instead the transcription
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independent mitochondrial pathway may be activated and contribute to the induced cell 

death seen in cells. To test this idea one could measure mitochondrial function and 

release o f cytochrome c in both A9 and C8 cells.

2.3. Connections Between the Extrinsic and Intrinsic Cell Death Pathways:

2.3.1. Cleavage of BID:

The extrinsic and intrinsic cell death pathways are not mutually exclusive and a 

link between the two exists. The pro-apoptotic Bcl-2 family member named BID, a BH3 

only domain protein, bridges the activation o f the extrinsic pathway to the eventual 

activation o f the intrinsic pathway. Normally BID resides in the cytoplasm but, when 

cleaved by caspase-8 to a 15 kDa truncated protein (tBID), translocates to the 

mitochondria (Tang et al, 2000). This relocation o f tBID aids in the permeabilization o f 

the mitochondrial membrane and release o f cytochrome c, which can occur early in the 

death o f a cell.

Western blots o f protein lysates from infected A549 cells showed that BID 

cleavage occurred at 96 hpi (Figure 34). By the time we observed cleavage o f BID 50% 

of WSN infected A549 cells were trypan blue positive and mitochondrial changes (i.e. 

membrane potential loss) occurred prior to this detectable cleavage. This indicated that 

tBID is not likely to be responsible for the alterations in mitochondrial function and that 

other factors are likely to be involved. BID was cleaved in A549 cells during WSN 

infection but it was not clear how much o f an impact the cleavage had on induction o f 

cell death. It is possible that the level of cleaved BID was too low to detect by Western
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blot in the early hours o f infection, but nevertheless effective. We were unable to detect 

BID cleavage in MDCK cells because the antibody did not recognize dog BID.

2.3.2. Caspases and Influenza Induced Cell Death:

2.3.2.I. Activation of Caspases:

One o f the events that indicate commitment to death is the activation of the 

caspase cascade. Caspases are cysteine proteases that target cellular substrates that 

collectively affect the cell shape; their digestion generates the apoptotic phenotype and 

demise of the cell. Caspase-8 (FLICE, Mach-1) activation was tested because it is one of 

the first caspases to be activated in the extrinsic protease cascade. Protein lysates from 

infected cells were run on SDS-PAGE gels for western blotting using an antibody that 

detects both the inactive proenzyme and active form of caspase-8. Western blot showed 

the appearance o f the p25 cleaved fragment (20-25 kDa)(Zhang et al, 2004), which 

indicates activation o f caspase-8, started by 10 hpi and continued to increase in MDCK 

cells through 24 hpi (Figure 3 5 A). In A549 cells, the p25 cleavage fragment was detected 

at 24 hpi, but little increase was seen even after 96 hpi (Figure 35B).

With the activation o f caspase-8 we look downstream of the caspase cascade to 

one o f the effector caspases. Caspase-3 activation was examined since it is an important 

executioner protease that degrades many cellular substrates. An antibody that detects only 

the active form o f caspase-3 showed by Western blotting that caspase-3 was also 

activated in MDCK and A549 cells by 24 hpi (Figure 36) as evident by the detection o f 

the p i 7 cleavage product (Kamada et al, 2004).
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The activation o f caspase-3 was further confirmed by immunohistochemistry. As 

mentioned in the Materials and Methods, cells were grown on coverslips, infected with 

virus (M O I5) and the samples fixed at different hpi. After incubation with the primary 

caspase-3 antibody the samples were incubated with a fluorescent tagged secondary 

antibody for visualization under a fluorescence microscope. We found caspase-3 activity 

in infected MDCK cells with increases in the number o f positive cells by 24 and 48 hpi 

(Figure 37). The most intense and frequent staining was seen in the detached cells with a 

high percentage o f dead cells with almost 1:1 correlation with fragmented nuclei and 

positive for trypan blue. The attached cells showed either no or lowered level o f active 

caspase-3. There appeared to be a faint signal in the adherent MDCK cells at 48 hpi, but 

we believe it to be mostly background fluorescence. Hoechst staining showed that 

infected MDCK cells had nuclei that were condensed but not fragmented.

The caspase inhibition experiment showed that MDCK cell detachment was a 

direct consequence o f caspase-3 since the abolishment o f caspase-3 activity resulted in 

the cells remaining attached. High levels of caspase-3 activity were detected only in cells 

that were detached and floating. The infection process (the virus) activated caspase-3, but 

the activity o f caspase-3 targeted substrates in MDCK cells that were needed for cell 

attachment. It appears that the virus itself does not directly affect the adhesion o f the 

cells, but that this was a result o f caspase-3 activation. Evidence o f this will be presented 

below, but briefly the inhibition of caspases blocked the detachment o f infected MDCK 

cells. The loss o f caspases resulted in infected MDCK cells remaining attached even 

though the inhibitors did not affect the virus replication. If the virus were the direct cause
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of the detachment, the cells then would have detached during the inhibition studies. In 

contrast, a different result was seen with infected A549 cells as will be mentioned below.

In A549 cells the majority o f infected cells remain attached during the infection 

and any cell that detached disintegrated. We detect very few cells that have activated 

caspase-3 at 24 and 48 hpi as compared to the many cells attached to plate as seen by 

Hoechst staining (Figure 38). As the infection progresses we see more and more cells 

fluorescing green and by 144 hpi the majority o f A549 cells have active caspase-3 with 

fluorescence at different intensities indicating variable levels o f activation. We see 

activation o f caspase-3 in approximately 3.8% of mock-infected A549 cells only because 

by 144 hpi there is cell death due to the loss o f serum (Figure 38).

Even though we detect levels of caspase-3 activity by 72 hpi the majority o f the 

cells remain attached. This suggests that the adhesion molecules in A549 cells are not 

targeted by caspase-3 or i f  A549 lack another protease and, for instance, can’t cleave 

adhesion molecules. This result seems to contradict the MDCK cell data. However 

MDCK and A549 cells are different cells located in different body locations so they will 

have a different repertoire o f adhesion molecules.

To further evaluate the activation o f caspase-3, we looked for the cleavage of 

poly(ADP-ribosyl) polymerase (PARP), which is one o f the substrates o f caspase-3.

PARP is normally found as a 116 kDa protein which upon cleavage by caspase-3 yields 

an 85 kDa fragment. PARP cleavage in MDCK cells began at 8 hpi and by 18 hpi full 

length PARP is completely cleaved into the 85 kDa fragment (Figure 39A) as seen by 

Western blotting. This result suggests that enough caspase-3 is activated in infected 

MDCK cells to cleave PARP, but significant nuclear changes occur much later in the
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infection and when levels o f active caspase-3 are high. By 24 hpi PARP cleavage can be 

seen in infected A549 cells, but only a small percent o f the total PARP is affected and the 

level o f cleaved PARP appeared not to increase even at 144 hpi (Figure 39B). It is not 

clear why complete cleavage o f PARP is not seen during WSN induced cell death in 

A549 cells. However it has been shown that the activity o f PARP consumes ATP stores, 

which leads to cell death (Nanavaty et al, 2002; Soldani and Scovassi, 2002). The virus 

requires ATP for its own use so this depletion of ATP by PARP may affect the infection. 

In the case for MDCK cells, PARP is completely cleaved and WSN replicates very well 

and death is quick.

2.3.2.2. Caspase Activity is Dispensable for Influenza Induced Cell Death:

Although caspases may be activated by a death inducer they may or may not be 

needed to kill a cell. To examine whether caspase activity was needed for viral 

replication or for the induction of cell death by influenza viruses we employed two 

approaches. First, we used a broad-spectrum caspase inhibitor, zVAD-fmk (benzyl- 

oxycarbonyl-Val-Ala-Asp(Ome)fluoromethylketone), to block the activation o f the 

procaspases, and second, we used a cell line, MCF-7, that lacks caspase-3.

