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Major hepatitis viruses, such as HBV and HCV, are not directly cytopathic; 

instead liver injury is due to a vigorous immune response. Cytotoxic T lymphocytes 

(CTL) and natural killer (NK) cells kill virally infected and malignant cells by two major 

pathways, the perforin/granzyme pathway and the Fas and/or TNF death receptor 

pathways. In contrast to other target cells, virally infected hepatocytes are resistant to 

killing by perforin and granzyme-dependent cytotoxic effector pathways. This results in a 

more prominent role for Fas and TNFR-mediated killing of infected hepatocytes and 

clearance of hepatic viral infections. Human proteinase inhibitor 9 (PI-9/ serpinB9) and 

the murine orthologue, serine proteinase inhibitor 6 (SPI-6/ serpinb9) are members of a 

family of intracellular serine proteinase inhibitors (serpins). PI-9 and SPI-6 expression in 

immune-privileged cells, antigen-presenting cells, and cytotoxic T cells protects these 

cells against the actions of granzyme B and when expressed in tumor cells, confers 

resistance to killing by CTL and NK cells. Thus, one potential explanation for hepatocyte 
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resistance to the perforin/granzyme pathway would be expression of PI-9/ SPI-6 within 

human or murine liver cells.  

 

The present studies were designed to assess whether factors present during 

hepatic viral infections as well as the associated antiviral immune responses, might 

induce the expression of SPI-6 in murine liver and thus, confer resistance of virally 

infected hepatocytes to perforin and granzyme B dependent hepatotoxicity.  To this 

extent, we examined SPI-6 expression after IFN-α treatment and during in vivo 

adenoviral infection of the liver. To detect changes in SPI-6 gene expression, mRNA and 

cytosolic protein was isolated from liver and real time PCR and western blotting were 

performed. The results indicated that SPI-6 is the only PI-9/serpinB9 homologue that is 

significantly up-regulated in liver post IFN-α stimulation or during the course of viral 

infection. Increased SPI-6 gene expression during viral infection correlated with influxes 

of NK cells and CTL, as reflected by increased lymphocyte surface receptor mRNA 

levels within the liver.  Additional experiments using virally infected, genetically altered 

mice unable to process or express granzyme B indicated that SPI-6 is a cytoprotective 

gene that is selectively up-regulated by hepatocytes in response to activated granzyme B. 

Knockdown of SPI-6 gene expression in vivo by hydrodynamic injection of siRNA 

specifically targeting SPI-6 resulted in a significant increase in serum alanine amino 

transferase (ALT) levels, a measure of hepatocellular injury, during early time points 

after viral infection. In addition, inhibition of SPI-6 resulted in accelerated clearance of 

AdCMV-LacZ encoded transgene products from the liver.  However, expression during 

high dose AdCMV-LacZ infection resulted in early onset of lethal, acute liver failure. 
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Given these results, we conclude that up-regulation of SPI-6 gene expression in 

hepatocytes protects against perforin/ granzyme B mediated killing during hepatic viral 

infection and thereby slows the rate of immune elimination of virally infected 

hepatocytes. 
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CHAPTER I: INTRODUCTION AND BACKGROUND  

 

The liver is continuously exposed to a diverse range of potential pathogens and 

toxins that include microbial products synthesized by commensal intestinal flora and a 

wide range of xenobiotics derived from alimentary sources. The vascular architecture of 

the liver is unique in that both venous blood from the gastrointestinal tract and arterial 

blood from the systemic circulation flows at low rates through tight sinusoidal spaces 

lined by fenestrated endothelial cells. This allows for interactions between hepatocytes, 

circulating cells, and macromolecules [1]. The liver contains a resident population of 

lymphoid cells that function in the identification of foreign pathogens as well as in the 

recognition of virally infected, damaged, or tumor transformed hepatocytes. Due to the 

constant exposure to antigenic stimuli, the liver has evolved elaborate immunological 

mechanisms to modulate responses of resident and migratory T lymphocytes populations 

[2]. While regular exposure to gut microbial products and the foreign molecules ingested 

with food rarely is associated with hepatic inflammation, the intrahepatic immune 

response during viral or parasitic infection can become extensive and severe, occasionally 

resulting in acute liver failure and death. Persistence of viral infection may lead to 

chronic hepatitis mediated by ongoing CTL activity and over time is associated with 

fibrotic responses that can result in cirrhosis or, following repeated cycles of hepatocyte 

injury and regeneration, lead to development of hepatocellular carcinoma [3]. Finally, it 

is of interest that following systemic immune activation, the liver utilizes both passive 

and active mechanisms to trap activated CD8+ T lymphocytes that then undergo 

apoptosis without associated liver injury [4, 5].  
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 UNIQUE IMMUNOBIOLOGY OF THE LIVER 

  

Resident Cell Populations 

 

Natural Killer Cells 

 

Characteristics 

 

Natural killer (NK) cells are key components of the innate immune response to 

viral infection. Natural killer (NK) cells are large granular lymphocytes that comprise 

approximately 10-15% of peripheral blood mononuclear cells [6].  NK cells are an 

important component of the innate immune response against certain viruses, which 

include HSV-1, CMV, and HCV, and can selectively eliminate virally infected cells [7-

9].  NK cells represent a distinct population of non-classical lymphocytes that do not 

express RAG-1 or RAG-2 genes and thus, are unable to undergo T or B cell receptor 

gene rearrangements [10-12]. NK cells possess a limited number of non-antigen specific 

receptors regulated by the presence or absence of MHC molecules on the surface of host 

cells.  Inhibitory receptors, such as the Ly49 family of inhibitory receptors or the 

CD94/NKG2A heterodimer, recognize MHC Class I molecules present on the surface of 

target cells [13]. The dominant signal for NK cell function is inhibitory and occurs when 

NK cell inhibitory receptors interact with MHC class I molecules present on the surface 

of target cells [14]. Absence of MHC class I expression, which occurs as a consequence 

of transformation or viral infection, prevents the transduction of inhibitory signals to the 
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NK cells [15-17]. Instead, activating receptors, such as Ly49D, Ly49H, or NKG2D, 

engage with kinase-associated adaptor molecules such as DAP-10 and DAP-12, and 

initiate NK cell activation and lysis of susceptible target cells [15, 18].   

 

Activation of NK Cells 

 

NK cells kill target cells in response to a variety of stimuli that elicit expression of 

stress proteins and thus, in addition to their role in clearance of malignant or virally 

infected cells, NK cells play a role in killing cells injured by drugs or other agents [19].  

The NK cell activation receptor NKG2D is expressed on all NK cells and various T cell 

subsets, including NKT cells, and is up-regulated by cytokines, such as IL-15 [20, 21]. 

Upregulation of NKG2D ligands, such as MICA, MICB, and Rae-1, on transformed or 

virally infected hepatocytes and binding of these ligands with the NKG2D receptor leads 

to the activation of NK cells [22]. Furthermore, stress, such as heat shock and genotoxic 

stress lead to the upregulated expression of NKG2D ligands on the surface of altered 

hepatocytes [23]. NK cell-mediated cytotoxicity is important in limiting certain viral 

infections, such as MCMV [7-9]. Recognition of HCV proteins by activation receptors 

can activate NK cells to release soluble factors, such as IFN-γ, that inhibit HCV 

expression [24].  
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Effector Functions of NK Cells 

 

Once activated, the anti-viral functions of NK cells operate via two direct effector 

mechanisms, cytolysis and cytokine production [7, 25].  Cytolysis is a calcium-dependent 

process that involves the exocytosis of cytolytic granules containing serine proteases, 

such as granzyme B, and pore forming proteins such as perforin, to induce apoptosis in 

virally infected cells [26]. The releases of cytokines, such as TNF-α, by the activated NK 

cell have a direct anti-viral effect on the target cell by inducing TNF death receptor 

pathway mediated apoptosis. Remnants of these virally infected cells are recognized as 

“danger signals” by the host immune system and result in the activation of nearby NK 

cells. Secretion of high levels of interferon-gamma (IFN-γ) by the activated NK cell, in 

combination with other anti-viral and immunoregulatory cytokines, such as transforming 

growth factor β (TGF-β), granulocyte macrophage colony stimulating factor (GM-CSF), 

IL-3, IL-10, and IL-13, can amplify the immune response against viral infection and aid 

in the elimination of the intracellular pathogens [7, 25].  

 

Hepatic NK Cells 

 

Hepatic NK cells, or “pit” cells, are prominent components of the resident liver 

lymphocyte population, accounting for up to 50% of the total lymphocyte population in a 

non-diseased liver (Figure 3) [27-30]. During viral infection or hepatic malignancy, the 

NK cell population is greatly increased and can account for up to 90% of the hepatic 

lymphocyte population [31, 32]. Phenotypic studies have illustrated that the majority of 
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human hepatic NK cells do not express CD16, but express inhibitory receptors as well as 

CD94 [28, 30]. NK cells amplify hepatocellular injury initiated by non-infectious causes 

of liver injury [33]. The number of NK cells is increased during the acute phase of 

hepatitis, however, the NK cell population is diminished during the chronic phase of liver 

infection [28, 34]. Hepatic NK cells play a role in the disposal of infected and malignant 

hepatocytes, as illustrated in Figure 1 [35, 36]. Recent studies have noted that inhibitory 

NK cell interactions are important in outcome of viral hepatitis and that diminished 

inhibitory responses (i.e. more vigorous NK responses) are associated with greater 

probability of clearing hepatitis C after acute infection [9]. Patients homozygous for killer 

cell immunoglobulin like receptor 2DL3 (KIR2DL3) and group 1 HLA-C alleles are 

more likely to recover from HCV infection than individuals with any other KIR-HLA 

compound genotype [37]. Furthermore, it has been observed that patients with lower NK 

activation thresholds may be rendered more likely to clear HCV [9].   As fully 

differentiated granzyme B expressing NK cells reside in the normal liver and are poised 

to promptly eliminate injured hepatocytes expressing appropriate stress protein ligands 

for NK cell activating receptors, regulation of granzyme B mediated apoptosis during the 

course of ischemic or toxin induced liver injury is also likely of importance in 

determining the magnitude of liver injury.  
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Cytotoxic T Lymphocytes 

 

Characteristics and function 

 

Cytotoxic T lymphocytes (CTL) are effector cells of the adaptive immune 

response that eliminate virally infected or transformed cells.  CTL are activated by cross-

presentation, in which exogenous antigens are processed and presented by MHC class I 

molecules expressed on antigen presenting cells (APCs) such as dendritic cells that also 

express other co-stimulatory ligands, in conjunction with MHC class I /peptide antigen 

binding to the CD8/TCR complex, that are capable of activating naïve T cells (Figure 1) 

[38]. Folowing acitavtion and differentiation, effector functions of CD8+ CTL can be 

triggered by engagement of the CD8/TCR complex alone. Antigen processing converts 

protein antigens derived from the cytosol into peptides, which are loaded onto MHC 

molecules and displayed to CD8+ T lymphocytes. This allows for rapid detection of 

viruses, intracellular pathogens, or altered protein synthesis by abnormal cells. The 

processed cytosolic peptides bind to the MHC class I molecule and this MHC-peptide 

complex moves through the Golgi apparatus and is displayed on the surface of the cell 

where it interacts with the T cell receptor and CD8.  CTL inspect the peptide repertoire 

presented by MHC class I molecules present on the surface of target cells and become 

activated by cells that present non-self proteins or abnormal self-proteins [39]. Upon 

recognition of cytosolically derived viral peptides as well as a costimulatory signal from 

the APC, class I restricted CD8+ T lymphocytes become activated and mediate the 

cytolysis of the infected cell.  Once activated, the anti-viral functions of CTL, similar to 
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NK cells, operate via two direct effector mechanisms, cytolysis and cytokine production 

[7, 25, 40]. CTL can release cytokines, such as IFN-γ and IL-12, that influence the 

development of other effector cells and further mediate the immune response [40].  

Moreover, CTL can induce apoptosis in virally infected cells by granule exocytosis and 

by expression of fas ligand or related ligands for death receptors [41]. CTL numbers 

decrease at the conclusion of the viral infection, with a small subset of cells persisting as 

antigen specific memory T lymphocytes cells that can rapidly respond to a secondary 

challenge by the same pathogen [40].  

 

Hepatic Cytotoxic T Lymphocytes 

 

Increased numbers of activated CTL are present in the liver during systemic and 

localized immune responses [42]. These cytotoxic effector cells play an essential role in 

the clearance of noncytopathic viruses from infected tissues, as illustrated in Figure 1 [43, 

44]. In response to IFN-γ, CTL can facilitate Fas-ligand and perforin mediated liver cell 

destruction [45]. Moreover, IFN-γ production by activated CTL can down regulate HBV 

replication [46]. Production of these anti-viral cytokines may limit virus replication and 

viral antigen presentation in hepatocytes without killing them, and thereby minimize CTL 

induced damage. In a recent study to determine the immune cells that contribute to HBV-

clearance during anti-viral therapy illustrated that the intrahepatic CD8+ T lymphocyte, 

but not the CD4+ or NK/NKT cell response, is important for HBV clearance  [47, 48]. 

An early efficient immune response involving CTL may result in the lysis of virally 

infected hepatocytes, while causing a transient, acute hepatitis. Patients who 
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spontaneously recover from HBV or HCV infection typically have vigorous multi-

epitope-specific CD8+ T cell responses that are readily detectable in blood samples [37]. 

They are also more likely to develop clinical illness and jaundice following initial 

infection than are subjects who fail to clear HBV or HCV infection [37]. In contrast, 

weaker CTL responses lead to incomplete lysis of virally infected hepatocytes and 

continuing replication of viral particles in those hepatocytes [49]. Patients with chronic 

HBV or HCV tend to have late, transient or nominally focused CD8+ T cell responses 

[37]. 

 

MECHANISMS OF LYMPHOCYTE MEDIATED CYTOTOXICITY  

 

Granule Exocytotosis Cytotoxicity Pathway 

 

The first morphological feature of CTL and NK cells associated with cytotoxic 

effector function is the presence of specialized cytolytic granules. After adhesion of a NK 

cell or CTL to the surface of a target cell, the plasma membranes connect, these 

specialized cytolytic granules migrate to the side of the effector cell adjacent to the target 

cell, and perforin and granzymes within these granules are secreted and internalized by 

the target cell (Figure 3) [50]. Granzymes are synthesized as zymogens and are processed 

in the lysosomes from inactive pro-enzymes into active enzymes by dipeptidyl peptidase 

I, which possesses hydrolytic activity at low pH [51, 52]. Granzyme activity, which is pH 

dependent, remains low under acidic conditions and increases as the pH passes neutrality 

into alkalinity [53]. Therefore, granzymes are highly activated following release from the 
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secretory granules into the cytoplasm. This calcium dependent release of cytolytic 

effector molecules has been regarded as the dominant pathway for clearing viral 

infections from extrahepatic sites [54]. 

 

Perforin 

 

Perforin is a pore forming protein that, under the control of calreticulin, forms 

pores in the target cell membrane, which facilitates the entry of granzymes into the target 

cell and/or release of granzymes from endocytic vesicles [55, 56]. Recent work has 

illustrated that after CTL granule exocytosis into the immunological synapse, perforin 

creates pores in the target cell membrane, which allows calcium to enter  into the cell, and 

trigger a ‘wounded membrane repair response’ in which internal vesicles donate their 

membranes to reseal the damaged membrane [57]. Perforin triggers rapid endocytosis of 

granzymes that play a critical role in initiating apoptotic cell death either directly via the 

mitochondria or by means of activating cellular caspase-dependent or independent 

pathways [58]. At low “sublytic” concentrations, perforin delivers granzymes to induce 

apoptosis, while at higher “lytic” concentrations, perforin induces necrotic death that is 

independent of granzymes [57].  