For the inhibition studies, zVAD was added directly into the media right after the 

standard one hour infection period so that cells were essentially always exposed to the 

inhibitor. Infected MDCK cells exposed to 50 pM of zVAD showed protection from 

virus induced cell death as compared to untreated cells at 48 hpi (Figure 40A) (P <

0.004). There was a drop o f about 15% in cell death as compared to untreated cells, and 

overall over 70% of infected zVAD treated cells were trypan blue positive. Treated
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MDCK cells, however, had a complete reduction of fragmented nuclei as detected by 

Hoechst staining (Figure 40B) indicating a correlation between caspase activation and 

nuclear fragmentation, which has also been shown by others (Perfettini and Kroemer, 

2003). MDCK cells treated with zVAD (Figure 40D) morphologically differed from 

mock-infected (Figure 40C) and untreated infected cells (Figure 40E) that a large 

majority o f cells remained attached as opposed to the untreated infected cells, in which 

were completely detached.

To determine that the ability of zVAD to protect was not due to insufficient 

inhibition o f caspases by the inhibitor we evaluated whether caspases were activated. 

Western blotting showed that activation of caspase-8 could not be detected in zVAD 

treated cells, but in untreated cells the p25 cleavage fragment was found (Figure 41 A). 

Immunocytochemistry confirmed no activation o f caspase-3 in zVAD treated infected 

MDCK cells (Figure 41B). Furthermore replication o f influenza virus was not hindered in 

zVAD treated cells compared to untreated cells (Figure 42).

We next determined the effect o f zVAD on A549 cells after virus infection. 

Initially, infected A549 cells exposed to 50 pM of zVAD were protected at 48 hpi as 

compared to untreated cells (P < 0.0004) (Figure 43 A). However by 144 hpi, the level of 

cell death was comparable in both treated and untreated infected cells (P < 0.42). We did 

not count fragmented nuclei in zVAD treated infected A549 cells due to o f the low basal 

level o f fragmentation established previously in these cells. Cell morphology was also 

analyzed and at 144 hpi untreated infected cells showed signs o f cytopathology such as 

loss o f cell numbers and cell shrinkage (Figure 43B) while zVAD treated cells showed 

less changes in cell structure (Figure 43C). Mock-infected cells appeared confluent and
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healthy (Figure 33D). The inhibitor did not effectively block influenza induced cell death, 

but did prevent severe changes in cell structure. We also did not detect caspase-3 

activation in zVAD treated infected A549 cells (Figure 44). Since cell death was delayed 

but not effectively blocked by zVAD treatment, other, caspase independent pathways 

were presumably activated.

The second method we employed to test the need for caspases for virus induced 

cell killing was the use o f MCF-7 cells. The mammary carcinoma cell line, MCF-7, is 

devoid of caspase-3 expression due to a deletion in the Casp3 gene (Janicke et al, 1998; 

Slee et al, 1999). We first established whether the MCF-7 line was permissive to 

infection and could produce a productive infection. The plaque assay (Figure 3 5 A) 

showed that MCF-7 cells produced levels o f influenza viruses similar to A549. Cell 

viability studies with trypan blue showed that about 80% o f infected MCF7 cells died at 

96 hpi (Figure 35B, line) and close to 35% of infected MCF-7 cells had fragmented 

nuclei as seen with Hoechst staining (Figure 45B, bar). The interesting event is that at 48 

hpi the majority o f infected cells began to round up and become detached (Figure 45C 

and D), but they did not lose membrane integrity and did not stain positive with trypan 

blue.

2.3.2.3. Summary and Discussion:

One crucial event in a cell that indicates commitment to death is the activation of 

the cysteine proteases called caspases, which target cellular substrates resulting in cells 

displaying an apoptotic phenotype. Our Western blot data indicated that both caspase-8 

and -3  were activated in MDCK and A549 cells by 24 hpi during influenza induced cell
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death. Since caspase-3 is an important executioner caspase we also determined the 

activity of caspase-3 by immunocytochemistry, which would indicate activation in 

individual cells.

For A549 cells, we saw very few infected A549 cells having activated caspase-3 

by 24 hpi, but as time progressed the number o f infected A549 cells displaying a positive 

signal increased. The increased level o f active caspase-3 correlated with an increase in 

cell death as measured by trypan blue. By 144 hpi, most infected A549 cells had active 

caspase-3 while cell death was over 80%. MDCK cells, that detached had high levels of 

activated caspase-3 as opposed to MDCK cells still remaining attached. Trypan blue 

analysis showed that attached cells with little active caspase-3 had high viability whereas 

detached cells with active caspase-3 were nearly all dead. This indicated that there was a 

differential expression of active caspase-3 in infected cells and that caspase-3 was 

probably involved in disrupting adhesion o f MDCK cells.

To test the requirement o f caspases during influenza induced cell death we first 

used a broad-spectrum caspase inhibitor, zVAD, to block the activation o f the 

procaspases and secondly used a cell line devoid o f caspase-3. Treatment with zVAD did 

not block influenza induced cell death in infected MDCK and A549 cells but merely 

delayed it. The first piece o f supporting evidence to verify proper and efficient caspase 

inhibition was that Western analysis showed no activation o f caspase-8 as determined by 

the lack o f formation o f the p25 cleavage fragment. Secondly, immunocytochemistry 

indicated that caspase-3 was not activated in zVAD treated MDCK and A549 cells. Also 

Hoechst staining showed a complete reduction in the number o f MDCK cells with 

fragmented nuclei as compared to untreated cells. The lack o f nuclear fragmentation
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confirmed caspase inhibition because caspase-3 is the main protease involved in this 

process.

As stated above, this was in contrast to what others have found in that inhibition 

o f caspases by zVAD reduced the number o f dead cells by effectively inhibiting 

influenza induced cell death (Wurzer et al, 2003). Here we show partial protection but the 

majority of the cells still died. This led us to believe that other cell death pathways were 

activated during the infection and required additional time for cell killing.

Wurzer et al looked only at a 24 hpi time point while we examined the cell 

viability at later time points. Also one could possibly account for the contradicting data in 

that we infected MDCK and A549 cells with a human influenza virus strain, A/WSN/33 

(H1N1), while Wurzer et al used an avian influenza virus strain, A/Bratislava/79 (H7N7) 

(Wurzer et al, 2003). It had been shown that influenza virus’s differing in virulence 

induced differential levels o f cell death in MDCK and U937 cells (Price et al, 1997). The 

virulent clone 7a o f the influenza A/PR/8/43X A/England/939/69 (H3N2) virus produced 

higher levels o f cell death than the more attenuated influenza A/fiji/15899/83 (H1N1) 

strain as indicated by nuclear morphology and flow cytometry.

In our studies we used 50 pM of zVAD as opposed to the 40 pM that Wurzer et al 

used (Wurzer et al, 2003). A higher dose was used since many studies have also used this 

dose for studying cell death. Thus incomplete suppression was not due to insufficient 

levels o f inhibitor. The inhibition data showed that viral replication was not affected, 

which supported the findings o f Takizawa et al (Takizawa et al, 1999), but contradicted 

those of others (Wurzer et al, 2003). Both Takizawa et al (Takizawa et al, 1999) and we 

used non-avian influenza strains, which could account for the discrepancy.
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Further support our argument that caspases or specifically caspase-3 were 

dispensable for influenza induced cell death comes from our data with the caspase-3 

deficient MCF-7 cell line. We showed that close to 80% of infected MCF-7 cells were 

dead as measured by trypan blue and fewer than 40% of the cells had fragmented nuclei 

at 96 hpi. The lowered level o f nuclear fragmentation was due to the fact that caspase-3 is 

the leading protease involved in DNA fragmentation. The main nuclease involved during 

DNA fragmentation is CAD (caspase dependent nuclease) and is activated when its 

inhibitor called ICAD (inhibitor o f caspase dependent nuclease) is cleaved by caspase-3. 

However fragmented nuclei were detected, so cleavage could possibly occur by means of 

other nucleases found in the mitochondria (endonuclease G) and/or lysosomes (DNase I).

Plaque analysis indicated that by 144 hpi that MCF-7 cells produced high titers of 

virus that were 2 logs lower than MDCK cells but were similar to viral yields made by 

the human lung epithelial A549 cell line. Indeed viral yields at 24 hpi were similar to 

those seen by others (Wurzer et al, 2003), but at later times we see that the titer 

significantly increased and influenza did not have a poor replication efficiency in MCF-7 

cells.