 

Granzymes  

 

Apoptosis of a viral or malignant target cells by cytotoxic T lymphocytes depends 

critically on the concerted actions of perforin and granzymes [59].  Granzymes are 
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homologous, serine proteases with diverse substrate specificities present in the cytotoxic 

granules secreted by NK cells and CTL [60]. The function of each granzyme is 

determined by its substrate specificity and cleavage site [61]. Granzymes A and B can 

independently and synergistically induce apoptosis in a perforin-dependent manner [62].  

 

Granzyme A 

 

Granzyme A is a serine protease that exhibits tryptase activity and preferentially 

cleaves adjacent to basic residues, such as arginine and lysine [63]. Induction of 

apoptosis by granzyme A is caspase independent and does not result in alterations to 

mitochondrial membrane potential or release of cytochrome C [62, 64]. During the 

induction of apoptosis, granzyme A targets the SET complex, which is composed of 

tumor suppressor proteins, pp32 and NM23-H, as well as the nucleosome-assembly 

protein SET, the DNA-binding protein HMG2, and the base excision repair enzyme 

APE1 [65]. Cleavage of these substrates by granzyme A results in a decreased ability to 

activate transcription-related DNA repair [65]. Additional substrates include the linker 

histone H1, which enhances DNA fragmentation by exogenous nucleases, and lamin B, 

which results in a disruption of the nuclear envelope [66]. Granzyme A deficient mice are 

highly susceptible to infection with poxvirus and are unable to prevent interneuronal 

spread of herpes simplex virus infection [63, 67]. 
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Granzyme B 

 

Granzyme B is unique among mammalian serine proteases in that it functions as 

an aspase and preferentially cleaves at the carboxyl side of acidic residues, specifically 

aspartic acid [68]. Granzyme B is the main, if not only “rapid kinetics” mechanism of 

killing, with apoptosis observed within minutes of interaction with target cells [69]. 

Catalytic activity of granzyme B is dependent on a serine residue present at the active site 

[70]. Granzyme B is internalized by receptor mediated endocytosis, and released from 

endocytic vesicles into the cytoplasm through perforin formed pores [56, 71, 72]. Once 

inside the cytoplasm of a target cell, granzyme B can cleave both cytoplasmic and 

nuclear substrates to induce apoptosis [73]. Granzyme B can induce apoptosis by direct 

activation of caspases, such as caspase 3/CPP32 [74]. While it has been shown that 

granzyme B can cleave caspase-6, -7, -8, -9, and -10 in vitro, it is believed that caspase-3 

is the preferred substrate in vivo [75, 76]. Upon cleavage, caspase 3 cleaves additional 

pro-apoptotic substrates, such as poly (ADP-ribose) polymerase (PARP) and inhibitor of 

caspase-activated DNase (ICAD), which results in cytoskeletal changes and DNA 

fragmentation [77, 78]. Granzyme B can also directly cleave several downstream pro-

apoptotic caspase substrates which include poly (ADP-ribose) polymerase (PARP) and 

inhibitor of caspase-activated DNase (ICAD) [73].  

 

In addition, granzyme B can also initiate caspase-independent apoptosis by 

distinct cleavage of the proapoptotic molecule, BID (BH3-interacting domain), which, 

when cleaved, destroys mitochondrial membrane integrity and results in the release of 
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cytochrome C from the mitochondria [79]. Mitochondrial perturbation in response to 

granzyme B is essential for caspase activity to reach thresholds sufficient to kill the cell 

[80]. BID-mediated mitochondrial damage can be inhibited by overexpression of anti-

apoptotic BCL-2 [81]. 

 

Dipeptidyl Peptidase I (DPPI) 

 

Both granzyme A and B are synthesized as inactive zymogens and require the 

removal of its pro-dipeptide by cathepsin C/ dipeptidyl peptidase I (DPPI) for activation. 

Dipeptidyl peptidase I (DPPI) is a lysosomal cysteine-class hydrolase that removes the 

amino terminal dipeptides from the prodipeptide domain of granzyme B and multiple 

additional neutral serine proteases expressed in effector granules of bone marrow derived 

effector cells [51, 52]. DPPI is required for the processing and activation of granzymes A 

and B [52, 82]. Mice lacking DPPI contain normal amounts of granzymes A and B, 

however, these granzymes retain their prodipeptide domains and are inactive [52, 82]. 

DPPI gene expression is up-regulated in response to stimuli that elicit cytotoxic 

lymphocyte functions and is coordinately expressed with granzymes during CD8+ T cell 

development and differentiation [83, 84]. 

 

Virally infected hepatocytes are resistant to the perforin pathway 

  

Mice with defects in perforin/granzyme effector mechanisms exhibit delayed 

clearance of a number of viral infections from extra-hepatic sites, but experience no delay 
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in clearance of recombinant adenoviral vectors from the liver [85]. Further, murine liver 

injury that occurs during the course of viral infection proceeds unabated in perforin-

deficient mice [85, 86]. This appears to be related to the resistance of virally infected 

hepatocytes to killing by perforin and granzyme-dependent cytotoxic effector pathways 

which results in a more prominent role for Fas ligand and TNF receptor -mediated killing 

mechanisms in clearance of viral infection in the liver [85, 87, 88]. 

 

Death Receptor Mediated Cytotoxicity Pathway 

 

The death receptor pathway, as illustrated in Figure 3, is utilized by cytotoxic T 

lymphocytes to mediate cytotoxicity of virally infected or tumor transformed 

hepatocytes. The tumor necrosis factor receptor family (TNFR) is composed of type I 

transmembrane receptors containing cytoplasmic death domains that upon engagement 

with their ligands activate caspase-signaling pathways leading to apoptosis [89]. Death 

receptor ligands present on the surface of activated CTLs, such as Fas ligand, Trail, or 

TNF, engage with Fas, DR5, or TNF receptors on target cells, causing them to undergo 

apoptotic cell death [41, 89].  Upon binding, a cascade of interactions between 

cytoplasmic molecules leading to the formation of the death-induced signaling complex 

(DISC) and subsequent caspase-8 activation [90-92]. Caspase-8 can either induce 

apoptosis directly, by the activation of caspase 3, or indirectly, by the induction of 

cytochrome C release from the mitochondria and subsequent caspase cascade [93]. In 

contrast to perforin/ granzyme mediated cytotoxicity pathway, which is calcium 

 13



dependent, death receptor based cytotoxicity is calcium-dependent for its induction, but 

calcium is not required for its completion [41]. 

 

Liver injury and suppression of viral gene expression involves Fas and TNFR1-

Dependent Pathways   

 

 Infections of the liver with viruses induce host responses that result in hepatic 

inflammation and an increase in the release and circulation of liver enzymes. Mice with 

defects in the Fas ligand/Fas or other death receptor pathways exhibit delayed clearance 

of adenoviral vectors from the liver but not from the lung [54, 94]. Liver injury during the 

course of viral infection, results primarily from the concerted action of cytotoxic effector 

cells in their attempt to eliminate the viral infection [95]. Previous work has illustrated 

that the Fas and TNF-α mediated mechanisms are essential for this form of liver injury to 

occur [86].  Furthermore, treatment of virally infected mice with TNF-binding protein 

resulted in decreased liver injury [86].  

 

Importance of Regulation 

 

The two most common viral causes of chronic hepatitis in humans, hepatitis B and 

hepatitis C virus, are both largely noncytopathic viruses that induce significant 

hepatocellular injury only after generation of host antiviral NK and CTL responses that 

are illustrated in Figure 1 [96]. During the course of acute hepatitis B or hepatitis C virus 

infection in humans, antiviral cytokine responses typically precede induction of 
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prominent CTL responses [96].  While the immune response is necessary for viral 

clearance, excessively vigorous cytopathic immune responses can result in severe liver 

damage. Hepatic inflammation during viral infection can become extensive and severe, 

resulting in acute liver failure and death [96]. Persistence of viral infection may lead to 

chronic hepatitis mediated by insufficient CTL activity or continuous degeneration and 

regeneration of liver tissue results in cirrhosis with an elevated risk of hepatocellular 

carcinoma [3]. Therefore, mechanisms that regulate cytotoxic immune responses to viral 

infection in the liver are of importance in determining the clinical course that evolves 

after infection by hepatotropic viruses.  

 

Serine Proteinase Inhibitors 

 

Structure and Function 

 

Mammalian serine proteinase inhibitors, or serpins are a superfamily of proteins 

originally identified in eukaryotes as inhibitors of serine proteases [97]. Serpins share 

similar structural characteristics (Figure 4) and function by forming a tight, irreversible 

complex with target proteases [98]. Serpins are metastable proteins that serve as ideal 

pseudo-substrates and function to regulate proteolytic enzymes [99]. The reactive center 

loop (RCL) of each serpin serves as a cleavage site for the target protease [100] and the 

specificity of each serpin is defined by the sequence of amino acids present at the reactive 

center, between two amino acids designated P1 and P1’ [101]. The residues surrounding 

the cleavage site contribute to the affinity of the interaction; however the P1 residue 
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largely contributes to the specificity and efficiency of the serpin-proteinase interaction 

[102].  Serpins irreversibly bind to the active site of their cognate proteinases with high 

association rates [97, 100, 101].  Inhibition of a proteinase by a serpin requires cleavage 

between the P1 and P1’ residues of the RCL, which induces a rapid conformational 

change within the serpin that translocates the proteinase to the opposite end of the serpin 

[101, 103].   

 

Most serpins are inhibitory and as illustrated by squamous cell carcinoma antigen-

1 (SCCA-1) or myeloid erythroid nuclear termination (MENT) protein, are not restricted 

to binding to serine proteinases alone [104, 105]. Other serpins, such as angiotensinogen 

and maspin, perform non-inhibitory roles necessary for hormone delivery and the 

inhibition of metastasis, respectively [106, 107]. 

 

Plasma Serpins 

 

Initial work to define the mechanism by which serpins inhibit target proteinases 

centered mostly on plasma serpins, which regulate the proteolytic cascades involved in 

blood coagulation and inflammation [98].  Plasma serpins, such as antithrombin, have an 

important role in maintaining vital processes, such as blood clotting [97]. Cofactor 

binding modulates the regulatory functions of plasma serpins, as illustrated by enhanced 

inhibitory activity of antithrombin post binding with heparin  [108]. 
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Ovalbumin (ov) Serpins 

 

Intracellular serpins, such as proteinase inhibitor 8 (PI-8), plasminogen activator 

inhibitor (PAI-2), and proteinase inhibitor 9 (PI-9), are a sub-group of serpins, termed the 

ovalbumin (ov) serpins, which have shorter amino and carboxyl terminal regions then 

plasma serpins [109, 110]. Ov-serpins lack classical secretory signal peptides and are 

intracellular proteins that are distributed in the cytosol or within the nuclear 

compartment. In some instances, low levels of secretion of several ov-serpins can occur 

and is mediated by nonconventional signaling sequences, such as classical nuclear 

localization sequences (NLS) [97, 111]. Some intracellular serpins interact with serine or 

cysteine proteases and in several instances, by utilizing different P1 residues present in 

the RCL, may inhibit more than one proteinase [112].  

 

One of the best characterized example of a ov-serpin is CrmA, an intracellular 

serpin produced by the cowpox virus to circumvent the host immune response and 

prolong viral infection [113, 114]. Similar to other intracellular serpins, CrmA does not 

have an amino terminal signal peptide, but can exist in both intracellular and extracellular 

forms [115]. CrmA exhibits the potential for cross-class inhibition, and therefore, can 

inhibit both cysteine proteinases and serine proteinases, and subsequently inhibit cytokine 

maturation and apoptosis [105, 113].  The primary target of CrmA is caspase-1, which 

cleaves pro-IL-1β. However, it also has been shown that CrmA can inhibit death receptor 

mediated apoptosis by inhibiting pro-apoptotic caspases [112, 114]. Additional studies 
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have further illustrated its preference to inhibit caspases that are involved in cytokine 

processing and Fas-mediated apoptosis [116, 117]. 

 

Proteinase Inhibitor 9 (PI-9) 

 

Discovery and characterization 

 

Proteinase inhibitor 9 (PI-9) is a 42 kDa serpin encoded by a gene located on 

human chromosome 6. PI-9 has the structural characteristics unique to the ovalbumin 

family of intracellular serpins [109, 118, 119]. Initially characterized in a human 

placental λgt11 cDNA library, PI-9 is the first human serpin identified with an acidic 

residue, specifically glutamic acid, in the P1 position of the reactive center loop [109].  

The presence of an acidic residue in the P1 position in the RCL of PI-9 predicted an 

interaction with granzyme B, which specifically cleaves after glutamic acid residues 

[120]. Additional residues, such as the P4-P4’ region of the RCL are important for the 

interaction with granzyme B and specifically, the glutamic acid present in P4’ residue is 

necessary for efficient serpin-proteinase binding [121]. Analysis of the serpin-proteinase 

interaction has illustrated that PI-9 forms an irreversible, SDS-resistant complex with 

granzyme B [120]. Moreover, overexpression studies of PI-9 have illustrated that it can 

efficiently inhibit granzyme B and thereby, prevent perforin / granzyme B mediated 

killing by CTL [122]. Furthermore, PI-9 selectively inhibits granzyme B and does not 

affect Fas or TNF-mediated apoptosis [116, 117, 122]. Additional research has indicated 

 18



that PI-9 can also inhibit bacterial trypsin-like serine proteinases, such as subtilisin A 

[123].  

 

The reactive center loop of PI-9 exhibits greater than 50% homology to cytokine 

response modifier A (CrmA), a cytosolic cysteine proteinase produced by the cowpox 

virus that can prevent apoptosis by inhibiting the interleukin-1β converting enzyme (ICE) 

[124-127].  Mutation of the glutamic acid residue present in the P1 position to an aspartic 

acid, similar to target residue present in the RCL of CrmA, results in less efficient 

inhibition of granzyme B and more effective caspase inhibition [68, 122]. Additional 

research has shown that similar to CrmA, PI-9 can inhibit cysteine proteinases, such as 

caspase-1 and to a smaller extent, caspase-4, but not caspase-3 [128-130].  

   

 

Cellular Localization of PI-9 

 

PI-9 is an intracellular serpin located in both the cytoplasm and nucleus [131]. PI-

9 does not contain a classical NLS and its nuclear import is an active process that requires 

cytosolic factors, such as the export receptor Crm1p (exportin), for export [131].  Given 

the fact that granzyme B has both cytoplasmic and nuclear protein substrates, the 

presence of PI-9 in both the cytoplasm and nucleus is consistent with its protective role 

against granzyme B and allows PI-9 to effectively bind and inhibit granzyme B [73, 131]. 

Analysis of PI-9 localization within cytotoxic lymphocytes has illustrated that PI-9 is not 

present within cytotoxic granules and instead, co-localizes with cytotoxic granules in the 
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cytoplasm of NK cells and CTL, which is consistent with its role as a cytoprotective 

protein that can rapidly inactivate mistargeted granzyme B [120, 132].  

 

Cellular and Tissue Distribution of PI-9 

 

Initial evaluations of human tissues for PI-9 expression revealed high levels of 

expression in spleen, lung, and a variety of immune-privileged sites, such as ovary, 

placenta, and testis, but did not reveal high levels of PI-9 expression in normal liver [133-

138]. Examination of PI-9 mRNA expression and distribution revealed that it is highly 

expressed in lymphocytes, with the highest levels in natural killer cell lines and IL-2 

stimulated peripheral blood mononuclear cells [120]. Furthermore, expression of PI-9 in 

dendritic cells, endothelial cells, and antigen presenting cells may serve to protect 

bystander cells against mistargeted granzyme B [139-142]. Constitutive expression of PI-

9 in some tumors and tumor-derived cell lines enhances their ability to evade perforin and 

granzyme B mediated apoptosis [143-145]. High levels of PI-9 expression have also been 

detected in Epstein Barr Virus (EBV) transformed B lymphocytes and may serve as a 

mechanism to circumvent the immune system [146].  In addition, levels of PI-9 mRNA 

expression in urinary cells correlates with the severity of renal allograft rejection and may 

predict the functional outcome following acute rejection [147]. Moreover, expression of 

PI-9 in activated mast cells may serve to protect these cells against granzyme B mediated 

apoptosis during inflammatory responses [140]. 
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Transcriptional Regulation of PI-9 

  

Knowledge of factors that regulate PI-9 expression is still limited. Previous in 

vitro work has indicated that PI-9 is an estrogen-inducible gene that can undergo 

transcriptional upregulation in human hepatoma cells (HepG2-ER7) and in cultured 

human liver biopsies [148]. Mutational analysis of the PI-9 promoter has identified an 

estrogen-responsive element within the first intron [129, 149]. Estrogen regulation of PI-

9 is consistent with its presence in ovary, endometrium, and placenta and may contribute 

to protection from cytotoxic lymphocytes [150]. In addition, estrogen regulation of PI-9 

in the liver may play a role in protecting uninfected hepatocytes from NK cell and CTL 

mediated cytotoxicity during viral infection in the liver [148]. Furthermore, the presence 

of estrogen receptors on the surface of CTL as well as the augmented cytolytic activity 

post anti-estrogen treatment also indicates a role for PI-9 in protecting CTL from self-

suicide [151, 152]. Recent work has indicated that estrogen induction of PI-9 can protect 

cells against apoptosis mediated by NK cells and CTL [153]. However, the absence of 

reports of gender differences in in vivo PI-9 expression argues that other means of 

transcriptional regulation are important in determining PI-9 expression patterns. Taken 

together, the expression of PI-9 during viral infection may serve as a mechanism to 

protect bystander cells from perforin/granzyme B mediated killing by NK cells and CTL 

[145, 154]. 

 

 Additional research has illustrated that PI-9 is regulated by the activated protein-1 

(AP-1) and nuclear factor-κB (NF-κB) transcription factors. Mutational alteration of the 
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AP-1 and NF-κB binding sites within the promoter region abolishes basal and pro-

inflammatory cytokine induced expression of PI-9 in human hepatoma cells [155]. AP-1 

and NF-κB involved in the modulation of cellular processes that are involved in 

inflammation and host immune responses [156, 157]. Production of IL-1β in HepG2-ER7 

cells treated with pro-inflammatory agents such as lipopolysacharide (LPS) and TNF-α  

leads to the induction of the gene encoding PI-9 [155].  

 

Serine Proteinase Inhibitor 6 (SPI-6) 

 

Discovery and characterization 

 

The murine orthologue of PI-9, serine proteinase inhibitor 6 (SPI-6), is a gene 

located on murine chromosome 13 and similar to PI-9, is a member of the ovalbumin 

family of serpins [158].  SPI-6 expression was identified from mouse reproductive tissue 

and found to share greater than 90% homology to PI-9 [159]. SPI-6 contains a glutamic 

acid present at the P1 residue of the RCL and has been shown to efficiently bind and 

inhibit the enzymatic action of granzyme B [158].  Similar to PI-9, SPI-6 does not 

contain a secretory signal sequence and therefore, is located in the cytoplasm [120, 158].  

 

In contrast to the human genome that appears to contain only a single serpinB9 

gene, the murine genome contains multiple serpinB9 homologues[158, 159]. With the 

exception of SPI-6/serpinb9, these homologues, serpinb9b, serpin9c, serpin 9d, serpin 9f, 

and serpin 9g, do not contain an obvious negatively charged residue in the reactive center 
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loop. Recent work has illustrated a role for serpinb9b as an inhibitor of granzyme M, 

however, similar functional roles for the additional putative PI-9 homologues has not 

been elucidated [160]. 

 

Cell and tissue distribution 

  

SPI-6 is an inhibitor present in immune-privileged cells, antigen-presenting cells, 

and cytotoxic T cells that protects against the actions of granzyme B [142, 161, 162]. 

Initial survey of mouse tissue revealed high levels of SPI-6 expression in immune-

privileged sites, such as the placenta and eye [139, 158]. SPI-6 expression is upregulated 

upon maturation of dendritic cells and its overexpression has been shown to protect 

tumor cells from CTL mediated cytotoxicity [142, 145, 163]. Examination of SPI-6 

mRNA expression and distribution revealed that it is highly expressed in lymphocytes, 

with the highest levels in natural killer cell lines and IL-2 stimulated peripheral blood 

mononuclear cells [120]. SPI-6 is expressed by metabolically active CD8+ memory T 

cells and affords protection from autocrine effector molecules [161].  Recent studies have 

observed that an absence of SPI-6 during viral infection results in a breakdown in 

cytotoxic granule integrity and increased cytoplasmic granzyme B, which results in 

higher levels of apoptosis [162].  
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Evidence of a cytoprotective role for PI-9 and SPI-6 during viral infections in the liver 

 

As fully differentiated granzyme B expressing NK cells reside in the normal liver 

and are poised to promptly eliminate injured hepatocytes expressing appropriate stress 

protein ligands for NK cell activating receptors, regulation of granzyme B mediated 

apoptosis by serpinb9/SPI-6 expression during the course of ischemic or toxin induced 

liver injury is also likely of importance in determining the magnitude of liver injury. As 

previously mentioned, when expressed by tumor cell lines, PI-9 [122, 143, 153, 163] and 

SPI-6 [163] confer resistance to perforin/granzyme B mediated killing by CTL and NK 

cells. PI-9 and SPI-6 selectively inhibit granzyme B, but do not affect Fas and TNF-

mediated apoptosis [122]. Initial surveys of human or mouse tissues for PI-9 or SPI-6 

expression revealed high levels of expression in immune-privileged sites, but did not 

reveal high levels of PI-9 or SPI-6 expression in normal liver [139, 158]. Transfection of 

tumor cells with a plasmid that constitutively expresses PI-9 or SPI-6 results in resistance 

to perforin / granzyme B mediated cytotoxicity by activated hepatic NK cells [145]. 

Threfore, the induction of PI-9 or SPI-6 during viral hepatitis may serve as a mechanism 

to protect hepatocytes from perforin/granzyme mediated killing by NK cells and CTL. To 

evaluate this hypothesis, the current studies were performed to assess whether factors 

present during hepatici viral infections and the associated antiviral immune responses 

might induce the expression of PI-9 or SPI-6 in human or murine liver cells and thereby 

explain resistance of virally infected liver cells to perforin and granzyme-dependent 

hepatotoxicity. In addition, the proposed studies also evaluated the role of SPI-6 

expression in protecting hepatocytes from perforin/granzyme mediated cytotoxicity by 
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NK cels and CTL during viral infection of the liver and evaluated the relationship, if any, 

that exists between granzyme B and SPI-6 expression during cytotoxic lymphocyte 

mediated immune responses in the liver. 
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Figure 1: Involvement of NK cells and CTL in the initiation and resolution of 

inflammatory responses.  Pathogens are taken up by immature dendritic cells, leading to 

their activation. Maturing dendritic cells release a variety of cytokines that act on NK 

cells. Cytokines and cell contact signals induce NK cell survival, activation, proliferation, 

and cytokine production. Mature, highly activated NK cells can directly lyse virally 

infected or abnormal cells. Mature dendritic cells prime naïve T cells and induce CD8+ 

cytotoxic T cell (CTL) responses. Adapted from [164].
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Figure 2: Lymphocyte populations in resting human liver. The main lymphocyte 

populations present in the liver are NK and T cells. Adapted from [27].
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Figure 3: Mechanisms of lymphocyte mediated cytotoxicity. There are two main 

pathways involved in lymphocyte mediated cytotoxicity: The death receptor pathway 

involves the engagement of death receptors present on the surface of target cells with 

their conjugate ligands present on the surface of the CTL. Binding leads to the activation 

of caspase cascades and ultimately, the induction of apoptosis with the target cell. The 

other pathway is the granule exocytosis pathway involves the secretion of cytoloytic 

granules by the CTL that are endocytosed by the target cell. Once inside the target cell, 

these cytolytic granules are released into the cytosol, where they cleave pro-apoptotic 

substrates and induce apoptosis within the target cell. (Figure courtesy of Dwain Thiele). 
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Figure 4: Structural properties of serpins. (A) The reactive center loop (RCL), as 

shown in pink, of each serpin serves as a cleavage site for the target protease and the 

specificity of each serpin is defined by the sequence of amino acids present at the reactive 

center, between two amino acids designated P1 and P1, as shown in red and yellow. (B) 
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Inhibition of a proteinase by a serpin requires cleavage between the P1 and P1’ residues 

of the reactive center loop, which induces a rapid conformational change within the 

serpin that translocates the proteinase to the opposite end of the serpin. 
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CHAPTER II: MATERIALS AND METHODS 

 

Mice: 

 

C57BL/6J (B6), B6Smn.C3H-FasL(gld) (B6.gld), perforin knockout (B6.pfp), and FVB/NJ 

mice were obtained from The Jackson laboratories (Bar Harbor, ME). Granzyme B 

knockout mice backcrossed on the B6 background for 20+ generations (B6.gzmb-/-) were 

generously provided by Dr. Timothy Ley (Washington University) [165]. Dipeptidyl 

peptidase 1 (B6.dpp1-/-) were generously provided by Dr. Christine Pham (Washington 

University). Mice used in individual experiments were age and sex matched and used 

before 12 weeks of age.  No gender differences in levels or regulation of SPI-6 

expression were noted in these experiments. Mice used in individual experiments were 

age and sex matched and used before 12 weeks of age.  All animal studies were carried 

out in compliance with accepted standards of humane animal care and were approved by 

the UT Southwestern Institutional Animal Care and Use Committee. 

 

Cells and culture conditions: 

 

Mouse AML-12 cells (ATCC, Manassas, VA, H-2KbDq [166]) were cultured in DMEM 

and F12 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 

(FBS, Life Technologies, Gaithersburg, MD), 40 ng/ml dexamethasone (Sigma-Aldrich, 

St. Louis, MO), and insulin (0.005 mg/ml) - transferrin (0.005 mg/ml) – selenium 

(5ng/ml) (Invitrogen). Human Huh-7 hepatoma cells [167] were cultured in DMEM 
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(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Life 

Technologies). All cell lines were maintained in 25cm2 tissue culture flasks (Corning 

Inc., Corning, NY) at 37°C in a humidified, 5% CO2 atmosphere. 

 

Lymphokine activated killer (LAK) cell generation: 

 

Red blood cell depleted, single-cell splenocyte preparations suspended in RPMI medium 

(Invitrogen, Carlsbad, CA) containing 10% FBS (Life Technologies, Inc., Gaithersburg, 

MD) were incubated on nylon wool columns at 37°C, 5% CO2 atmosphere for 1 hour. 

Non-adherent cells were eluted from each column and cultured with recombinant human 

IL-2 (Biological Resources Branch, National Cancer Institute, Frederick Cancer Research 

Development Center (Frederick, MD) in RPMI 1640 medium with 10% fetal bovine 

serum.  Adherent cells were collected at 24-48 hours post plating and used as effector 

cells in 4-6 hour chromium release assays. 

 

Generation of allospecific CTL:  

 

In vitro-activated allospecific CTL were generated in 5-day mixed lymphocyte culture 

(MLC) containing 10-12 million responder spleen cells from B6.gld (H-2b) mice and an 

equal number of irradiated FVB (H-2q) stimulator spleen cells to generate anti-H-2q 

specific CTL. CTL were cultured in RPMI (Invitrogen) containing MMA (HEPES (5 

mM),  sodium pyruvate (1 mM), 2-β-mercaptoethanol (5 nM)) [168].  
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Isolation of intrahepatic lymphocytes  

 

The abdomen of anesthetized mice was entered under sterile technique, the portal vein 

was cut, and abdominal portion of the vena cava was perfused with 20-ml Ca2+- and 

Mg2+- free phosphate buffer solution pre-heated to 37°C. The liver was removed and 

passed through a 40 mesh pore size screen, then a 300 mesh pore size screen (VWR 

Scientific, Bridgeport, NJ) [169, 170]. The cell suspension was centrifuged 1500 rpm for 

15-min, and the cell pellet was resuspended in 40% Percoll (Amersham Biosciences, 

Piscataway, NJ) and underlayed with an equal volume of 70% Percoll. The cell 

suspension was centrifuged at 2400 rpm for 20-min and lymphocytes were isolated from 

the 40-70% interface. Cells were washed with RPMI medium (Invitrogen).  

 

Isolation of murine hepatocytes: 

 

Primary murine hepatocytes were isolated from anesthetized mice that underwent 

laparotomy. A 20-gauge, 1.16 in catheter (BD Medical Systems Inc. Sandy, UT) was 

introduced into the inferior vena cava through the right atrium [171]. The portal vein was 

then severed, the catheter was connected to a peristaltic pump, and the liver was perfused 

at 5 ml/min for 2 min with preperfusion buffer (NaCl (0.14 M), KCl (5.4 mM), Na2HPO4 

(0.8 mM), HEPES (25 mM), EGTA (12.5 mM), sodium pyruvate (2.3 mM), L-glutamine 

(2.3 mM), and D-glucose (0.5 mM) pH 7.4). The liver was then perfused for 10 min with 

the perfusion medium (NaCl (0.14 M), KCl (5.4 mM), Na2HPO4 (0.8 mM), HEPES (25 

mM), sodium pyruvate (2.3 mM), L-glutamine (2.3 mM), D-glucose (0.5 mM), and 
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Ca2Cl2 (2 mM), MgSO4 (0.8 mM), collagenase A (0.163 U/ml: Roche, Mannheim, 

Germany), and DNase I (0.004%, Sigma)) [171-173]. The perfused liver was removed 

and placed in a sterile dish containing William’s medium (Life Technologies, 

Gaithersburg, MD) and then passed through a 100-μm pore size nylon mesh to obtain a 

single-cell suspension. Hepatocytes were centrifuged with 50% Percoll (Amersham 

Biosciences) at 500 rpm for 15 minutes to separate dead cells, then cultured in plates 

coated with 1% collagen type I (Sigma) in William’s medium supplemented with fetal 

bovine serum (FBS) (10%), HEPES (25 mM), penicillin (100 u/ml), selenous acid (10 

ng/ml), dexamethosone (1 μM), epidermal growth factor (5 nm/ml), glucagons (0.1 μM), 

somatropin (10 μU/ml) and prolactin (20mU/ml), all purchased from Sigma and added to 

the medium immediately before use.  

 

Primary human hepatocytes: 

 

Primary human hepatocytes prepared from fresh human tissue were purchased from 

Gentest, Woburn, MA. Only hepatocytes from donors free of serological evidence of 

CMV, HIV, hepatitis B and hepatitis C infection were used. Following isolation, 

hepatocytes were cultured in BD HepatoSTIM Hepatocyte Culture Medium (BD 

Biosciences, Woburn, MA) for 48 hours and had achieved >85% confluency in BD 

Biocoat Collagen I, 6-well microplates (BD Biosciences) prior to addition of varying 

concentrations of IFN-α during an additional 24 hours of culture. 
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Cytokines: 

 

Recombinant human interferon alfa 2b/INTRON A (IFN-α) was obtained from Schering 

Corp. Kenilworth, NJ, recombinant mouse interferon alpha/beta (IFN-α/β) was obtained 

from Sigma-Aldrich Corp., St. Louis, MO, recombinant human interleukin 2 (IL-2) was 

obtained from the Biological Resources Branch, National Cancer Institute, Frederick 

Cancer Research Development Center, Frederick, MD, and recombinant human IFN-γ, 

recombinant human TNF-α , and recombinant mouse IFN-γ were obtained from R & D 

Systems, Inc., Minneapolis, MN. 