It appears that the activation o f caspases is not required for the replication o f the virus 

and more importantly killing o f the cell. It also appears that the deletion o f caspase-3 

does not completely block virus induced cell death and opens the possibility o f other 

proteases being active during influenza induced cell death.

2.4. Other Proteases and Influenza induced Cell Death:
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First, EM images in both MDCK and A549 cells showed the presence o f many 

vacuoles within the cytoplasm and may as well be the formation o f autophagic vacuoles 

indicating a role for other proteases such as found in lysosomes during influenza induced 

cell death. Second, in light o f the fact that caspases seem to be dispensable we asked if 

other proteases such as cathepsins, a class of lysosomal proteases, could also play a role 

in influenza induced cell death. Initially we determined whether lysosomes were affected 

during influenza induced cell death. These organelles have been implicated in being 

involved in cell death as presented in the Introduction.

2.4.1. Acid Phosphatase Activity:

To test lysosomal function during influenza induced cell death we explored the 

role o f lysosomal enzymes such as acid phosphatase. Quantitative analysis o f acid 

phosphatase activity was determined by the decomposition o f p-nitrophenol phosphate to 

p-nitrophenol to form a yellow supernatant. The supernatant was analyzed by a standard 

spectrophotometer for changes in optical density (OD410) as compared to a standard 

sample.

At 24 hpi infected MDCK cells had an OD410 reading o f 2.107 as compared to 

mock-infected MDCK cells, which had a reading of 2.112 (Figure 46A), which indicated 

that no significant change in acid phosphatase activity was seen. However by 48 hpi 

WSN infected MDCK cells had an OD410 reading of 2.081 while mock-infected MDCK 

cell OD410 values were 2.136. This decrease in OD410 signal indicated that the 

environment within the lysosome was becoming less favorable and enzymatic activity 

was declining. Additionally we qualitatively measured the activity o f acid phosphatase in
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MDCK cells plated on glass coverslips as indicated in the Materials and Methods section. 

The in situ analysis showed that at 24 hpi there apparently was no difference in color 

intensity between mock infected (Figure 46B) and WSN infected MDCK cells (Figure 

46C). This finding correlated with the quantitative result at 24 hpi in that there was no 

noticeable change in acid phosphatase activity.

Biochemical analysis o f acid phosphatase activity in infected A549 cells showed 

that at 24 hpi there was a minor drop in enzyme activity, but as the infection progressed 

the activity significantly declined by 120 hpi (Figure 47A). The in situ results supported 

the quantitative measurements in that mock-infected A549 cells (Figure 47B) had a more 

intense purple-red staining than infected cells (Figure 47C) at 72 hpi.

Taken together our data suggests that lysosomes are affected during influenza 

induced cell death since acid phosphatase activity is lowered, but it is not known whether 

the changes within the lysosomes contribute to cell death progression and the demise of 

the cell or is it a consequence o f the cell being highly damaged and is a secondary effect.

2.4.2. Role of Cathepsins -B, -D and -L:

To investigate cathepsins during influenza induced cell death we used a different 

strategy. We examined the need for specific individual cathepsins for viral induced cell 

death. We employed mouse embryo fibroblast (MEF) cells that have cathepsin -B, -D or - 

L deleted. At 24 hpi, close to 80% of infected wild type (WT) and cathepsin-B knockout 

(cathepsin-B -/-) cells were trypan blue positive (Figure 48A) whereas infected cathepsin- 

D knockout (cathepsin-D -/-) and cathepsin-L knockout (cathepsin-L -/-) cells had 80% 

and 70% of the WT deaths, respectively. By 48 hpi, all three knockout cell lines had
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similar levels o f cell death, differing only by approximately 5% from each other with 

close to or over 70% of the infected cells being trypan blue positive. Infected WT cells 

had close to 90% cell death at 48 hpi.

The data indicates that the loss o f cathepsin-D (P<0.0025) and -L  (P<0.0005) as 

compared to the WT cells at 24 hpi had a delayed induction of cell death, but by 48 hpi a 

large percentage o f infected cells are dying. The result is similar to the zVAD data in that 

partial protection is seen in MDCK cells but eventually the treated cells had levels of 

death comparable to the untreated cells.

It is known that cathepsins play an essential role during a virus’s life cycle. For 

example, reovirus uncoating is a critical step for the life cycle o f this virus and cathepsin 

L is required for virion disassembly in murine L929 cells (Golden et al. 2002). It is not 

known if cathepsins play a role for influenza virus replication so we asked whether 

cathepsins affect the efficiency of viral replication. To test this we measured the 

production o f virus in these various MEF cells. Looking at viral replication at 24 hpi, all 

three knockout cell lines had equivalent viral titer levels and by 144 hpi viral production 

reached levels similar to those seen in MDCK cells (Figure 48B). However, the 

production o f virus should be compared only to its parental cell line since the virus can 

produce different titers in other cell types. The WT cells would represent the baseline of 

viral production. In contrast, WT cells had much less virus produced even at 144 hpi, 

showing that cathepsins are able to hamper influenza virus production in MEF cells. It 

appears that cathepsins negatively affect influenza virus replication and as long as one of 

the three cathepsins (-B, -D, -L) is taken out, viral production can occur more efficiently. 

The connection between the three cathepsins is not known, but the data suggests that the
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removal of one o f them disrupts the link and allows an increase in influenza virus 

replication. The reduced production o f influenza virus in WT cells however does not 

hinder virus induced cell death since death was higher in WT cells than in the knockout 

cells. This suggests that cathepsin function by limiting the production o f viruses, aids in 

the cell death pathway. By increasing cell death levels virus production can be restricted.

Based on the viability and plaque assay data it appears that cathepsins play a role 

in influenza induced cell death, but are not major players since cell death is relatively 

high in the initial stages o f the infection (24 hpi). However cathepsins do hinder efficient 

influenza virus production. Cathepsin-L -/- cells at 24 hpi had the lowest level o f death 

and one o f the highest viral titers, suggesting that cathepsin-L may play an important role 

in enhancing influenza induced cell death and a key part in blocking WSN virus 

production.

2.4.3. Summary and Discussion:

Electron micrographs o f infected MDCK and A549 cells showed typical apoptotic 

morphologies at 24 and 144 hpi, respectively, such as cell rounding, chromatin 

condensation and margination, but it was also apparent that vacuolization occurred within 

the cytoplasm of the dying cell. The formation of vacuoles occurs in a type o f cell death 

called autophagy, where alterations in lysosomal function and activation o f lysosomal 

proteases such as cathepsins contribute to the killing o f a cell. Cathepsin activation has 

been implicated in caspase dependent and independent cell death. It is not clear whether 

this alternative cell death pathway could contribute to influenza induced cell death. Our 

initial results indicated that infected MDCK cells at 48 hpi had changes within lysosomes
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since that acid phosphatase activity dropped significantly by 48 hpi as compared to 

mock-infected cells. We tested whether cathepsins alter virus induced cell death by 

infecting MEF cells with cathepsin-B, -D, and -L  knockout. Infected MEF cells by 48 

hpi had elevated levels o f death, but significantly lower than the WT cells. However 

cathepsin-L knockout (cathepsin-L -/-) cells at 24 hpi initially showed a delay in virus 

induced cell death by a approximately 50% reduction o f trypan blue positive cells when 

compared to WT cells. Cell death increased by 48 hpi but was still significantly lower 

than WT cells. The deletion o f cathepsin-B, -D, and -L  resulted in a considerable 

increase in viral production compared to WT cells, indicating that these proteases are 

linked together in a pathway that negatively influences influenza virus production. 

Cathepsin-L may be a key protease in the pathway because cathepsin-L -/- cells had the 

highest viral titer and the lowest percentage o f cell death. Cathepsin-L appears to 

potentiate cell death in infected cells, but the combination o f cathepsin-B, -D, and -L  

limits the replication o f influenza virus. This data suggest that cathepsins as well as 

caspases are important in influenza induced cell death. It would be o f interest to see how 

deregulation o f both would work, i.e. blocking caspase activity in cathepsin -/- cells. One 

would speculate that a reduction in the level of cell death would be seen.
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Conclusion

It has been shown by many groups that certain viruses are able to induce cell 

death. It is this induction o f cell death that contributes to the pathogenesis o f the virus. 