 

Adenovirus vector: 

 

An E1-deleted, replication deficient, B-galactosidase encoding recombinant adenovirus 

AdCMV-LacZ was propagated in 293 cultures, purified on a cesium chloride gradient, 

and titers of infectious virus were determined by A260/280 ratio of 1:10 dilution of virus 

as previously described [174]. Briefly, virus was propagated in confluent 293 cultures 

and, upon 30-50% detachment with noticeable cytopathic effects, 293 cells were 

freeze/thawed in dry ice/methanol bath followed by incubation at 37°C. Virus was 

purified on a CsCl gradient (1.25 g/ml and 1.40 g/ml CsCl in TD buffer (140 mM NaCl, 5 

mM KCl, 25mM Tris, 0.7 mM Na2HPO4 (pH 7.4)) in a Beckman ultracentrifuge for 2 

hours 30 minutes at 35000 rpm and 18°C. Viral bands were collected at the interface and 

desalted over PD-10 columns (Pharmacia). Mice were injected via the tail vein with 1010 

to 1011 OPU of purified AdCMV-LacZ to produce hepatic adenoviral infection. In each 
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experiment a constant number of OPU per gram body weight was administered to each 

mouse [85].  

 
Dipeptidyl peptidase I (DPPI) assay:  
 
 

DPPI activity was assayed by the hydrolysis of glycylphenylalanyl-β-napthylamide (100 

μM) in 600 μl of 50 mM sodium acetate-acetic acid (pH 5.5), 30 mM NaCl, 1 mM DTT, 

and 0.5 mM EDTA as previously described [51]. Briefly, 100 μl of cell extract or assay 

blank were added to 500 μl of buffer stock (50 mM NaAC/HAc (pH 5.5), 30 mM NaCl, 1 

mM DTT, 0.5 mM EDTA) containing Gly-Phe-βNA substrate. Reactions were incubated 

at 37°C for 20 minutes and stopped by addition of 500 μl of Gly/NaOH (pH 10.5). 

Substrate hydrolysis was monitored by the fluorescence of β-naphthyl-amine released per 

minute at excitation at 335 nm and emission at 405 nm.  

 

N-a-benzyloxy-carbonyl-L-lysine thiobenzyl (BLT) esterase assays: 

 

BLT esterase activity was measured in an assay mixture (200 μl) containing 25-100 μl 

homogenized cell supernatant (1 million cells) and substrate mix composed of 120 μl of 

0.2 mM BLT (Calbiochem-Behring, La Jolla, CA), 0.22 mM 5,5’ dithio-bis-(2)-

nitrobenzoic acid (Sigma), and 0.2 M Tris-HCl in sodium PBS [175]. The mixture was 

incubated at 37°C and the change in absorbance at 410 nm was measured and compared 

with that in samples containing no cell extract.  
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ALT assay: 

 

Serum alanine amino transferase (ALT) levels were assayed in an NADH coupled 

reaction using ThermoTrace ALT reagent (ThermoElectron Corporation, Melbourne, 

Australia). The decrease in absorbance per minute at 340 nm in mixtures incubated at 37 

degrees was measured and results were reported as (IU/ml). Results are presented as the 

mean + SD for values from 3 mice per group. 

 

β-galactosidase assay: 

 

β-galactosidase activity was quantified by measuring the rate of cleavage of 4-

methylumbelliferyl-β-D-galactoside to yield the fluorescent product 4-

methylumbelliferone [85, 87]. Tissue samples were washed in PBS containing protease 

inhibitors (Sigma-Aldrich, St. Louis, MO). The tissues were then homogenized in a 

reaction buffer containing 25mmol/L Tris-HCl (pH 7.5), 125 mmol/L NaCl, and 2 

mmol/L MgCl2 and centrifuged at 15,000 rpm. Then, 40 μl of the supernatant or the 

supernatant diluted with reaction buffer were added to the microcentrifuge tube and 

incubated at 37°C for 30 minutes with 160 μl of the reaction mixture (25 mmol/L Tris-

HCl (pH 7.5), 125 mmol/L NaCl, 2 mmol/L MgCl2, 12 mmol/L 2-mercaptoethanol, and 

0.3 mmol/L 4-methylumbelliferyl-β-D-galactoside (Sigma-Aldrich). The reactions were 

stopped by adding 50 μl of 25% TCA. Tubes were cooled on ice for 5-10 minutes and 

then centrifuged at high speed for 1-2 minutes. Afterwards, 100 μl of supernatant was 

added to 1.9 ml of glycine-carbonate buffer reagent (133 mM glycine, 83mM Na2CO3) 
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pH 10.7. Light emission at 460 nm after excitation at 365 nm was compared with 

emission by standard concentrations of 4-methylumbelliferone (Sigma-Aldrich) [176].  

 

Chromium release assay: 

 

Targets were labeled with 150 μCi Na2CrO4 for 60-90 min at 37°C and were washed 

twice before incubation with the different effectors over a range of E:T ratios in 200 µl 

cultures. After 4 (LAK assay) or 12 (CTL assay) hours, 100µl of supernatant was 

harvested from experimental and control wells, and specific lysis was calculated from the 

formula: % specific lysis = [(experimental release (cpm)- spontaneous release 

(cpm))/(maximal release (cpm)-spontaneous release (cpm))] x 100. All assays were 

performed in triplicate, and the results are presented as the mean + SD.  

 

Semi-quantitative PCR: 

 

Total RNA was extracted using RNA STAT 60 (Tel-Test., Friendswood, TX) according 

to the manufacturer’s protocol. Total RNA was treated with RNase-free DNase 

(Promega), and first strand cDNA was generated with random hexamer priming using the 

Superscript II RNase H- RT kit (Invitrogen Inc., Carlsbad, CA). Relative PI-9 and SPI-6 

mRNA levels were determined by standard reverse transcription with primers for human 

GAPDH (GGTCGGAGTCAACGGATTTG and ATGAGCCCCAGCCTTCTCCAT, 

annealing temperature 61°C), mouse GAPDH (ACCACAGTCCATGCCATCACTGC 

and CCACCACCCCTGTTGCTGTAGCC, annealing temperature 58°), mouse SPI-6 
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(TGTTATTCTCCTGCGAGCATC and TTCTGAATCGACGGAGCC, annealing 

temperature 42°C), and PI-9 (TCTGCCCTGGCCATGGTTCTCCTA and 

CTGGCCTTTGCTCCTCCTGGTTTA, annealing temperature 58°C) and varying 

numbers of cycles as indicated. PCR products were separated by agarose gel 

electrophoresis and visualized by ethidium bromide staining.  

 

Real time PCR: 

 

Total RNA was extracted using the single-step guanidinium acid-phenol method [177]. 

RNA was quantified and first strand cDNA was generated with random hexamer priming 

using the Superscript III RNase H- RT kit (Invitrogen Inc., Carlsbad, CA). Real-time RT-

PCR primer sets were designed using PRIMER EXPRESS software (Applied 

Biosystems, Foster City, CA) or Workbench software (workbench.sdsc.edu). Real-time 

PCR were performed in a final volume of 10 µl containing cDNA from 20 ng of reverse 

transcribed total RNA, 150 nM forward and reverse primers and SybrGreen Universal 

PCR Master Mix (Applied Biosystems).  PCR was conducted in 384-well plates using the 

ABI Prism 7900HT Sequence Detection System (Applied Biosystems).  All reactions 

were performed in triplicate. Melting curve analysis was performed to identify primer 

sets and conditions yielding specific products. Human primers validated by this technique 

were PI-9, PI-8, cyclophilin, and GAPDH, as shown in Table 1. Mouse primers validated 

by this technique and used in the present studies were serpinb9, serpinb9b, serpinb9c, 

serpinb9e, serpinb9f, serpinb9g, Cyclophilin, 18sRNA, PKR, AdE4 region, Fas, serpin8, 

STAT1, KLRK1, NK 1.1, CD3ε, and GAPDH, as illustrated in Table 2. Relative levels of 
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mRNA were calculated by the comparative cycle threshold method (User Bulletin No. 2; 

Applied Biosystems). Cyclophilin mRNA and/or 18sRNA mRNA levels were used as the 

invariant control for all studies.   

 

Generation of PI-9 and SPI-6 antibodies: 

 

Using standard techniques, rabbits were immunized with synthetic peptides 

corresponding to amino acids 169-182 of human PI-9 or amino acids 221-260 of murine 

SPI-6 that were coupled to keyhole limpet hemocyanin by an N-terminal cysteine residue  

(Pierce Biotechnology, Inc., Rockford, IL). SulfoLink coupling gel and reagent kit 

(Pierce) was used to immobilize the synthetic peptide and affinity purify anti-PI-9 or anti- 

SPI-6 specific antibodies from whole rabbit serum. Samples with high A280 readings 

were pooled into a concentrator (Millipore, Billerica, MA).  

 

Western blotting: 

 

Cells were washed, suspended in lysis buffer [20mM Hepes, pH 7.2, 10mM KCL, 5mM 

MgCl2,1mM EDTA, 250mM sucrose, protease inhibitors (Sigma-Aldrich)] [131] and 

lysed by repeated freeze-thawing and centrifuged for 10 min at 10,000 x g to remove 

debris, as previously described [154]. Protein concentrations in tissue homogenates were 

assayed by the bicinchoninic acid method with reagents purchased from Pierce (Pierce 

Biotechnologies, Rockford, IL) and using BSA as a standard. Equal amount of total 

cytosolic protein (10 μg or 20 µg per lane) were separated on 15% bis-acrylamide gels by 
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SDS-PAGE and electrophoretically transferred to nitrocellulose in pH 9.9 carbonate 

buffer. Immunodetection was performed using primary anti-SPI-6 and secondary HRP-

conjugated anti-rabbit IG and the ECL Western Blotting Analysis System (Amersham 

Pharmacia Biotech, Piscataway, NJ). In some experiments, the relative levels of PI-9 

were determined by densitometry of the scanned images by using IMAGEQUANT 

software (Molecular Dynamics/ Amersham Biosciences, Piscataway, NJ). 

 

siRNA design: 

 

21-nt sequences in the target SPI-6 mRNA that begin with an AA dinucleotide were 

designed using a strategy based on previously described observations [178-180]. Target 

sequences that contained 30-50% GC ratio were selected. Additionally, since some 

regions of the mRNA may be either bound by regulatory proteins, we selected siRNA 

target sites at various positions along the length of the SPI-6 gene. To determine if the 

SPI-6 siRNAs had any off-targeted effects, we designed a ‘destabilized’ control. Briefly, 

we converted the last three highly stabilized guanidine and cytosine residues at the three 

prime region of the SPI-6 (511) siRNA template to thymidines, without altering the 

remaining residues present in the siRNA sequence. Potential target sequences were 

analyzed against the mouse genome database using BLAST to confirm specificity.  

 

 

 

 

 41



siRNA production: 

 

siRNAs were synthesized using the Silencer siRNA Construction Kit (Ambion Inc., 

Austin, TX). The sense and anti-sense strands of siRNAs were: SPI-6 (sequence 511), 

beginning at nt 511, 5’- AATGATGAGAACCAGCCTGGTCCTGTCTC-3’ (sense);  5’- 

AAACCAGGCTGGTTCTCATCACCTGTCTC-3’ (anti-sense); SPI-6 (sequence 1122) 

beginning at nt 1122, 5’-AACAGGATGCTGTTTGCTTTGCCTGTCTC -3’ (sense); 5’- 

AACAAAGCAAACAGCATCCTGCCTGTCTC-3’ (anti-sense); Missense, 5’-

AAAAAGTTATCAGGATGCGCACCTGTCTC -3’ (sense); 5’-

AATGCGCATCCTGATAACTTTCCTGTCTC-3’ (anti-sense); Destabilized Missense, 

5’- AACAAAATACTGTTTGCTTTGCCTGTCTC  -3’ (sense); 5’- 

AACAAAGCAAACAGTATTTTGCCTGTCTC -3’ (anti-sense). 

GAPDH siRNA was generated using sense and antisense control DNA templates 

provided by Ambion. Outcome of the siRNA reactions was analyzed by measuring A260 

of the purified siRNA.  

 

In vitro transfection: 

 

AML-12 cells were transfected using SilentFect reagent (Bio-Rad, Hercules, CA) as 

previously described [181]. Briefly, AML-12 cells were plated at a very low density (5-

10%) in 6-well plates (Corning Incorporated, Corning, NY). siRNA stock (2 μM) and 

OptiMEM (Invitrogen, Carlsbad, CA) were gently mixed and incubated with Silentfect 

reagent for 20 minutes. AML-12 cells were washed with OptiMEM and 500 μl of 
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OptiMEM was added to each well. The Silentfect/siRNA mix was pipeted into each well 

and plates were incubated at 37°C, 5% CO2. Normal growth medium was added to the 

wells 4 hours post transfection and plates were incubated for 48 hours.  

 

IFN-α administration: 

 

Recombinant human interferon alfa 2b (INTRON® A, IFN-α) was obtained from 

Schering Corp., Kenilworth, NJ. Mice were injected intraperitoneally with 40 units/g 

body weight of IFN-α and selected tissues were harvested 24 to 48 hours post treatment. 

Previous work has illustrated that in vivo administration of human recombinant IFN-α 

A/D [182] or IFN-α2b [183] leads to hepatic accumulation of NK cells while in vitro 

exposure to murine IFN-α lead to induction of SPI-6 expression in hepatocytes [154]. In 

the present studies, intrahepatic lymphocytes (IHL) isolated 24 hours after IFN-α 

injection contained 5-fold more NK1.1 (+) CD3(-) NK cells and 2.5-fold more NK1.1 (+) 

CD3(-) NKT cells then IHL from control mice. 

 

Flow cytometric analysis: 

 

Intrahepatic lymphocytes were washed and incubated for 30 minutes at 4ºC with PE-

labeled anti-NK1.1 (DX5), APC-labeled anti-CD3, or the appropriate isotype control. All 

antibodies were purchased from BD PharMingen (San Diego, CA). The cells were 

analyzed by fluorescence-activated flow cytometry on a FACScan.  
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NK cell depletion: 

 

Mice were treated with 15 µg anti-asialo-GM1 antibody (Wako Chemicals, Richmond, 

VA) starting 1 day before transfection and on day 4 of the experiment. The control mice 

were administered equivalent amounts of rabbit immunoglobulin G (IgG) isotype control 

antibody (Sigma-Aldrich, St. Louis, MO). Anti-asialo-GM1 treatment led to >95% 

elimination of NK cells at 48 and 72 hours after adenoviral infection, as evidenced by the 

decrease in NK1.1 mRNA determined by real time PCR with primers specific for NK1.1 

[5’-TGAGTCACCCCCATCTCTTC-3’ (forward); 5’-AGCTGAGCTTCAGACCAAC-3’ 

(reverse)]. In additional studies, anti-asialo GM1 treatment was observed to deplete 

~96% of NK1.1 +, CD3- NK cells, but only 20% of NK1.1+, CD3+ NKT cells 

infiltrating the liver following intraperitoneal α-interferon administration. 