Influenza is a virus that has the ability to induce cell death, but its mechanism of 

induction is not completely understood.

In the study presented in this thesis, we first provided data on the characterization 

o f influenza A/WSN/33 (WSN) virus induced cell death in Madin Darby canine kidney 

(MDCK) cells. Even though prior data had been shown that influenza induced cell death 

in MDCK cells with other influenza viruses (Takizawa et al, 1993; Hinshaw et al, 1994), 

a study by Price et al showed that viruses with differing virulence induced cell death 

differently (Price et al, 1997). WSN infected MDCK cells died with classical apoptotic 

characteristics, but many cells had extensive vacuolization in their cytoplasm indicating 

that autophagy may play some part during influenza induced cell death.

Second, most studies used cells not normally found in influenza infections. We 

characterized and established that WSN infected human lung epithelial (A549) cells (the 

normal hosts for influenza) died by the activation o f apoptosis. We provided detailed 

quantitative and qualitative data on the kinetics o f cell death and morphologies seen in 

dying infected A549 cells. As with MDCK cells there was also extensive vacuolization in 

the cytoplasm of some cells, indicating that cells may progress through different stages. 

We secondly saw cells that were apoptotic, highly vacuolated and secondarily necrotic. 

Cell death is a continuum with varying characteristics so it is possible that influenza 

induced cell death also progresses through a continuum of differing phenotypes because 

different cell death components can be activated at various times.
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Third, we showed the activation o f caspases in both infected MDCK and A549 

cells but more importantly we discovered that inhibiting the activation o f caspases only 

delayed the onset o f influenza induced cell death and did not block it as others have 

found (Wurzer et al, 2003). Thus other cell death pathways were activated independent of 

caspases during influenza induced cell death. Even the deletion o f caspase-3, a main 

executioner protease, did not block massive cell death in WSN infected MCF-7 cells.

It had also been suggested that the Fas pathway, an extrinsic cell death pathway, 

was activated during influenza induced cell death and contributed to the demise o f the 

cell (Takizawa et al, 1993; 1995; Balachandran et al, 2000). We determined by the use of 

a Fas defective cell line that the overall level of cell death was lowered as compared to 

the parental line, but cell death was still not impaired indicating the activation of 

alternative cell death pathways. Based on our UV inactivation virus data it appears that 

replication of the virus is needed and attachment and internalization is not enough for the 

onset o f viral induced cell death. Taken together these results indicate that the main 

activation o f cell death happens within the cell and not externally.

These findings led us to investigate the involvement o f other cell death 

components that may be involved during influenza induce cell death. Mitochondria are an 

integral part o f the intrinsic cell death pathway and we determined that during WSN 

induced cell death in both MDCK and A549 cells mitochondrial function and membrane 

potential were disrupted. We also saw the release of cytochrome c, which indicated a 

disturbance in the mitochondrial membrane and the potential to activate caspase-9. 

Mitochondrial dysfunction contributes to the demise o f the cell by the loss o f energy 

production and the release o f pro-apoptotic factors into the cytoplasm.
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Concerning the pro-apoptotic Bcl-2 family member proteins associated to the 

mitochondria, the deletion o f BAK, BAX, and BIM did not block the induction o f cell 

death, however the presence o f BAK without BAX appeared to lower WSN production, 

but why this occurred was not apparent. What was apparent was that deleting both BAK 

and BAX (DKO cells) delayed WSN induced cell death but unfortunately did not block 

it. The lowered level o f cell death did not contributed to a reduction in WSN production 

because DKO cells had higher levels o f virus compared to BAK -/- cells. This suggests 

that there was no correlation between virus production and cell death. BAK -/- cells had 

higher levels o f cell death and lower levels o f virus while the opposite was seen in DKO 

cells.

We also examined whether p53 had any role during influenza induced cell death 

since many investigators have shown p53 to modulate cell death in cells. As with the 

other knockout studies, the deletion of p53 did not block cell death but merely delayed 

the number o f dying cells as compared to the parental cell line. This indicates that p53 is 

not required in WSN induced cell death and that p53 probably only enhances the killing 

o f the cell.

Since cell death was not completely blocked by zVAD and electron micrographs 

showed cytoplasmic vacuolization we next looked into the function o f lysosomes because 

they have been implicated during autophagy and contain another class o f proteases called 

cathepsins. Quantitative and qualitative data indicated changes within lysosomes 

confirming validity to what we see in the electron micrographs. Our cathepsin data 

indicated that the deletion o f either cathepsin -B , -D or -L  significantly lowered the level 

o f cell death in the mouse embryo fibroblast cells but did not stop it. However, the
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deletion of any cathepsin resulted in a substantial increase in viral production as 

compared to the wild type (WT) cell line. This indicated that cathepsins -B , -D or -L  

may have a negative effect on viral production and are somehow linked. As in the WT 

cells, cathepsins probably increase the progression of cell death in the cells and thereby 

not giving the virus a chance to replicate thereby lowering the yield. It appears that the 

various cell death components not only modulate cell death but also affect viral 

replication. However the latter could be a secondary effect because a dying cell can lack 

resources and functional cellular machinery needed for the virus.

The mechanism for influenza induced cell death may involve not only the 

activation of the Fas/FADD/Caspase-8 pathway, but our findings indicate that other 

components involved in cell death are also implicated in influenza induced cell death. 

Activation o f caspases may be the primary route during influenza induced cell death, but 

additional pathways are activated along side caspases and may require longer times for 

efficient cell killing. It has been shown that caspases are activated and not completely 

necessary for influenza induced cell death, but other proteases such as cathepsins 

influence viral replication and cell death.

Our data suggests that incidence or level o f cell death does not correlate with the 

level o f viral production. Viral production is needed to initiate cell death as evidenced 

from the UV result but the activation o f the individual cell death components dictates the 

level o f cell death.

The bottom line is that once a cell becomes infected with the influenza virus it 

will eventually die since multiple cell death pathways can be activated. Even if  some 

pathways were blocked the signal to die would proceed by another way, which may delay
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cell death but not stop it. The cell would eventually die anyway even if  all cell death 

pathways were blocked because the virus exploits all the cells resources and the budding 

process removes the outer membrane. The general idea is that the influenza virus 

activates many different cell death components and depending on the intrinsic features 

within the cell will dictate the level o f cell death induction and replication efficiency of 

the virus.
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Figures and Figure Legends
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Figure 1. Determination of Viral Production and Effective MOI for Cell Killing

A. Time course o f influenza A/WSN/33 (WSN) virus replication in Madin Darby Canine 

Kidney (MDCK) cells. As described in the Materials and Methods, samples o f media 

from infected MDCK cells were collected and analyzed by the plaque assay (MOI 0.001). 

The assay showed a swift increase in viral production that produced high viral titers. 

Values are the means ±S.D. o f 3 independent experiments.

B. MDCK cells were infected with influenza A/WSN/33 (WSN) virus at increasing 

multiplicities o f infection (MOI). As MOI increased the percentage of dead cells at 24 

hours post infection (hpi) as seen by trypan blue increased. Values are the means ±S.E.M. 

of 3 independent experiments.
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Figure 2. Cell death time course in WSN infected MDCK cells as measured by 

trypan blue analysis.

MDCK cells were infected with a multiplicity o f infection (MOI) of 5 and showed high 

levels o f dead cells at 48 hours post infection (h pi). Values are the means ±S.E.M. o f at 

least 3 or more independent experiments.
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Figure 3. Nuclear and DNA changes during WSN infection in MDCK cells.

A. Fluorescence microscopy confirmed the quantification data by showing high levels of 

fragmentation in infected MDCK cells as measured by Hoechst staining. Mock-infected 

cells had round nuclei while dying cells at 24 hpi had fragmented and condensed nuclei. 

Arrows show fragmented nuclei.

B. Cell death and nuclear fragmentation time course in WSN infected MDCK cells. 

Infected MDCK cells showed high levels of dead cells (line, from Figure 2) and an 

increase in the number o f fragmented nuclei (bars) as measured by trypan blue and 

Hoechst staining, respectively. By 48 hpi, the percentage of dead cells and fragmented 

nuclei were nearly the same whereas at 24 hpi the number of fragmented nuclei was 

twice the level as dead cells. Values are the means ±S.E.M. of at least 3 or more 

independent experiments.

C. MDCK cells were infected with influenza A/WSN/33 (WSN) virus at increasing 

multiplicities o f infection (MOI). As MOI increased the number o f fragmented nuclei 

(bars) as assayed by Hoechst increased at 24 hpi. Also the number o f dying cells 

increased as the MOI increased at 24 hpi (points, from Figure IB) as measured by trypan 

blue. Values are the means ±S.E.M. of 3 independent experiments.
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Figure 4. DNA changes during WSN infection in MDCK cells.

A. DNA from WSN and mock infected MDCK cells were collected at various h pi and 

electrophoresed on a 2% agarose gel to show the characteristic DNA laddering during 

apoptosis. A substantial level of DNA laddering occurred at 18 and 24 hpi. Numbers 

above gel indicate hpi.

B. DNA from WSN infected MDCK cells at various MOI’s were collected at 24 hpi and 

electrophoresed on a 2% agarose gel to show the characteristic DNA laddering during 

apoptosis. Regardless o f the MOI used infected MDCK cells showed extensive DNA 

laddering at 24 hpi
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Figure 5. Quantification of cell death in WSN infected MDCK cells by FACS 

analysis.

MDCK cells were infected with a MOI o f 5 and samples were collected at 0, 2, 4, 6, 8, 

10, 12, 18, and 24 hpi. Mock-infected cells were collected at 24 hpi. M l = subdiploid 

(apoptotic) population.
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Figure 6. Effect of influenza virus on MDCK cell morphology as visualized by light 

microscopy.

MDCK cells were infected with a MOI of 5 and incubated for 8 and 24 hpi. Cells were 

fixed with 3% paraformaldehyde and stained with methylene blue.

A. Mock infected cells showed normal cell morphology. A, 100X, Bar = 50 pm

B. At 8 hpi, infected MDCK cells began to show signs of cell rounding and cell death. 

Arrow indicates a patch of dying cells. B, 100X, Bar = 50 pm

C. At 24 hpi, infected MDCK cells showed increased levels of cell rounding, loss of 

membrane integrity and intense methylene blue staining. Arrows indicate dying cells. C, 

100X, Bar = 50 pm
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Figure 6
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Figure 7. Morphological analysis of apoptosis by electron microscopy.

As described in the Materials and Methods, infected MDCK cells at 24 hpi were fixed for 

electron microscopy.

A. Mock-infected MDCK cells were elongated and showed large normal nuclei.

B. Infected MDCK cells showed cytoplasmic shrinkage, fragmentation and condensation 

of the chromatin and increased electron density.

C. Infected cells also show increased vacuolization in the cytoplasm

N: nucleus, C: cytoplasm, *: condensed and fragmented chromatin, V: vacuoles
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Figure 8. Morphological analysis of apoptosis by electron microscopy.

An electron micrograph showed many cells displaying classical apoptotic features as well 

as massive vacuolization and secondary necrosis in more advanced dying cells. An 

apoptotic cell has a condensed nucleus and cytoplasm while the chromatin is fragmented. 

For a necrotic cell, the outer membrane and nucleus has disintegrated while the 

cytoplasm is not electron dense.

N: nucleus, C: cytoplasm, *: condensed and fragmented chromatin, V: vacuoles
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Figure 9. Cytopathology of influenza virus infection as seen by light microscopy.

A. Mock-infected MDCK cells at 12 hpi

B. At 12 hpi, MDCK cells showed signs of cytopathology by WSN. Clusters o f cells are 

seen detaching off the plate (arrows).
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Figure 10. Differential differences in cell death between adherent and floating 

infected MDCK cells.

Both populations, adherent and floating, were analyzed for membrane integrity and cell 

viability by trypan blue and the Live/Dead assay.

A. Trypan blue analysis showed that detached cells (solid line) had higher levels of cell 

death than adherent cells (dashed line). Values are the means ±S.E.M. o f 3 independent 

experiments.

B. Mock-infected cells fluoresce green with the hydrolysis o f calcein AM, which only 

occurs in living cells (48 hpi). B, 400X, Bar = 12.5 pm

C. At 48 hpi, adherent MDCK cells fluoresce yellow-green as a result o f the hydrolysis of 

calcein AM and the incorporation o f ethidium bromide, which fluoresces red. C, 400X, 

Bar = 12.5 pm

D. Floating cells fluoresce red due to the intercalation of ethidium bromide and only 

appear in dying cells (48 hpi). D, 400X, Bar = 12.5 pm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



175

100 n

CO

o  60-
TJa
«  40-  

20 -

0 2 4 6 8 10 12 24 48

hours post infection (hpi)

• Adherent — ■—  Suspension

B ■(

Figure 10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



176

Figure 11. Differential differences in cell death between adherent and floating 

infected MDCK cells.

Both populations, adherent and floating, were analyzed for nuclear changes as measured 

by Hoechst staining.

A. Hoechst staining showed that detached cells (solid line) had higher levels o f nuclear 

fragmentation than adherent cells (dashed line). Values are the means ±S.E.M. o f 3 

independent experiments.

B. Mock-infected cells have normal shaped nuclei (48 hpi). B, 400X, Bar = 12.5 pm

C. At 48 hpi, adherent infected cells show the starting o f chromatin aggregation. C, 

400X, Bar = 12.5 pm

D. Late stages o f apoptosis appear in the floating infected MDCK cells (48 hpi). D, 

400X, Bar =12.5 pm
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Figure 12. Time course of influenza AAVSN/33 (WSN) virus replication and viral 

protein production in A549 cells.

A. As described in the Materials and Methods, samples of media from infected A549 

cells were collected and analyzed by the plaque assay (MOI 0.001). The assay showed an 

increase in viral production that produced high viral titers. Values are the means ±S.D. of 

3 independent experiments.

B. 35S Methionine labeled protein from WSN and mock infected A549 cells were 

resolved on a 10% SDS-PAGE gel at various hours post infection (h pi) as indicated 

above the gel. Host protein synthesis is shut down in the cell line as compared to the 

mock-infected (M) cells and viral protein production (i.e. NP) in A549 cells declines after 

24 hpi. The coomassie brilliant blue stained gel shows equal loading o f the samples.
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Figure 13. Cell death time course in WSN infected A549 cells as measured by trypan 

blue and the Live/Dead assays.

A. A549 cells were infected with a multiplicity o f infection (MOI) o f 5 and showed high 

levels of dead cells at 144 hpi. Values are the means ±S.D. o f 3 independent experiments.

B & C. Mock-infected cells at 96 hpi for the most part fluoresce green with the 

hydrolysis of calcein AM, which only occurs in living cells. B, 100X, Bar = 50 pm; C, 

400X, Bar = 12.5 pm

D & E. At 96 hpi, 50% of infected A549 cells fluoresce red, which is an indication of a 

dying cell due to the incorporation of ethidium bromide. B, 100X, Bar = 50 pm; C, 400X, 

Bar = 12.5 pm
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Figure 14. Nuclear and DNA changes during WSN infection in A549 cells.

A. As analyzed by Hoechst staining, A549 cells showed low levels o f nuclear 

fragmentation even at 144 hpi during the infection. Values are the means ±S.D. of 3 

independent experiments.

B & C. Fluorescence microscopy confirmed the quantification data that nuclear 

fragmentation occurred at low levels in A549 cells as measured by Hoechst staining. 

Mock-infected cells (B) had large round nuclei while infected cells (C) at 96 hpi had 

nuclei that were condensed as seen by a brighter fluorescence signal but did not fragment.