 

Hydrodynamic transfection: 

 

Synthetic siRNAs were delivered in vivo using a modified hydrodynamic transfection 

technique [184-186], by which 2.5, 5, or 10ug of siRNA dissolved in 1.5-ml of lactated 

Ringer’s solution (Baxter Healthcare, Deerfield, IL) was rapidly injected into the tail 

vein. Control mice were injected with an equal volume of lactated Ringer’s solution. In 

additional experiments, mice were hydrodynamically transfected simultaneously with 

AdCMV-LacZ and siRNA. Initial experiments to validate efficiency of transfection were 

conducted using GAPDH siRNA and are illustrated in Figure 6.  
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Bone marrow transplantation  

 

On the day of transplantation, the age- and sex-matched B6, B6.dpp1-/-, and B6.gzmb -/-

recipients were irradiated (800 cGy) and 2 h later were injected via the lateral tail vein 

with donor cells. A total of 8 x 106  bone marrow cells from B6, B6.dppi1-/-, or B6.gzmb-

/- mice was injected into the lateral tail vein of these lethally irradiated syngeneic B6, 

B6.dpp1-/-, or B6.gzmb-/- mice, as previously described [168, 174]. Recipients were 

maintained on acidified (pH 2) antibiotic (100 mg/L neomycin and 10 mg/L polymyxin 

B) H2O for 7 days after transplantation. 

 

Histology:  

 

Formalin-fixed liver sections were embedded in paraffin, and 5-µm sections were cut and 

stained with hematoxylin and eosin (H&E). Slides were graded in a blinded manner by a 

pathologist and images were captured at 10X, 20X and 40X magnification.  
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Figure 5: Evaluation of hydrodynamic transfection efficacy using GAPDH siRNA. 

Missense and GAPDH siRNA were prepared as described in materials and methods. 

siRNAs diluted in 1.5-ml of lactated ringer’s solution were injected into the tail vein of 

C57BL/6J mice. RNA was isolated from the livers of the hydrodynamically transfected 

mice at 24 hours post transfection. Equal quantities of RNA were reverse transcribed and 

assessed for mRNA levels of mouse GAPDH. The values presented are the mean SD 

from triplicate determinations in a single experiment and are representative of three 

independent experiments with similar results. 
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Table 1: Human real time PCR primer sequences. 

Gene   Forward Primer   Reverse Primer   
SerpinB9/ PI-9 5' gtccccagatccccactaca 3' 5' ctgccctcatctttgcactt 3'   
Serpin 8 5' gaatgtgcctctgtccaaggt 3' 5' agcctctgtgccttcctcat 3'   
GAPDH 5' ggcatgctgggctacactga 3' 5' gccccagcgtcaaaggt 3'   

Cyclophilin 
5' tgccatcgccaaggagtag 
3'   5' tgcacagacggtcactcaaa 3' 
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Table 2: Mouse real time PCR primer sequences. 

Gene   Forward Primer   Reverse Primer   
Cyclophilin 5' gcccgtagtgcttcagctt 3'   5' ggagatggcacaggaggaa 3' 

18sRNA 
5' gcctcagttccgaaaacca 
3'   5' accgcagctaggaataatgga 3' 

Serpinb9 5' tatctcaggcacttggtttgaataaa 3' 
5' tttctgtctggcttgttcagctt 
3'   

Serpinb9b 
5' caagcccacatccctttgaa 
3'   5' tgttggcagatgactcagttaatttc 3' 

Serpin9c 5' ttgggaggaattcacaagtgttc 3' 5' gaagccaaccagaaagtacacctt 3' 

Serpin9e 
5' acagcatttgggaatcttgg 
3'   5' gcaacagcctctgttccttc 3'   

Serpin9f 5' acaacccttcaaaaatgtgtgttat 3' 5' gtctcccttagcacccaagaga 3' 

Serpin9g 5' gaccagtgcagatgatgttgg 3' 
5' cactagcacttgtgcctgga 
3'   

Adenovirus E4    5' agtgctaaaaagcgaccgaa 3' 
5' ctacgcctgcgggtatgtat 
3'   

NK 1.1   5' tgagtcacccccatctcttc 3'   
5' agctgagcttcagaccaac 
3'   

CD3-epsilon 5' tgatgattatggctactgctgtca 3' 5' ggacagtggctactactgtctgcta 3' 
GAPDH 5' gtctcctgcgacttcagc 3'   5' tcattgtcataccaggaaatgagc 3' 
STAT 1   5' gcacacttaccgtggttcaca 3' 5' ccccataatactgtttcactttggt 3' 
PKR   5' atgctttcagtcccacctcaga 3' 5'agagtttctcgctgcttctcaaa 3' 

Granzyme B 5' cgatcaaggatcagcagcct 3' 
5'cttgctgggtcttctcctgttct 
3'   

FAS   5' agagacgtgtcactcctggactt 3' 5' gctgcggaaacttcaggaat 3' 

Albumin 5' tggcacacaacttctctccaaa 3' 
5' gatgagtctgccgccaact 
3'   

Serpin 8 5' tgtggtgccagataaagaaaagg 3' 
5' gcccggtgctgtagacaga 
3'   
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CHAPTER III: CHARACTERIZATION OF PI-9/SPI-6 EXPRESSION 

 

Introduction 

  

The dominant lymphocyte mediated cytotoxicity pathway during systemic viral 

infection is the perforin/ granzyme B pathway [50]. However, previous results have 

illustrated that the Fas/ Fas ligand cytotoxicity pathway is the  main pathway involved in 

viral clearance in the liver [85]. As illustrated in Figure 1, the distal points of both 

pathways are the same and therefore, inhibition of the perforin/ granzyme B pathway 

must occur at a more proximal step. One potential set of candidates for the inhibition of 

the perforin/ granzyme B pathway, which do not inhibit caspases 3, 8, or 10, are serine 

proteinase inhibitors PI-9 and the murine homologue of PI-9, SPI-6. Therefore, the 

experiments in this chapter were designed to assess whether factors present during 

hepatic viral infections as well as associated antiviral immune responses might induce PI-

9 and SPI6 expression. 

 

Results 

 

Upregulation of SPI-6 expression liver during AdCMV-LacZ infection 

 

In order to confirm specificity of the affinity purified anti-SPI-6, the initial studies 

assessed SPI-6 protein expression in  AML-12 cells, a mouse hepatocyte line that is 

resistant to perforin and granzyme mediated cytotoxicity [88] and constitutively 
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expresses SPI-6 [154]. As illustrated in Figure 6, a single 42 kDa protein band that 

corresponds to SPI-6 was detected in the cytosolic lysate of AML-12 hepatocytes. 

Tissues from control and AdCMV-LacZ infected mice were assessed for SPI-6 

expression and as illustrated in Figure 6, a 42 kDa was detected in the lysates of spleens 

isolated from control or AdCMV-LacZ infected mice. In contrast to the similar levels of 

splenic SPI-6 expression in virally infected and uninfected mice, liver SPI-6 expression 

was only detected in AdCMV-LacZ infected mice (Figure 6).  

 

To confirm that SPI-6 expression was occurring in hepatocytes rather than in non-

parenchymal cells, immunoreactive SPI-6 expression was also assessed in isolated 

hepatocytes. SPI-6 expression was detected in hepatocytes isolated from virally infected 

animals (Figure 7), but not in uninfected hepatocytes. In additional experiments to assess 

induction of SPI-6 gene expression, RNA was isolated from hepatocytes extracted from 

control and AdCMV-LacZ infected mice. SPI-6 gene expression was assessed by semi-

quantitative PCR with murine GAPDH and SPI-6 specific primers over a range of cycles 

for SPI-6 and GAPDH mRNA expression. As illustrated in Figure 8, while SPI-6 mRNA 

could be detected in normal mouse hepatocytes by semi-quantitative PCR after 26 

amplification cycles, SPI-6 mRNA expression was detected, after 22 cycles of 

amplification, in hepatocytes isolated from virally infected mice. Taken together, these 

results demonstrate that the increased liver expression of SPI-6 observed during 

adenoviral infection is not merely related to infiltration by SPI-6 expressing leukocytes, 

but rather reflects induction of SPI-6 expression in hepatocytes.  
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Anti-viral cytokine mediated induction of PI-9 gene expression  

 

In order to extend these observations to human cells, immunoreactivity of serum 

from a PI-9 immune rabbit was assessed by western blotting of human Huh-7 hepatoma 

cells and human PHA activated lymphocytes. As displayed in Figure 9, unfractionated 

PI-9 immune serum identified two protein bands in PHA activated human PBMC. 

Immunodetection of a 42 kDa band was eliminated by the presence of high 

concentrations (1mg/ml) of competing PI-9 during primary antibody incubation, 

confirming the specificity of this reaction. As illustrated in Figure 10, affinity purified 

anti-PI-9 detected only the 42 kDa PI-9 bands in both PHA-activated T lymphocytes and 

activated NK cells. Trace quantities of PI-9 protein expression were detected in Huh-7 

hepatoma cells (Figure 10).  

 

In additional studies, RNA was isolated from human hepatocytes cultured in the 

absence or presence of IFN-α and assessed by semi-quantitative PCR with human 

GAPDH and PI-9 specific primers over a range of cycles for PI-9 and GAPDH mRNA 

expression. As illustrated in Figure 11, while PI-9 mRNA could be detected in normal 

human hepatocytes by semi-quantitative PCR only after 30 amplification cycles, a greater 

than 10-fold high level of PI-9 mRNA expression was observed in hepatocytes cultured 

for 24 hours with IFN-α.  

  

To further investigate the effect of cytokine stimulation on serpin expression, 

Huh-7 cells, which do not express high levels of PI-9 mRNA or protein, were cultured for 
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varying time intervals with human recombinant IFN-α, IFNγ, or TNF-α. PI-9 levels were 

monitored by real time PCR. As illustrated in Figure 12, concentration dependent 

induction of PI-9 mRNA by IFN-α was apparent at 20 hours after the addition of this 

anti-viral cytokine to Huh-7 cultures, whereas no significant effects of IFN-α on PI-8 

gene transcription in hepatocytes were detected. Furthermore, as illustrated by the results 

of semi-quantitative immunoblot assays detailed in Figure 13, increased levels of PI-9 

protein was detected in Huh-7 cells 24 hours after the addition of IFN-α to the culture 

medium. In additional experiments, culture of Huh-7 cells with IFN-γ or TNF-α, two 

additional cytokines expressed during anti-viral immune responses, also was found to 

induce significantly increased expression of PI-9 mRNA, without altering the expression 

of PI-8 mRNA (Figure 14). The initial induction of PI-9 mRNA by each cytokine was 

apparent within 12 hours after cytokine stimulation (data not shown) and achieved 

maximal levels of PI-9 mRNA induction within 20 hours. High levels of PI-9 mRNA 

were sustained for at least the next 24 hours, as illustrated in Figure 14.  

 

Interferon mediated induction of SPI-6 gene expression 

 

To verify interferon mediated induction of SPI-6 gene expression, primary mouse 

hepatocytes were cultured in the absence or presence of IFN-α/β or IFN-γ. RNA was 

isolated from these hepatocytes and assessed by semi-quantitative PCR with mouse 

GAPDH and SPI-6 specific primers over a range of cycles for SPI-6 and GAPDH mRNA 

expression. As illustrated in Figure 15, while SPI-6 mRNA could be detected by semi-

quantitative PCR after 26 amplification cycles, a greater than 10-fold high level of SPI-6 
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mRNA expression was observed in hepatocytes cultured for 24 hours with IFN-γ or IFN-

α (Figure 16). In additional experiments, culture of Hepa-1 cells, a mouse hepatoma cell 

line, with IFN-γ, IFN-α, or TNF-α, were found to induce significantly increased 

expression of SPI-6 (Figure 17). The initial induction of SPI-6 mRNA and protein (data 

not shown)  by each cytokine was apparent within 8 hours after cytokine stimulation and 

achieved maximal levels of SPI-6 mRNA induction within 20 hours that were sustained 

for at least the next 24 hours, as illustrated in Figure 17.  

 

 These results indicate that expression of PI-9 and SPI-6, selective inhibitors of 

granzyme B, is induced in hepatocytes and hepatoma cells by any of several anti-viral 

cytokines known to be induced in the liver during hepatotropic viral infection. 

Furthermore, these studies indicate that SPI-6 expression is induced in mouse livers 

during hepatic adenoviral infection at time points previously noted to correlate with peak 

intrahepatic, anti-adenoviral CTL activity [85, 88]. Taken together, these results indicate 

that PI-9 and SPI-6 may have evolved specifically as part of a hepatocyte cellular defense 

mechanism designed to avoid excess liver cell injury by granzyme-dependent 

mechanisms during viral hepatic infections or other inflammatory states while leaving 

these cells susceptible to alternative T cell immune responses.
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Figure 6: SPI-6 expression inAML-12 hepatocytes and in spleen and liver of control 

and adenovirus infected mice. Lysates were prepared as detailed in Materials and 

Methods from AML-12 cells or from spleen or liver isolated from control mice of mice 

infected for 7 days with AdCMV-LacZ. Protein levels were assayed and 40 µg protein 

loaded per lane prior to SDS-PAGE separation of proteins and western blotting with 

affinity purified anti-SPI-6. 

 54

http://www.jimmunol.org/content/vol172/issue10/images/large/zim0100473980001.jpeg


 

 

 

 

 
Figure 7: SPI-6 expression in hepatocytes from control and adenovirus infected 

mice. Hepatocytes were isolated from control mice or AdCMV-LacZ infected mice (day 

7). Hepatocyte lysates were prepares as detailed in Materials and Methods, protein levels 

were assayed and 20 µg or 40 µg of protein was loaded per lane as indicated. Proteins 

were separated by SDS-PAGE and SPI-6 was detected by western blotting with affinity 

purified anti-SPI-6.
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Figure 8: SPI-6 expression in hepatocytes from control and adenovirus infected 

mice. Hepatocytes were isolated from control mice or AdCMV-LacZ infected mice (day 

7). RNA was isolated and equal quantities were reverse transcribed. Portions of the same 

reverse-transcribed RNA were subjected to PCR with SPI-6 specific (top row) and 

GAPDH specific (bottom row) primers for the indicated number of cycles.  
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Figure 9: Specificity of anti-PI-9. Lysates were prepared from the indicated cell lines as 

detailed in Materials and Methods, protein levels were assayed and 20µg of protein was 

loaded per lane prior to SDS-PAGE separation of proteins and western blotting. Where 

indicated, 1 mg/ml of PI-9 or an unrelated 22 amino acid control peptide was added during 

the primary antibody incubation in western blotting. The location of a 42 kDa protein band 

is indicated on the blot.  
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Figure 10: PI-9 expression in Huh-7, LAK cells, and PHA-activated lymphocytes. 

Lysates were prepared from the indicated cell lines as detailed in Materials and Methods, 

protein levels were determined and 20 µg of protein was loaded per lane prior to SDS-

PAGE separation of proteins and western blotting with affinity purified anti-PI-9.
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Figure 11: Induction of PI-9 mRNA expression in human hepatocytes cultured with 

IFN-α. Primary human hepatocytes obtained 48 hours after isolation were cultured for an 

additional 24 hours in the absence or presence of human recombinant IFN-α, 1000 U/ml. 

RNA was isolated and equal quantities were reverse transcribed. Portions of the same 

reverse-transcribed RNA were subjected to PCR with PI-9 specific (top row) and 

GAPDH specific (middle row) primers for the indicated number of cycles. Densitometric 

quantitation of the PI-9 products at all cycles was performed and normalized to 

densitometric volume of GAPDH products obtained after 22 cycles of amplification of 

the same reverse transcribed primer (bottom row). 
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Figure 12: Induction of PI-9 mRNA expression in Huh-7 cells by IFN-α. RNA was 

isolated from Huh-7 cells after 20 hours of culture with the indicated concentrations of 

IFN-α and equal quantities were reverse transcribed and assessed for PI-8, PI-9, and 

GAPDH mRNA by real-time PCR. Each bar represents the mean ± SD of triplicate 

determinations of mRNA expression relative to control Huh-7. The data are 

representative of at least three experiments with similar results.  
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Figure 13: Induction of PI-9 protein expression in Huh-7 cells by IFN-α. Huh-7 cells 

were cultured for 24 hours with the indicated concentrations of IFN-α. Lysates were 

prepared, protein levels assayed and 20 μg protein loaded per lane prior to SDS-PAGE 

separation of proteins and western blotting using a PI-9 specific antibody. Results are 

shown for densitometric quantification of 42 kDa immunoreactive protein bands.
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Figure 14: Induction of PI-9 mRNA expression in Huh-7 cells by IFN-α, IFN-γ, or 

TNF-α. RNA was isolated from Huh-7 cells after the indicated time in culture with the 

indicated cytokines (500 U/ml). RNA was isolated and equal quantities were reverse 

transcribed and assessed for PI-8, PI-9, cyclophilin and GAPDH mRNA by real-time 

PCR. Each bar represents the mean ± SD of triplicate determinations of mRNA 

expression relative to control Huh-7. The data are representative of several experiments 

with similar results.  
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Figure 15: Induction of SPI-6 mRNA expression in mouse hepatocytes cultured with 

IFN-γ. Primary murine hepatocytes were cultured for 24 hours in the absence or presence 

of the indicated concentrations of IFN-γ. RNA was isolated and equal quantities were 

reverse transcribed. Portions of the same reverse-transcribed RNA were subjected to PCR 

with SPI-6 specific (top panel) and GAPDH specific (middle panel) primers for the 

indicated number of cycles. Densitometric quantification of the SPI-6 products was 

performed and normalized to densitometric volume of GAPDH products obtained after 

16 cycles of amplification of the same reverse transcribed primer (bottom panel).
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Figure 16: Induction of SPI-6 mRNA expression in mouse hepatocytes cultured with 

IFN-γ. Primary murine hepatocytes were cultured for 24 hours in the absence or presence 

of the indicated concentrations of IFN-α. RNA was isolated and equal quantities were 

reverse transcribed. Portions of the same reverse-transcribed RNA were subjected to PCR 

with SPI-6 specific (top panel) and GAPDH specific (middle panel) primers for the 

indicated number of cycles. Densitometric quantification of the SPI-6 products was 

performed and normalized to densitometric volume of GAPDH products obtained after 

16 cycles of amplification of the same reverse transcribed primer (bottom panel).
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Figure 17: Induction of SPI-6 mRNA expression in Hepa-1 cells by IFN-α, IFN-γ, or 

TNF-α. RNA was isolated from Hepa-1 cells after the indicated time in culture with the 

indicated cytokines. RNA was isolated and equal quantities were reverse transcribed and 

assessed for SPI-6, cyclophilin, and GAPDH mRNA by real-time PCR. Each bar 

represents the mean ± SD of triplicate determinations of mRNA expression relative to 

control. The data are representative of four experiments with similar results.  
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CHAPTER IV: RELATIONSHIP BETWEEN SERPIN AND GRANZYME 

EXPRESSION IN THE LIVER 

 

Introduction 

 

Increased numbers of activated NK cells and CTL are present in the liver during 

systemic [4] and localized immune responses [42]. These cytotoxic effector cells play an 

essential role in the clearance of noncytopathic viruses from infected tissues [43, 44]. In 

addition, NK and NKT cells amplify hepatocellular injury initiated by non-infectious 

causes of liver injury [33]. Mice with defects in perforin/granzyme effector mechanisms 

exhibit delayed clearance of a number of viral infections from extra-hepatic sites, but 

experience no delay in clearance of recombinant adenoviral vectors from the liver [85]. In 

contrast, mice with defects in the Fas ligand/Fas or other death receptor pathways exhibit 

delayed clearance of adenoviral vectors from the liver but not from the lung [94]. This 

appears to be related to the resistance of virally infected hepatocytes to killing by perforin 

and granzyme-dependent cytotoxic effector pathways which results in more prominent 

role for Fas ligand and TNF receptor -mediated killing mechanisms in clearance of viral 

infection in the liver [85, 87, 88].   

 

Granzyme B, a serine proteinase present in cytotoxic granules secreted by NK 

cells and CTL, plays a key role in the induction of cell death in virally infected or 

malignant targets cells [165]. Granzyme B is synthesized as an inactive zymogen and 

requires the removal of its pro-peptide by cathepsin C/ dipeptidyl peptidase I (DPPI) for 
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activation. Human proteinase inhibitor 9 (PI-9) and the murine orthologue, serine 

proteinase inhibitor 6 (SPI-6) are members of a family of ovalbumin serpin inhibitors 

present in immune-privileged cells, antigen-presenting cells, and cytotoxic T cells that 

afford protection against the actions of granzyme B [120, 159, 161, 187-189].  When 

expressed by tumor cell lines, PI-9 [143, 153, 163] and SPI-6 [163] confer resistance to 

perforin/granzyme B mediated killing by CTL and NK cells. PI-9 and SPI-6 selectively 

inhibit granzyme B, but do not affect Fas and TNF-mediated apoptosis [131]. Recent 

studies have illustrated that an absence of SPI-6 during viral infection results in a 

breakdown in cytotoxic granule integrity and increased cytoplasmic granzyme B, which 

results in higher levels of apoptosis [162]. The purpose of these proposed studies was to 

elucidate the relationship, if any, that exists between granzyme B and SPI-6 expression 

during cytotoxic lymphocyte mediated, immune responses in the liver.  

  

Results 

 

Serpinb9 (SPI-6) is the only homologue of human serpinB9 (PI-9) that is up-regulated 

during hepatic viral infection in mice 

 

In contrast to the human genome that appears to contain only a single serpinB9 

gene, the murine genome contains multiple serpinB9 homologues [158, 159]. In initial in 

vitro experiments, we treated Hepa-1 cells with various concentrations of IFN-α, IFN-γ, 

or TNF-α, isolated RNA at 24-hours post cytokine administration and analyzed mRNA 

levels using real time PCR. As illustrated in Figure 18A, SPI-6 mRNA expression post 
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IFN-α is increased greater than 8-fold above background and its upregulation is 

independent of the serpinb9b, serpin9C, and serpin9F. Serpin9G and serpin9E mRNA 

levels remained unaltered in Hepa-1 cells treated with low or high doses of IFN-α (data 

not shown).  Similar induction of SPI-6 mRNA was detected in Hepa-1 cells treated with 

IFN-γ or TNF-α (Figure 18B and C). 

 

To further these findings, we treated C57BL/6J (B6) mice with varying dosages 

of human recombinant IFN-α, an anti-viral cytokine previously shown to up-regulate PI-9 

and the murine homologue Serpinb9 (SPI-6) hepatocyte expression [154]. At 24-hours 

post administration, liver tissue was harvested and mRNA levels were analyzed using 

real time PCR. Induction of gene expression was determined by comparison of each 

sample to its unstimulated control. As illustrated in Figure 19, SPI-6 mRNA expression 

was increased approximately 7-fold above background in recipients of 0.4 units/gram 

IFN-α with higher levels of SPI-6 mRNA induction (30-40 fold) observed after 

administration of larger IFN-a dosages. Important to note, at a dose comparable to that 

given to human patients during treatment for HBV or HCV (~43 units/gram weight), SPI-

6 is the only gene significantly up-regulated. In contrast, while modest induction of 

serpinb9b, serpin9C, and serpin9F mRNA expression was observed after administration 

of very high doses of IFN-α, expression of these serpin genes were not increased to 

levels similar to those of SPI-6. Furthermore, serpin9G and serpin9E mRNA levels 

remained unaltered in recipients of very high doses of IFN-α (data not shown).  
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In order to assess if serpinB9 homologue expression was increased during viral 

infection, we infected B6 mice with 4 x 1010 OPU of AdCMV-LacZ via a single tail vein 

injection. Mice were sacrificed at specific time points during viral infection. Liver mRNA 

levels were analyzed using real time PCR and the induction of gene expression at each 

time point was determined by comparison of each sample to its uninfected control. As 

illustrated in Figure 20, we detected an increase in SPI-6 mRNA expression at day 1, 

with further increases over time. Peak gene expression was detected at day 8. In contrast, 

we found that serpinb9B, serpin9C, and serpin9F mRNA levels in the liver were not 

increased to this degree at any point during adenoviral infection. Furthermore, serpin9G 

and serpin9E mRNA levels remained unaltered during the course of viral infection (data 

not shown).  

 

Expression and processing of Granzyme B modulates SPI-6 expression. 

  

As the 30-40 fold increase in SPI-6 expression observed in the liver following in 

vivo IFN-α administration far exceeded the level of SPI-6 mRNA induction achieved 

after in vitro exposure to IFN-α (3-10 fold), we explored other indirect mechanism of 

IFN-α induced SPI-6 expression in the liver. In order to assess whether SPI-6 expression 

parallels an increase in hepatic lymphocyte granzyme B expression following IFN-α 

administration or during viral infection, we administered 400 units per gram mouse 

weight of human recombinant IFN-α via intraperitoneal injections to B6 and genetically 

modified B6 mice with selected defects in the perforin and granzyme B CTL effector-

pathway. At specific time points post IFN-α administration, liver mRNA expression was 
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analyzed using real time PCR and levels were compared to unstimulated control. We 

found that in B6 (Figure 21A) and B6.dpp1-/- mice (Figure 21B), granzyme B mRNA 

increased and reached peak expression at 8 hours post administration. As illustrated in 

Figure 21, SPI-6 mRNA levels in liver from B6 mice increased after granzyme B mRNA 

levels had peaked and were increased 140-fold at 16-hours post IFN-α administration. 

However, an increase in SPI-6 mRNA expression was not detected in livers of B6.dpp1-/- 

mice at 16 or 24 hours post IFN-α administration (Figure 21B). Furthermore, analysis of 

protein isolated from these IFN-α stimulated liver of B6 mice illustrated an increase in 

SPI-6 protein expression at 16-hours post IFN-α administration (Figure 22A), which was 

not detected in protein lysates isolated from B6.dpp1-/- (Figure 22B).   Since B6.dpp1-/- 

mice lack the ability for post-translational processing of granzyme B to an enzymatically 

active, mature enzyme, these results suggested a role for enzymatically active granzyme 

B in the induction of SPI-6 expression in IFN-α treated mice.  

 

In order to determine if SPI-6 expression was indeed dependent on normal 

expression and function of granzyme B, we administered human recombinant IFN-α 

(400units/gram body weight) to other strains of mice that have different defects in 

perforin/granzyme B mediated cytotoxicity.  We analyzed SPI-6 mRNA expression in 

liver post IFN-α treatment using wild-type B6 mice, B6.dpp1-/-, B6.pfp-/-, and B6.gzmb-

/- mice. As illustrated in Figure 23, an increase in SPI-6 mRNA expression in C57BL/6J 

mice at 24-hours post IFN-α treatment was detected. In contrast, we did not detect an 

increase in SPI-6 mRNA expression in livers isolated from B6.dpp1-/-, B6.gzmb-/-, or 

B6.pfp-/- mice. As cytotoxic effector function of granzyme B is only observed when 
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enzymatically active granzyme B is expressed in conjunction with perforin [190], these 

findings indicated that SPI-6 expression was increased in response to hepatocellular 

injury mediated by cytotoxic lymphocytes.  

  

To determine if a defect in perforin/granzyme B mediated cytotoxicity also alters 

SPI-6 mRNA expression during viral infection, we administered AdCMV-LacZ via a 

single tail vein injection to B6, B6.dpp1-/-, and B6.gzmb-/- mice. Mice were sacrificed at 

specific time points during viral infection and liver mRNA levels were analyzed vial real 

time PCR and compared to uninfected controls. SPI-6 mRNA expression was increased 

in B6 mice during viral infection and reached peak expression, approximately 95-fold 

above non-infected control, at day 8 (Figure 24). In contrast, SPI-6 mRNA expression did 

not increase in B6.dpp1-/- or B6.gzmb-/- mice.  Of note, similar β-galactosidase 

transgene expression levels were detected in the livers of each strain, which confirmed 

equivalent levels of viral infection (Figure 25). Similar levels of DPPI (Figure 26A) and 

BLT esterase activity (Figure 26B) in day 8 intrahepatic lymphocyte populations 

indicated equivalent levels of intrahepatic CTL/NK cell activation in B6.gzmb-/- and B6 

mice during viral infection. Of note, lack of BLT esterase activity in B6.dpp1-/- 

intrahepatic lymphocytes is related to lack of DPPI mediated processing of pro-granzyme 

A to an enzymatically active form [51].  

  

In additional experiments, liver tissue was isolated and SPI-6 protein bands were 

assessed by western blot.AdCMV-LacZ infected B6 and B6.dpp1-/- mice. As illustrated 

in Figure 27A, B6 and B6.dpp1-/- mice do not express detectable SPI-6 protein in 
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uninfected liver, however constitutive expression is detectable in spleens of control and 

AdCMV-LacZ infected wild-type and B6.dpp1-/- mice. During viral infection, SPI-6 

protein is up regulated in liver of B6 mice and is detectable at day 3 and remains elevated 

during viral infection (Figure 27B). In contrast no significant increases in SPI-6 protein 

expression in liver of B6.dpp1-/- is detectable at day 3-25 after infection (Figure 27C).  

 

To determine if SPI-6 mRNA was up-regulated in hepatocytes versus other liver 

cell populations during adenoviral infection, we administered AdCMV-LacZ via a single 

tail vein injection to B6 and B6.dpp1-/- mice and isolated hepatocytes at day 7 of viral 

infection. Protein lysates were harvested and SPI-6 protein bands were assessed by 

western blot. As illustrated in Figure 28, similar to results obtained from uninfected liver, 

B6 and B6.dpp1-/- mice do not express detectable SPI-6 protein in uninfected 

hepatocytes. However, during viral infection, SPI-6 protein is up regulated in hepatocytes 

of B6 mice and is detectable at day 7 of viral infection (Figure 28). In contrast, no 

significant increases in SPI-6 protein expression in hepatocytes isolated from virally 

infected B6.dpp1-/- is detectable at day 7 (Figure 28).  

 
Upregulation of SPI-6 mRNA correlates with increases in NK cell and CTL specific 
gene expression in liver during viral infection  
 
  

In order to determine if increased SPI-6 expression correlated with increased 

infiltration of granzyme B expressing NK cells and/or CTL, we harvested liver tissue 

from B6 mice at select time points during viral infection and analyzed levels of NK and 

CTL receptor mRNA expression. As shown in Figure 29A, mRNA encoding KLRK1, an 
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activation receptor present on the surface of NK cells, was increased approximately 65-

fold by day 3.  A greater than 100 –fold increase in CD3ε levels at day 8 during viral 

infection was detected (Figure 29B).  

  

To find out if the NK cell influx leads to an increase in SPI-6 expression, we 

administered IFN-α to wild-type B6 mice that were or were not  pre-treated with a NK 

cell depleting antibody, anti-asialo GM1, as detailed in materials and methods, 48 hours 

before IFN-α administration, a protocol that has been previously noted to lead to 

selective infiltration of the liver by NK cells [183]. We harvested liver tissue from wild-

type and NK cell depleted mice at select time points post IFN-α and analyzed SPI-6 

mRNA expression. As illustrated in Figure 30, when compared to control, SPI-6 mRNA 

expression was increased approximately 25-fold at 16-hours post IFN-α administration. 

Liver isolated from NK cell depleted mice did not show a significant increase in SPI-6 

mRNA expression post IFN-α treatment.  

 

Intrahepatic lymphocytes and hepatocytes from untreated and NK cell depleted 

mice and SPI-6 mRNA levels were compared to unstimulated controls. When compared 

to control, SPI-6 mRNA expression in intrahepatic lymphocytes isolated from B6 mice 

not treated with anti-asialo GM1 was up-regulated 8-fold at 24-hours post IFN-α 

administration (Figure 31A). Moreover, SPI-6 mRNA expression in hepatocytes isolated 

from untreated B6 mice was increased greater than 50-fold at 24-hours post IFN-α 

administration (Figure 31B). In contrast, hepatocytes and intrahepatic lymphocytes 

isolated from NK-cell depleted mice did not show a significant increase in SPI-6 mRNA 
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expression post IFN-α administration.  Taken together, these results indicate that the 

influx of granzyme B expressing NK cells post IFN-α administration or during viral 

infection leads to a rapid increase in cytoprotective SPI-6 expression by hepatocytes to 

protect against perforin/granzyme B mediated killing.  