B, 400X; C, 400X, Bar = 12.5 pm
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Figure 15. Cell death and nuclear fragmentation time course in WSN infected A549 

cells.

Infected A549 cells showed high levels of cell death (line) at 144 hpi even though the 

level of fragmented nuclei (bar) at that time was below 20% as measured by trypan blue 

and Hoechst staining, respectively.
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Figure 16. A lack of DNA fragmentation in A549 cells as measured by gel 

electrophoresis.

A. Infected A549 cells showed no DNA laddering even at 168 hpi while the MDCK 

control showed strong laddering at 24 hpi. A549 cells treated with 100 pg/ml of 

cycloheximide (CHX) did not display the characteristic DNA laddering pattern that 

occurs during apoptosis.

Lane 1: mock infected MDCK, 24 hpi 

Lane 2: WSN infected MDCK, 24 hpi 

Lane 3: mock infected A549, 168 hpi 

Lane 4: WSN infected A549, 24 hpi 

Lane 5: WSN infected A549, 48 hpi 

Lane 6: WSN infected A549, 72 hpi

Lane 7: WSN infected A549, 96 hpi 

Lane 8: WSN infected A549, 120 hpi 

Lane 9: WSN infected A549, 168 hpi 

Lane i0: 100 jxg/ml CHX, 120 h 

Lane 11: 100 pg/ml CHX 144 h

B. A more sensitive method utilizing radioactive a 32P end labeling detected DNA 

laddering in A549 cells. Laddering became more pronounced at 48 hpi and greatly 

intensified at 144 hpi. Lane 1, WSN 24 hpi; Lane 2, WSN 48 hpi; Lane 3, WSN 96 hpi; 

Lane 4, WSN 120 hpi; Lane 5, WSN 144 hpi.
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Figure 17. TUNEL labeling in A549 cells.

A. A549 cells infected with WSN showed increased levels o f fragmented DNA as 

compared to mock-infected cells as measured by the TUNEL assay. Arrows indicate 

TUNEL positive cells.

B. Quantitation of the fragmentation showed that 40% of infected cells at 144 hpi were 

TUNEL positive. Numbers above the time points indicate percentage o f TUNEL positive 

cells.
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Figure 18. Effect of influenza virus on A549 cell morphology as visualized by light 

microscopy.

A549 cells were infected with a MOI of 5 and incubated for 24 and 72 hpi. Cells were 

fixed with 3% paraformaldehyde and stained with methylene blue.

A. Mock infected cells showed normal cell morphology. A, 100X, Bar = 50 pm

B. At 24 hpi infected A549 cells began to show cell structure changes and appear thinner 

than mock-infected cells. B, 100X, Bar = 50 pm

C. At 72 hpi, infected A549 cells showed increased numbers of cells with altered cell 

structures but overall the cells do not appear to undergo cell rounding and advanced 

stages of membrane integrity loss. Some cells do however take up more dye and are 

interpreted as dying cells. Arrows indicate cells with heavier staining. C, 100X, Bar = 50 

pm
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Figure 19. Morphological analysis of infected A549 cells by electron microscopy.

As described in the Materials and Methods, infected A549 cells at 72 and 144 hpi were 

fixed for electron microscopy.

A. Mock-infected A549 cells were elongated and showed large normal nuclei.

B. Infected A549 cells at 72 hpi did not display complete cytoplasmic shrinkage, but the 

chromatin was condensed, fragmented and marginated. The nucleus however did not 

appear to round up. Arrows show influenza viruses around the plasma membrane.

C. Infected cells at 144 hpi show phenotypes similar to those of 72 hpi cells.

D. At 72 hpi, infected A549 cells that are in advanced stages o f cell death undergo 

secondary necrosis.

N: nucleus, C: cytoplasm, *: condensed and fragmented chromatin
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Figure 20. Morphological analysis of infected A549 cells by electron microscopy.

Besides the condensation o f chromatin and a lack o f cell rounding infected A549 cells at 

72 hpi showed extensive vacuolization in the cytoplasm (arrows).
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Figure 21. Ultraviolet inactivated WSN virus does not trigger virus induced cell 

death.

WSN viruses were irradiated with 254 nm UV (50 J/m2) for 14 min and used to infect 

MDCK cells at an MOI o f 5.

A. UV inactivated WSN virus did not induce DNA laddering in MDCK cells at 24 hpi.

B. Trypan blue analysis showed that UV treated viruses did not induce cell death in 

MDCK cells since the level of death was similar to that seen in mock-infected cells 

whereas untreated virus caused cell death at 24 hpi.
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Figure 22. Cell death and nuclear changes in cycloheximide treated and WSN 

infected MDCK cells.

MDCK cells were treated with 100 pg/ml of cycloheximide (CHX) and analyzed by 

trypan blue and Hoechst staining at various hours post treatment.

A. Trypan blue analysis showed that CHX treated MDCK cells had comparable levels of 

cell death with WSN infected MDCK cells at 24 and 48 hpi. MDCK cells treated with 

both death inducers had similar time courses of cell death. Values are the means ±S.D. of 

3 independent experiments.

B. At 24 hours, CHX treated MDCK cells had higher levels of nuclear fragmentation than 

WSN inflected MDCK cells but at 48 hours both treated and infected cells had similar 

levels o f fragmentation as analyzed by Hoechst staining. Values are the means ±S.D. of 3 

independent experiments.
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Figure 23. Cell death and nuclear changes in cycloheximide treated and WSN 

infected A549 cells.

A549 cells were treated with either 100 fxg/ml of cycloheximide (CHX) or WSN (MOI 5) 

and analyzed by trypan blue and Hoechst staining at various hours post treatment.

A. Trypan blue analysis showed that CHX treated A549 cells (solid line) had comparable 

levels of cell death with WSN infected A549 cells (dash line) at 144 hpi but the rate of 

appearance o f cell death was different. Values are the means ±S.D. o f 3 independent 

experiments.

B. CHX treated A549 cells (solid line) at 144 hours had higher levels o f nuclear 

fragmentation than WSN inflected A549 cells (dash line) but the overall percentage of 

fragmentation was well below 50% as analyzed by Hoechst staining. Values are the 

means ±S.D. o f 3 independent experiments.
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Figure 24. Loss of Fas reduces the extent of influenza induced cell death.

Both U937 and U937R cells were infected with influenza A/WSN/33 at a MOI of 5.

A. By 72 hpi U937 cells had higher numbers of dying cells than U937R cells indicating 

that Fas was needed for increasing the extent of influenza induced cell death. Values are 

the means ±S.D. o f 3 independent experiments.

B. Hoechst analysis indicated elevated numbers of fragmented nuclei in both cells, but as 

with the trypan blue data U937 cells had many more fragmented nuclei than U937R cells. 

Values are the means ±S.D. of 3 independent experiments.

C. DNA fragmentation analysis showed the hallmark DNA laddering pattern in both 

infected U937 and U937R cells at 24 h pi. Lanes 1& 2, U937 cells and Lanes 3 & 4, 

U937R cells. Lane 1, Mock; Lane 2, WSN; Lane 3, Mock; Lane 4, WSN.
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Figure 25. Mitochondrial dysfunction occurs in infected A549 and MDCK cells.

A & B. Infected A459 (A) and MDCK (B) cells showed a loss in mitochondrial 

membrane potential by a decrease in fluorescence signal of Rhodamine 123. Values are 

the means ±S.D. of 3 independent experiments.

C & D. MTT was used to assess mitochondrial enzyme activity in infected cells. Infected 

A549 (C) and MDCK (D) cells both showed a decline in the reduction o f MTT indicating 

that the environment inside the mitochondria was becoming less favorable. Values are the 

means ±S.D. o f 3 independent experiments.
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Figure 26. Changes occur in mitochondrial shape and distribution during influenza 

induced cell death in A549 cells.

We used the MitoTracker Red probe to label the mitochondria with visualization under a 

fluorescence microscope. The ability of the dye to be fixed within the mitochondria is 

dependent on the redox state inside the organelle.

We see that infected A549 cells no longer had the filamentous distribution of 

mitochondria seen in mock-infected cells (white arrows) but showed greater dispersion 

and the mitochondria retained less dye (green arrows). Right column o f panels show 

nuclear state o f A549 cells with Hoechst staining. Images at 1000X, Bar = 5 pm
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Figure 27. Cytochrome c is released in WSN infected cells.

Cell lysates were fractionated into the mitochondrial fraction (P) and the supernatant 

fraction (S) and blotted for the presence o f cytochrome c.

A. Western blot analysis showed a release of cytochrome c from mitochondria into the 

cytoplasm in infected MDCK cells by 18 hpi.

B. In infected A549 cells cytochrome c was detected in the cytoplasm by 24 hpi.

C & D. In situ labeling o f cytochrome c in A549 cells showed a punctate pattern in mock- 

infected cells (C) while diffuse staining was seen infected A549 cells at 144 hpi (D). C, 

7000X; D, 7000X, Bar = 0.71 pm

E & F. MitoTracker Red staining showed the filamentous distribution o f mitochondria in 

mock-infected A549 cells (E) while WSN infected A549 cells (F) had a red fluorescence 

signal that was diffuse out. E, 7000X; F, 7000X, Bar = 0.71 pm
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Figure 28. Deletion of BAK and BAX appears not to lower influenza induced cell 

death, but may affect viral replication.

A. Bak, Bax and double knockout (DKO) MEF cells survived less well than WT cells as 

measured by trypan blue at 48 hpi. The basal level of cell death seen in mock-infected 

cells (control) was subtracted from the WSN infected cell death values and percent cell 

death was expressed as percent o f control and represented cell death due only to the virus. 

Values are the means ±S.D. o f 3 independent experiments.

B. Treatment of MEF cells with 100 pg/ml of CHX showed that wild type (WT) cells 

were extremely sensitive while the knockout cells were protected against cell death as 

indicated by trypan blue analysis. The basal level o f cell death seen in mock treated cells 

(control) was subtracted from the CHX treated cell death values and percent cell death 

was expressed as percent o f control and represented cell death due only to CHX. Values 

are the means ±S.D. o f 3 independent experiments.

C. The plaque assay showed that all MEF’s produced high titers except for the BAK -/- 

cells, which produced a lower viral titer (MOI 0.001).
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Figure 29. BIM not needed for influenza induced cell death in adult BIM knockout 

lung mouse cells.

To assess the need for BIM during influenza induced cell death we used primary adult 

BIM knockout (BIM -/-) lung cells harvested from BIM -/- mice.

A. Trypan blue analysis showed over 80% of infected BIM -/- lung cells were dying by 

72 hpi.

B. Nuclear fragmentation levels were very low in infected BIM -/- lung cells as measured 

by Hoechst staining.

C. Light microscopy showed that by 24 hpi infected BIM -/- lung cells showed extreme 

signs of cytopathology by the virus as compared to mock-infected cells. Images at 100X, 

Bar = 50 pm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

60f0)
8  40
s?

20

0
mock (72) 24 48

hours post infection (hpi)

72

B

a>o3
C
■DO

100

80

c

60

40<D
EO)
2  20

0 ! -

mock (72)

Mock (24)

24 48

hours post infection (hpi)

... . *£.><•

Figure 29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



214

Figure 30. BIM not needed for influenza induced cell death in adult BIM knockout 

kidney mouse cells.

To assess the need for BIM during influenza induced cell death we used primary adult 

BIM knockout (BIM -/-) kidney cells harvested from BIM -/- mice.

A. Trypan blue analysis showed that over 90% of infected BIM -/- kidney cells were 

dying by 48 hpi.

B. Light microscopy showed that by 48 hpi infected BIM -/- kidney cells showed extreme 

signs of cytopathology by the virus as compared to mock-infected cells and appeared 

necrotic. Images at 100X, Bar = 50 pm
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Figure 31. BCL-2 has limited protection against WSN induced cell death.

To evaluate whether BCL-2 can protect cells against influenza induced cell death we 

used PC-12 cells that constitutively overexpress BCL-2 (PC-12 bcl2 +) and compared the 

level o f cell death to the parental cell line (PC-12 WT) when infected with WSN.

PC-12 bcl2 + cells had a lower percentage of trypan blue positive cells (P < 0.038) than 

PC-12 WT cells, but the difference although barely significant was not large indicating 

limited protection against WSN induced cell death. The basal level o f cell death seen in 

mock-infected cells was subtracted from the WSN infected cell death values and percent 

cell death was expressed as percent of control and represented cell death due only to the 

virus. Values are the means ±S.D. of 3 independent experiments.
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Figure 32. Deletion of p53 confers increased resistance to UV light induced cell 

death.

To determine whether deletion o f p53 protects cells against cell death, we used two cells 

lines. C8 were (p53 +/+) while A9 were (p53 The cells were exposed to 254 nm of 

UV light (50 J/m2) for various lengths o f time and cell viability was assayed 24 h later by 

trypan blue.

The majority o f C8 cells were trypan blue positive when exposed to UV light for as little 

as seconds while A9 cells had significantly lowered levels of cell death, which increased 

only with exposure time.
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Figure 33. P53 not essential for influenza induced cell death.

A. Trypan blue analysis showed that at 24 h pi infected C8 (p53 +/+) cells had close to 

100% cell death as compared to infected A9 (p53 -/-) cells, o f which 83% were dead, 

indicating that p53 enhances influenza induced cell death but is not required for the 

induction and progression of cell death in infected cells.

B. Agarose gel electrophoresis o f DNA samples of infected C8 and A9 cells showed 

intense DNA laddering at 24h pi. The slight laddering appearing in mock-infected A9 

cells was due to serum withdrawal cell death because A9 cells have a high rate of 

division and require ample levels o f growth factors for survival. Lanes 1 & 3, C8 cells 

and Lanes 2 & 4, A9 cells. Lanes 1 & 2, mock infected and Lanes 3 & 4, WSN infected.
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Figure 34. The cleavage of full length BID into a truncated version in WSN infected 

A549 cells.

The BH3 only domain protein called BID was analyzed by Western blotting and showed 

that by 96 hpi full length BID (25 kDa) was cleaved into a truncated version that was 15 

kDa in WSN infected A549 cells.
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Figure 35. Caspase -  8 is activated during influenza induced cell death in MDCK 

and A549 cells.

The 44 kDa procaspase-8 protein is cleaved to form two peptides, which are 25 and 17 

kDa, as detected by western blot analysis.

A. Western blot o f MDCK cells indicting that during WSN infection cleavage and 

activation of caspase -  8 started at 12 hpi and continued to increase by 24 hpi as evident 

by the formation o f the p25 and p i 7 fragments. Mock infected cells (M) only showed the 

procaspase -  8 form. Arrows show p25 and p i 7 fragments.

B. Infected A549 cells showed that cleavage of procaspase -  8 to the p25 fragment 

occurred at 24 hpi while mock infected (M) samples had caspase -  8 in its procaspase 

form. Arrow shows p25 fragment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



225

A

M 2 4 6 8 10 12 18 24 hpi

B

M 24 48 72 96 hpi

Figure 35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



226

Figure 36. Caspase -  3 is activated during influenza induced cell death in MDCK 

and A549 cells.

Western blot analysis for caspase -  3 activation showed that both MDCK and A549 cells 

had active caspase -  3 at 24 hpi as evident by the formation of the p i 7 fragment. Mock- 

infected (M) samples did not show the procaspase form since the antibody was specific 

for only active caspase -  3.
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Figure 37. In situ detection of caspase -  3 activation in infected MDCK cells.

Immunocytochemistry with an antibody directed only toward active caspase-3 showed 

extensive activation o f caspase -  3 at 24 and 48 hpi (S) in MDCK cells that were 

detached and floating. In contrast, adherent cells at 24 and 48 hpi (A) had few cells that 

fluoresced green indicating active caspase -  3. Arrows show cells with active caspase -  3 

(green signal). Hoechst analysis showed the number of cells present and the extent of 

nuclear fragmentation. Arrows show corresponding cells with active caspase -  3. 400X, 

Bar = 12.5 pm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Caspase-3 Hoechst

Mock 
(48 hpi)

24 hpi 
Adherent

24 hpi 
Suspended

Figure 37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



230

Caspase-3 Hoechst

Mock 
(48 hpi)

48 hpi 
Adherent

48 hpi 
Suspended

Figure 37, cont’d

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



231

Figure 38. In situ detection of caspase -  3 activation in infected A549 cells.