 
 
Reconstitution of DPPI-/- mice with wild-type bone-marrow results in SPI-6 expression 
post IFN-α stimulation 

 

In order to exclude the possibility that lack of SPI-6 expression in B6.dpp1-/- 

mice was due to a spontaneous mutation within the gene encoding SPI-6 or other genes in 

this strain, we back-crossed our B6.dpp1-/- mice with wild-type B6 to obtain a 

heterozygous group of offspring, which were crossed to obtain homozygous B6.dpp1-/- 

back-cross progeny. We confirmed similar expression patterns Wild-type and B6.dpp1-/- 

(back-cross progeny) mice were stimulated with IFN-α and SPI-6 mRNA expression in 

liver was assessed at specific time points post stimulation. As illustrated in Figure 32, 

SPI-6 mRNA expression is increased in wild-type liver, but not in B6.dpp1-/- (back-cross 

progeny) liver at 16 hours post IFN-α administration. In additional studies, we isolated  

splenocytes from B6, B6.dpp1-/-, and B6.dpp1-/- (F2) and stimulated in vitro for 5 days 

with irradiated splenocytes from FVB (H-2q) mice. As illustrated in Figure 33, there is a 

high expression of SPI-6 protein in B6, B6.dpp1-/-, and B6.dppi-/- (F2) mice. 

 

In order to determine if the lack of SPI-6 expression in B6.dpp1-/- was due to 

inactive granzyme B expression in intrahepatic lymphocytes or hepatic parenchymal 
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cells, we sub-lethally irradiated B6.dpp1-/- mice and transferred bone marrow from wild-

type mice and 6-weeks after reconstitution, injected chimeric mice with IFN-α.   DPPI 

assays of spleen samples confirmed DPPI expression in B6.dpp1-/- mice transplanted 

with wild-type bone marrow indicating establishment of chimerism (data not shown). 

Liver and spleen samples were harvested 24-h post IFN-α administration. As shown in 

Figure 34, B6.dpp1-/- mice reconstituted with wild-type bone marrow exhibit SPI-6 

protein expression in the liver post treatment with IFN-α.  Similar results were obtained 

with B6.gzmb-/- mice reconstituted with wild-type bone marrow (Figure 35). In contrast, 

wild-type B6 mice reconstituted with bone marrow derived from B6.dpp1-/- mice did not 

exhibit an increase in SPI-6 expression post IFN-α stimulation. 
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Figure 18: Evaluation of SerpinB9 homologue expression in Hepa-1 hepatoma cells. 

Hepa-1 cells were stimulated with the indicated concentration of IFN-α (A), IFN-γ (B), or 

TNF-α (C) and RNA was harvested at 24 hours post stimulation. SerpinB9 homologue 

mRNA levels were determined by real time PCR and normalized to endogenous 

18sRNA. Each bar represents the mean ± SD of triplicate determinations of mRNA 

expression relative to control Hepa-1 cells. The data are representative of several 

experiments with similar results.  
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Figure 19: Evaluation of SerpinB9 homologue expression in vivo. RNA was isolated 

from the livers of B6 mice 24 hours post treatment with IFN-α. SerpinB9 homologue 

mRNA expression was analyzed using real time PCR and results were normalized to 

18sRNA. Data represents the results of one of several experiments with similar results. 

Each bar represents the mean ± SD of triplicate determinations of mRNA expression 

relative to control. The data are representative of four experiments with similar results.  
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Figure 20: Evaluation of SerpinB9 homologue expression during viral infection. 

RNA was isolated from the livers of B6 mice at specific time points during the course of 

AdCMV-LacZ infection. SerpinB9 homologue mRNA expression was analyzed using 

real time PCR and results were normalized to 18sRNA. Each bar represents the mean ± 

SD of triplicate determinations of mRNA expression relative to control.   
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Figure 21: SPI-6 and granzyme B mRNA expression at specific time points post 

IFN-α administration. RNA was isolated from the livers of B6 (A) or B6.dpp1-/- (B) 

mice at specific time points post treatment with IFN-α. SPI-6 and granzyme B mRNA 

expression was analyzed using real time PCR and results were normalized to 18sRNA. 

Data represents the results of one of several experiments with similar results. Each bar 

represents the mean ± SD of triplicate determinations of mRNA expression relative to 

control. The data are representative of three experiments with similar results.  
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Figure 22: SPI-6 protein levels in wild-type and B6.dpp1-/- mice at specific time 

points post IFN-α administration. Wild-type (A) and B6.dpp1-/- (B) mice were 

stimulated with 40 u/gram body weight of human recombinant IFN-α. Liver samples 

were isolated at specific time points post IFN-α administration and protein lysates were 

prepared. Protein levels were assayed and 20 μg of protein was loaded per lane before 

SDS-PAGE separation of proteins and immunoblotting with SPI-6 specific antibody. 

Data represents the results of one of several experiments with similar results. 
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Figure 23: Analysis of SPI-6 mRNA expression in liver of wild-type and granzyme B 

transgenic mice. RNA was isolated from the livers of experimental mice at specific time 

points post IFN-α administration and SPI-6 mRNA expression in liver of B6, B6.dpp1-/-, 

B6.gzmb-/-, or B6.pfp-/- mice was analyzed by real time PCR. Each bar represents the 

mean ± SD of triplicate determinations of mRNA expression relative to control and 

normalized to 18sRNA. The data are representative of several experiments with similar 

results.  
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Figure 24: Analysis of SPI-6 mRNA expression during the viral infection in the liver 

of wild-type and granzyme B transgenic mice. RNA was isolated from the livers of 

experimental mice at specific time points during AdCMV-LacZ infection and SPI-6 

mRNA expression in liver of B6, B6.dpp1-/-, or B6.gzmb-/- mice was analyzed by real 

time PCR. Each bar represents the mean ± SD of triplicate determinations of mRNA 

expression relative to control and normalized to 18sRNA.  

 85



 

 

0 1 2 3 8 10 15 25
0

25000

50000

75000

100000

125000

150000

175000
C57BL/6J
B6.dpp1-/-
B6.gzmb-/-

Duration of Viral Infection (Days)Β
-g

al
ac

to
si

da
se

 A
ct

iv
ity

 A
FU

/(g
/L

)

 

 

Figure 25: β-galactosidase levels in C57BL/6J, B6.dpp1-/-, and B6.gzmb-/- mice 

following AdCMV-LacZ infection. Β-galactosidase levels were assayed, as detailed in 

the materials section, in livers isolated at specific time points during AdCMV-LacZ 

infection. The results are representative of multiple experiments.  
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Figure 26: Intrahepatic lymphocytes DPPI and BLT esterase levels. Intrahepatic 

lymphocytes were isolated from B6, B6.gzmb-/-, and B6.dpp1-/- mice at day 8 during 

viral infection and DPPI (A) or BLT esterase (B) activity was measured as described in 

materials and methods.   
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Figure 27: SPI-6 protein levels in liver of C57BL/6J and B6.dpp1-/- mice during 

AdCMV-LacZ infection. Protein lysates from uninfected (A), AdCMV-LacZ infected 

C57Bl/6J (B) or B6.dpp1-/- (C) mice were prepared as detailed in the Methods section. 

Protein levels were assayed and 20 μg of protein was loaded per lane before SDS-PAGE 

separation of proteins and immunoloblotting with SPI-6 specific antibody. Data 

represents the results of one of several experiments with similar results
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Figure 28: SPI-6 mRNA levels in hepatocytes isolated from C57BL/6J and B6.dpp1-

/- mice during AdCMV-LacZ infection. RNA from control and AdCMV-LacZ infected 

C57Bl/6J or B6.dpp1-/- mice were prepared as detailed in the Methods section. SPI-6 

mRNA levels were analyzed by real time PCR and normalized to 18sRNA. Each bar 

represents the mean ± SD of triplicate determinations of mRNA expression relative to 

control hepatocytes. The data are representative of several experiments with similar 

results.
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Figure 29: KLRK1 and CD3ε mRNA levels during the course of AdCMV-LacZ 

infection correspond with SPI-6 mRNA expression levels. RNA was isolated from 

livers of control and virally infected mice at specific time points during viral infection. 

Relative KLRK1 and CD3ε mRNA levels were quantified using real time PCR. Each bar 

represents the mean ± SD of triplicate determinations of mRNA expression relative to 

control and normalized to 18sRNA. The data are representative of several experiments 

with similar results.  
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Figure 30: SPI-6 mRNA expression in wild-type and NK cell depleted mice at 

specific time points post IFN-α administration. RNA was isolated from the livers of 

B6 (A) or B6.dpp1-/- (B) mice at specific time points post treatment with IFN-α. SPI-6 

and granzyme B mRNA expression was analyzed using real time PCR and results were 

normalized to 18sRNA. Each bar represents the mean ± SD of triplicate determinations of 

mRNA expression relative to control liver. The data are representative of several 

experiments with similar results.  
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Figure 31: SPI-6 mRNA expression in intrahepatic lymphocytes and hepatocytes 

isolated from C57BL/6J mice. Intrahepatic lymphocytes (A) and hepatocytes (B) were 

isolated from wild-type or anti-Asialo GM1 treated mice, as described in the methods 

section. RNA was isolated and relative SPI-6 mRNA expression was analyzed using real 

time PCR. Each bar represents the mean ± SD of triplicate determinations of mRNA 

expression relative to control samples and normalized to 18sRNA. The data are 

representative of three experiments with similar results.  
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Figure 32: SPI-6 B mRNA expression at specific time points post IFN-α 

administration. RNA was isolated from the livers of B6 or B6.dpp1-/- (F2) mice at 

specific time points post treatment with IFN-α. SPI-6 mRNA expression was analyzed 

using real time PCR and results were normalized to 18sRNA. Each bar represents the 

mean ± SD of triplicate determinations of mRNA expression relative to control liver. The 

data are representative of four experiments with similar results.  
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Figure 33: SPI-6 protein levels in stimulated splenocytes C57BL/6J, B6.dpp1-/-, 

B6.dpp1-/- (F2) mice. Splenocytes were isolated from mice and cultured with stimulator 

cells for 5 days. Protein lysates from were prepared as detailed in the Methods section. 

Protein levels were assayed and 20 μg of protein was loaded per lane before SDS-PAGE 

separation of proteins and immunoloblotting with SPI-6 specific antibody. Data 

represents the results of one of several experiments with similar results
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Figure 34: SPI-6 protein levels in bone marrow transplant chimeric mice. Protein 

lysates from bone marrow transplant chimeric mice, B6 to B6.dpp1-/- (A) and B6.dpp1-/- 

to B6 (B) were prepared as detailed in the Methods section. Protein levels were assayed 

and 20 μg of protein was loaded per lane before SDS-PAGE separation of proteins and 
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immunoloblotting with SPI-6 specific antibody. Data represents the results of one of 

several experiments with similar results
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Figure 35: SPI-6 protein levels in bone marrow transplant chimeric mice. Protein 

lysates from bone marrow transplant chimeric mice, B6 to B6.gzmb-/- and B6.gzmb-/- to 

B6 were prepared as detailed in the Methods section. Protein levels were assayed and 20 

μg of protein was loaded per lane before SDS-PAGE separation of proteins and 

immunoloblotting with SPI-6 specific antibody. Data represents the results of one of 

several experiments with similar results. 
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CHAPTER V: EVALUATION OF THE IN VITRO ROLE OF SPI-6 IN 
PROTECTING HEPATOCYTES FROM PERFORIN/GRANZYME B 
MEDIATED KILLING 
 
 
Introduction 
 

 

Previous work has illustrated that overexpression of PI-9 or SPI-6 can protect 

tumor cells from granzyme B mediated cytotoxicity by activated NK cells and cytotoxic 

lymphocytes [163]. Therefore, induction of PI-9/SPI-6 during viral hepatitis may serve as 

a mechanism to protect infected hepatocytes from excessively vigorous 

perforin/granzyme B mediated killing by NK cells and CTL [145, 154]. To evaluate this 

hypothesis, the current studies were performed to assess the in vitro effects of inhibiting 

SPI-6 expression in hepatocytes.  

   
 
Results 

 

SPI-6 expression protects hepatocytes from NK cell and CTL mediated apoptosis 

 

AML-12 hepatocytes [166], a nontransformed mouse hepatocyte cell line (H-

2Kb,Dq) that constitutively expresses SPI-6, was observed to be resistant to perforin and 

granzyme dependent cytotoxicity mechanisms [88, 154]. To analyze the role of SPI-6 in 

protecting AML-12 hepatocytes from these NK cell and CTL effector mechanisms, 

several siRNA templates were designed to selectively target SPI-6 mRNA and the 

specificity of each template in knocking down SPI-6 mRNA and protein expression was 

examined in AML-12 hepatocytes. As illustrated in Figure 36, the SPI-6 (511) siRNA 
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sequence was found to effectively reduce SPI-6 mRNA and protein expression by >95% 

in vitro without altering the expression of mRNA encoding highly homologous serpins, 

such as serpinb9b, serpinb9c, or serpinb9f (Figure 36). Messenger RNA levels of 

serpinb9g and serpinb9e also were unchanged in AML-12 hepatocytes post transfection 

with SPI-6 (511) (data not shown).  Another SPI-6 siRNA sequence, SPI-6 (1122), 

exhibited similar specificity in decreasing SPI-6 expression but not that of other serpinb9 

family members, but was somewhat less effective than SPI-6 (511) siRNA in knockdown 

of SPI-6 mRNA and protein expression in AML-12 hepatocytes (Figure 37).  The 

scrambled missense siRNA used in experiments depicted in Figure 38 elicited a minor 

increase in SPI-6 mRNA and protein.  This may result from an unknown off-target effect 

since, in separate experiments, a specifically destabilized mutant of the SPI-6 (511) 

sequence with 3 nt differences neither increased nor decreased SPI-6 mRNA (data not 

shown). 

 

To assess the role of SPI-6 expression in protecting AML-12 hepatocytes from 

NK cell perforin/granzyme B mediated apoptosis, splenic lymphocytes were isolated 

from B6.gld mice and cultured with IL-2 to stimulate lymphokine activated natural killer 

(LAK) cell activity. Lymphocytes from B6.gld mice are deficient in Fas ligand (FasL) 

expression and thus kill target cells predominately by perforin and granzyme dependent 

mechanisms. Generation of LAK cells in the effector cell population used in the 

experiment detailed in Figure 39 was confirmed by assessing killing of the NK sensitive 

YAC-1 cell line; 52% specific cytotoxicity was obtained at a 5:1 effector to target ratio 

(data not shown). Control, missense siRNA, and SPI-6 siRNA transfected AML-12 
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hepatocytes were used as LAK cell targets in 5-h chromium release assays.  In the 

representative experiments presented in Figure 39, control and missense siRNA 

transfected AML-12 hepatocytes remained resistant to killing by B6.gld LAK cells, 

whereas SPI-6 siRNA transfected AML-12 hepatocytes became susceptible to killing. 

Specific cytotoxicity mediated by these granzyme and perforin expressing but FasL 

defective LAK cells increased from 8% in untransfected AML-12 cells to approximately 

38% in SPI-6 siRNA transfected AML-12 cells. 