Immunocytochemistry on infected A549 cells with an antibody specific for active 

caspase -  3 showed widespread activation o f the caspase in A549 cells as early as 72 hpi 

with some cells displaying intense green fluorescence indicating active caspase -  3. The 

majority of infected A549 cells at 144 hpi were positive for the activation o f caspase -  3 

since most fluoresced green. However at 24 h pi a limited number o f cells had active 

caspase -  3. Arrows show cells with active caspase -  3 (green signal). In situ Hoechst 

staining showed the number o f cells and extent of nuclear condensation and 

fragmentation. Arrows show corresponding cells with active caspase -  3. 400X,

Bar = 12.5 pm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Caspase-3 Hoechst

Mock 
(144 hpi)

24 hpi

48 hpi

72 hpi

96 hpi

Figure 38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



Caspase-3 Hoechst

Mock 
(144 hpi)

120 hpi

144 hpi

Figure 38, cont’d

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



234

Figure 39. PARP cleavage occurs in infected MDCK and A549 cells indicating 

active caspase -  3.

A. Protein lysates from infected MDCK cells run on 8% SDS-PAGE gels showed 

complete cleavage of the 116 kDa PARP protein to an 85 kDa fragment at 10 hpi.

B. A549 cells only had a minor amount of PARP cleaved even at 144 hpi. PARP was 

slightly cleaved in mock-infected cells (M).
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Figure 40. Inhibition of caspases in WSN infected MDCK cells does not inhibit 

influenza induced cell death.

A. Infected MDCK cells treated with 50 pM of zVAD-fmk at 48 hpi showed a reduced 

level o f cell death as compared to the untreated infected cells as measured by trypan blue 

(P<0.004). Values are the means ±S.D. of 3 independent experiments.

B. The pan-caspase inhibitor completely blocked nuclear fragmentation in WSN infected 

MDCK cells. Values are the means ±S.D. of 3 independent experiments.

C. D & E. Light microscopy showed that mock-infected cells were healthy and attached 

(C) whereas at 48 hpi zVAD-fmk treated infected MDCK cells (D) were mostly attached 

to the plate. In comparison untreated infected cells (E) were completely detached and 

floating. C, 400X; D, 400X; E, 400X, Bar = 12.5 pm
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Figure 41. Caspase -  8 and -  3 in WSN infected MDCK ceils are inhibited by the 

broad-spectrum inhibitor, zVAD-fmk.

A. Infected MDCK cells treated with 50 pM of zVAD-fmk for 24 h showed inhibition of 

caspase -  8 activation by the lack o f the p25 cleavage fragment as seen by Western blot 

analysis. Untreated cells showed the formation of the p25 cleavage fragment (arrow).

B. Immunocytochemistry indicated that activation of caspase -  3 did not occur in zVAD- 

frnk treated infected MDCK cells at 24 hpi. Untreated cells fluoresced green indicating 

active caspase -  3. Hoechst staining shows the number o f cells and extent o f nuclear 

condensation and fragmentation. B, 400X, Bar = 12.5 pm
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Figure 42. zVAD treatment does not alter influenza A virus replication in MDCK 

cells.

Plaque assay results indicated that zVAD-fmk treated cells replicated with an equivalent 

titer o f virus as compared to untreated infected cells.
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Figure 43. Inhibition of caspases in WSN infected A549 cells does not inhibit 

influenza induced cell death.

A. Infected A549 cells treated with 50 pM of zVAD-fmk at 48 (P<0.0004) and 96 hpi 

(P<0.0021) showed significantly reduced levels o f cell death as compared to the 

untreated infected cells as measured by trypan blue indicating a protection against viral 

induced cell death. However by 144 hpi treated and untreated cells had similar levels of 

dead cells.

B, C & D. Light microscopy showed that at 96 hpi untreated infected A549 cells (B) 

showed signs o f cytopathology such as loss of cell numbers and cell shrinkage while 

zVAD treated A549 cells showed less changes in cell structure (C). Mock-infected cells 

appeared confluent and healthy at 96 hpi (D). B, 400X; C, 400X; D, 400X, Bar = 12.5 

pm
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Figure 44. Fluorescence microscopy data confirmed that zVAD completely inhibited 

caspase -  3 activation in A549 cells.

Immunocytochemistry showed that caspase -  3 activation was completely blocked by 

zVAD-fmk in infected A549 cells by the lack of green fluorescence at 144 h pi. A549 

cells not treated with zVAD-fmk showed many cells that fluoresced green indicating 

active caspase -  3. Hoechst staining showed the number of cells and extent o f nuclear 

condensation. 400X, Bar = 12.5 pm
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Figure 45. Caspase-3 not required for influenza induced cell death or replication of 

WSN.

MCF-7 cells, which are devoid o f caspase-3 activity, were used to assess whether 

caspase-3 is needed for viral induced cell death.

A. The plaque assay (MOI 0.0001) showed that WSN could replicate in MCF-7 cells with 

levels of viral production similar to A549 cells (see Figure 12, pg 178).

B. Cell death determined by trypan blue showed an increase in the percentage o f dead 

cells through time in infected MCF-7 cells (line). Nuclear fragmentation by Hoechst 

staining (bar) showed lower levels as compared to the viability data during the infection. 

Values are the means ±S.D. of 3 independent experiments.

C& D. Light microscopy showed that mock-infected MCF-7 cells (C) were attached and 

large in size while WSN infected MCF-7 cells (D) were round in appearance and floating 

by 48 hpi. C, 400X; D, 400X, Bar = 12.5 pm
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Figure 46. Changes within the lysosome reduced the function of acid phosphatase in 

WSN infected MDCK cells.

A. Quantitative analysis o f activity as measured by the decomposition o f p-nitrophenol 

phosphate showed a decline in the OD reading (410 nm) of infected MDCK cells by 48 

hpi as compared to mock-infected cells. Values were normalized to total protein and the 

means ±S.D. of 3 independent experiments.

B & C. In situ analysis o f acid phosphatase activity showed that mock infected (B) and 

WSN infected (C) MDCK cells had similar color intensities at 24 hpi, correlating with 

the quantitative data. B, 400X; C, 400X, Bar = 12.5 pm
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Figure 47. Changes within the lysosome reduced the function of acid phosphatase in 

WSN infected A549 cells.

A. Quantitative analysis o f acid phosphatase activity in infected A549 cells showed a 

decline in OD signal (410 nm) starting at 24 hpi and a continued decline through 120 hpi 

as compared to mock-infected cells. Values are the means ±S.D. o f 3 independent 

experiments.

B & C. In situ analysis o f acid phosphatase activity showed that mock-infected (B) cells 

had a higher color intensity, which meant the presence of active acid phosphatase than 

WSN infected (C) A549 cells at 72 hpi, correlating with the quantitative data. B, 400X; 

C, 400X, Bar = 12.5 pm
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Figure 48. Cathepsins appear to affect influenza induced cell death and replication.

The need for cathepsins during influenza induced cell death was analyzed by using 

MEF’s with key cathepsin knockouts.

A. At 24 hpi cathepsin B knockout (cat B -/-) cells had equivalent numbers o f dead cells 

as measured by trypan blue as wild type (WT) cells. Cathepsin D knockout (cat D -/-) (P< 

0.027) and cathepsin L knockout (cat L -/-) (P< 0.003) cells had a 20 -30  % difference in 

the percentage o f dead cells than WT cells, respectively. However by 48 hpi cat B cat 

D and cat L -/- cells had similar levels of death but were lower than the WT cells. 

Values are the means ±S.D. of 3 independent experiments.

B. Viral titer analysis (MOI 0.001) showed that cat B cat D and cat L -/- cells had 

higher titers than WT cells and by 144 hpi the titers were similar to the levels seen in 

MDCK cells.
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