 

To examine the importance of SPI-6 in protecting AML-12 hepatocytes from 

CTL mediated granule effector mechanisms, splenocytes from Fas ligand defective 

B6.gld mice were stimulated in vitro for 5 days with irradiated splenocytes from FVB (H-

2q) mice to generate allospecific CTL. These H-2q specific CTL were assessed for 

capacity to kill control and siRNA transfected AML-12 hepatocytes (H-2Dq). As 

illustrated by the results presented in Figure 40, control and missense siRNA transfected 

AML-12 hepatocytes remained resistant to killing by FasL defective B6.gld effector 

cells, whereas AML-12 hepatocytes transfected with either of two independent SPI-6 

siRNA sequences were susceptible to granzyme and perforin mediated CTL killing.  

 

To study the importance of SPI-6 in protecting AML-12 hepatocytes from 

intrahepatic lymphocyte (IHL) mediated granule effector mechanisms, IHL from IFN-α 

stimulated, Fas ligand defected B6.gld mice were isolated as described in materials and 

methods section. These IHL were assessed for capacity to kill control and siRNA 

transfected AML-12 hepatocytes. As illustrated by the results presented in Figure 41, 
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control and missense siRNA transfected AML-12 hepatocytes remained resistant to 

killing by FasL defective B6.gld effector cells, whereas AML-12 hepatocytes transfected 

with SPI-6 siRNA sequence 511 were susceptible to granzyme and perforin mediated 

IHL killing. 
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Figure 36: Evaluation of serpin mRNA expression after transfection of AML-12 

hepatocytes with SPI-6 (511) siRNA. Serpin mRNA levels were measured in control, 

missense, and SPI-6 siRNA transfected AML-12 hepatocytes using real time PCR. Each 

bar represents the mean ± SD of triplicate determinations of mRNA expression relative to 

control AML-12 hepatocytes and normalized to 18sRNA. The data are representative of 

four experiments with similar results. 
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Figure 37: Evaluation of SPI-6 mRNA expression after transfection of AML-12 

hepatocytes with SPI-6 (511) or (1122) siRNA. Serpin mRNA levels were measured in 

control, missense, and SPI-6 siRNA transfected AML-12 hepatocytes using real time 

PCR. Each bar represents the mean ± SD of triplicate determinations of mRNA 

expression relative to control AML-12 hepatocytes and normalized to 18sRNA. The data 

are representative of four experiments with similar results.  
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Figure 38: Evaluation of SPI-6 protein expression after transfection of AML-12 

hepatocytes with SPI-6 (511) siRNA. SPI-6 protein expression was measured in lysates 

prepared from transfected AML-12 hepatocytes.  Protein levels were assayed and 20µg of 

protein was loaded per lane prior to SDS-PAGE separation of proteins and Western 

blotting with SPI-6 specific antibody. The data presented are representative of four 

experiments with similar results. 
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Figure 39: LAK killing of SPI-6 siRNA transfected AML-12 hepatocytes.  AML-12 

hepatocytes previously transfected for 48 hours with SPI-6 specific siRNA, missense 

siRNA or transfection reagent alone were used as targets in 5-h chromium release assays 

of killing by FasL defective (gld) LAK cells.  The experiments shown are representative 

of three with similar results. 
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Figure 40: CTL killing of SPI-6 siRNA transfected AML-12 hepatocytes. AML-12 

hepatocytes previously transfected for 48 hours with SPI-6 specific siRNA, missense 

siRNA or transfection reagent alone were used as targets in 5-h chromium release assays 

of killing by Anti-H-2q-specific, FasL defective (gld) CTL were generated in 5-day MLC 

and assessed in a 12-h chromium release assay for killing of AML-12 hepatocytes 

previously transfected with SPI-6 specific or missense siRNAs.  The experiments shown 

are representative of three with similar results. 
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Figure 41: IHL killing of SPI-6 siRNA transfected AML-12 hepatocytes. AML-12 

hepatocytes previously transfected for 48 hours with SPI-6 specific siRNA, missense 

siRNA, or transfection reagent alone were used as targets in 5-h chromium release assays 

to evaluate killing by FasL defective (gld) IHL. The experiments shown are 

representative of three with similar results.  
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CHAPTER VI: EVALUATION OF THE IN VIVO ROLE OF SPI-6 IN 
PROTECTING HEPATOCYTES FROM PERFORIN/GRANZYME B 
MEDIATED KILLING DURING VIRAL INFECTION IN THE LIVER. 
 

Introduction 

 

Initial evaluations of human or mouse tissues for PI-9 or SPI-6 expression 

revealed high levels of expression in spleen, lung, and a variety of immune-privileged 

sites, but did not reveal high levels of PI-9 or SPI-6 expression in normal liver [139, 145]. 

Subsequent studies conducted in our laboratory however noted up-regulation of PI-9 and 

SPI-6 expression in human and mouse hepatocytes during viral infection and in mouse 

liver after in vitro treatment with IFN-α [154]. Therefore, induction of PI-9/SPI-6 during 

viral hepatitis may serve as a mechanism to protect infected hepatocytes from excessively 

vigorous perforin/granzyme B mediated killing by NK cells and CTL [145, 154]. To 

evaluate this hypothesis, the current studies were performed to assess the effects of 

inhibiting SPI-6 expression in hepatocytes in the presence or absence of viral infection of 

the liver.   

 

Results 

 

Inhibition of SPI-6 results in increased hepatocellular injury   

  

The in vivo effects of SPI-6 siRNA templates on hepatic expression of SPI-6 

RNA and protein expression were assessed.  A modified hydrodynamic transfection 

technique was used to infuse the various siRNAs into mice [184]. This technique 
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delivered SPI-6 siRNA into hepatocytes at levels that decreased IFN-α induced SPI-6 

mRNA (Figure 42) and protein (Figure 43) expression by greater than 95% without 

disrupting SPI-6 expression in organs that constitutively express SPI-6, such as the spleen 

(Figure 44) or lung (Figure 45). SPI-6 (511) siRNA specifically inhibited hepatic SPI-6 

mRNA expression without inhibiting expression of mRNAs encoding highly homologous 

serpins, such as serpinb9b, serpinb9c, or serpinb9f (Figure 46).  In addition, serpinb9g 

and serpinb9e mRNA levels remained unaltered post hydrodynamic transfection with 

SPI-6 (511) siRNA (data not shown). Analysis of liver homogenates prepared from 

control and siRNA transfected mice revealed a greater than 10-fold decrease in SPI-6 

protein expression in mice transfected with SPI-6 (511) siRNA, while levels of SPI-6 

protein expression unchanged or were modestly increased in diluent control and missense 

siRNA transfected mice (Figure 43). These results indicate that hydrodynamic 

transfection of SPI-6 (511) siRNA can efficiently and selectively inhibit SPI-6 mRNA 

and protein expression in vivo in the liver without affecting expression in other organs. 

  

To further elucidate whether induction of hepatic expression of SPI-6 during the 

course of viral infection occurred in response to hepatocyte stress or injury, mice were 

given a high pressure tail vein injection containing lactated ringer’s solution, a procedure 

that has been previously illustrated to increase hepatocyte stress and injury [191]. Alanine 

amino transferase, a marker of liver injury, was analyzed on serum samples isolated at 4 

and 24 hours post-injection. As illustrated in Figure 47, SPI-6 protein expression is 

upregulated in the liver at 24 hours post high pressure tail vein injection. In contrast, SPI-

6 protein expression was not significantly upregulated in murine liver at 24 hours post 
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low pressure tail vein injection, a technique that has not been previously shown to induce 

hepatocyte injury [191, 192].  

 

In order to investigate the functional effects of impaired in vivo hepatic SPI-6 

expression, C57Bl/6J mice were hydrodynamically transfected with SPI-6 (511) siRNA 

and ALT levels measured to assess hepatic injury. As detailed in Figure 48, and as 

previously observed by others [191-193], on day 1 post transfection there was a mild but 

reproducible elevation in serum ALT values in each of the transfected mice.  This is 

likely due to passive congestion of the liver related to the acute intravascular volume 

overload associated with the hydrodynamic transfection technique [191, 194]. This mild 

elevation in serum ALT resolved in control and missense siRNA transfected mice by day 

3. However, ALT levels in SPI-6 siRNA transfected mice increased further, reaching a 

peak level of 212 IU/ml on day 3, with gradual resolution over the next 5-9 days (Figure 

49). As illustrated by the results presented in Figure 48, this apparently greater level of 

hepatic injury in SPI-6 suppressed mice was responsive to the dose of SPI-6 siRNA 

administered and was seen with two independent SPI-6 specific siRNAs, making it 

unlikely that off-target effects of the siRNAs were responsible.  In order to determine if 

other toxic effects of the SPI-6 specific siRNA contributed to the increase in ALT levels 

or whether this more pronounced ALT increase resulted from unopposed granzyme B 

activity in the SPI-6 suppressed mice, serum ALT levels were examined in granzyme B 

deficient mice following hydrodynamic transfection with the various siRNAs. As 

illustrated in Figure 50, the pattern of transient ALT elevation in granzyme B deficient 

mice following hydrodynamic transfection with SPI-6 specific siRNA was 
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indistinguishable from that of missense or no siRNA hydrodynamic transfection and 

resolved within 3 days.  Thus, granzyme B dependent cytotoxic mechanisms appear to be 

responsible for the higher levels of hepatic injury following transfection with SPI-6 

specific siRNA.     

 

The role of NK cells in mediating granzyme B dependent hepatocellular injury in 

SPI-6 siRNA treated mice was examined by using anti-Asialo GM1 to deplete NK cells 

from mice prior to transfection with SPI-6 siRNA. As detailed in Figure 51, on day 1 post 

transfection, there were comparable levels of serum ALT elevation in NK depleted  mice 

transfected with missense siRNA, SPI-6 (511) siRNA, or vehicle alone, and this elevation 

in serum ALT resolved in all mice by day 3.  

 

Inhibition of SPI-6 during AdCMV-LacZ infection results in elevated ALT levels   

 

In further studies, the role of SPI-6 in protecting hepatocytes from perforin and 

granzyme B mediated cytotoxic lymphocyte effector mechanisms during adenoviral 

infection was investigated. In these studies, 4 x 1011 OPU of AdCMV-LacZ were infused 

in parallel with missense or SPI-6 (511) siRNA into C57Bl/6J mice and serum ALT 

levels examined on selected days post infection. As illustrated in Figure 52, serum ALT 

levels were modestly elevated in all hydrodynamically transfected mice on day 1 post 

transfection but returned to base-line levels by day 3 in adenovirus infected control and 

missense siRNA transfected mice. Mice infused simultaneously with AdCMV-LacZ and 

missense siRNA or with AdCMV-LacZ alone exhibited moderate increases in ALT levels 
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on that peaked day 8.  In contrast, mice transfected with SPI-6 (511) siRNA at the time of 

AdCMV-LacZ infection exhibited much more dramatic serum ALT elevations on day 3 

and continued to exhibit higher serum ALT levels than mice in other experimental groups 

on day 8 post adenoviral infection. When SPI-6 (511) siRNA was hydrodynamically 

transfected into C57Bl/6J mice concomitant with infusion of a higher inoculum of 

AdCMV-LacZ, 1.2 x 1012 OPU, early onset of lethal, acute liver failure was observed in 

all SPI-6 (511) siRNA transfected mice but not in missense or no siRNA AdCMV-LacZ 

infected mice (Figure 53). Liver tissue isolated from AdCMV-LacZ infected mice 

exhibited mononuclear cell lobular inflammation with scattered apoptotic hepatocytes as 

illustrated in Figure 54A. In contrast, as illustrated in Figure 54D, liver tissue isolated 

from mice infused with both SPI-6 siRNA and AdCMV-LacZ exhibited numerous 

apoptotic hepatocytes and severe hepatocellular injury with areas of submassive, 

nonzonal hepatocyte death in a pattern not observed in livers of missense siRNA 

transfected, AdCMV-LacZ infected mice (Figure 54B).  

 

To investigate the role of NK cells in hepatocullular injury in response to 

AdCMV-LacZ with and without concomitant suppression of SPI-6 expression, serum 

ALT levels were measured in NK cell depleted mice at various time points post infusion 

with AdCMV-LacZ and SPI-6 siRNA (Figure 55).  In contrast to mice with normal 

numbers of NK cells, only a slight increase in serum ALT levels was detected at day 3 in 

NK cell depleted mice co-transfected with AdCMV-LacZ and SPI-6 (511) siRNA relative 

to ALT levels in control or missense siRNA tranfected mice.  ALT levels at all other time 

points were similar in SPI-6 siRNA treated and control mice. 
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The role of granzyme B dependent cytotoxic effector mechanisms was 

investigated in similar experiments using granzyme B deficient mice.  As illustrated in 

Figure 56, the modest elevations in ALT levels of granzyme B deficient mice after 

hydrodynamic transfection with 4 x 1011 OPU AdCMV-LacZ were not significantly 

altered by co-transfection with SPI-6 specific siRNA. 

 

Inhibition of SPI-6 results in accelerated clearance of AdCMV-LacZ from the liver   

 

To assess the effect of SPI-6 inhibition on clearance of AdCMV-LacZ from the 

livers of virally infected, siRNA transfected mice, hepatic expression of the adenoviral 

transgene product, β-galactosidase was examined. Similar levels of expression of β-

galactosidase, approximately 800 to 1100 fold above basal levels of endogenous hepatic 

β-galactosidase expression were detected in control, missense, and SPI-6 siRNA treated 

mice 3 days post transfection, indicating an equal level of viral infection (data not 

shown). As illustrated in Figure 57, 12 days after initial AdCMV-LacZ infection, livers of 

mice transfected with SPI-6 siRNA exhibited 5-10 fold lower levels of β-galactosidase 

expression than livers of vehicle only or missense siRNA transfected mice, respectively, 

indicating more rapid clearance in mice lacking SPI-6 expression during the acute phase 

of AdCMV-LacZ infection.   
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Figure 42: Evaluation of SPI-6 (511) siRNA specificity in vivo. RNA was isolated 

from the livers of hydrodynamically transfected C57BL/6J mice stimulated with IFN-α 

24 hours post transfection. Gene expression was evaluated by real time PCR. Equal 

quantities of RNA were reverse transcribed and assessed for mRNA levels of SPI-6. The 

values presented are the mean SD from triplicate determinations in a single experiment 

and are representative of three independent experiments with similar results. 
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Figure 43: Evaluation of SPI-6 (511) siRNA efficacy in vivo. Lysates from liver from 

hydrodynamically transfected, IFN-α stimulated mice were prepared. Protein levels were 

assayed and, as indicated, 10 or 20 µg of protein was loaded per lane before SDS-PAGE 

separation of proteins and immunoblotting with SPI-6 specific antibody. The data 

represents the results of one of several experiments with similar results.
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Figure 44: Evaluation of SPI-6 (511) siRNA specificity in vivo. (A) RNA was isolated 

from the spleen of hydrodynamically transfected C57BL/6J mice stimulated with IFN-α 

24 hours post transfection. Gene expression was evaluated by real time PCR. Equal 

quantities of RNA were reverse transcribed and assessed for mRNA levels of SPI-6. The 

values presented are the mean SD from triplicate determinations in a single experiment 

and are representative of three independent experiments with similar results. (B) Lysates 

from spleen from hydrodynamically transfected, IFN-α stimulated mice were prepared. 

Protein levels were assayed and 20 µg of protein was loaded per lane before SDS-PAGE 

separation of proteins and immunoblotting with SPI-6 specific antibody. The data 

represents the results of one of several experiments with similar results. 
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Figure 45: Evaluation of SPI-6 (511) siRNA specificity in vivo. RNA was isolated 

from the lungs of hydrodynamically transfected C57BL/6J mice stimulated with IFN-α 

24 hours post transfection. Gene expression was evaluated by real time PCR. Equal 

quantities of RNA were reverse transcribed and assessed for mRNA levels of SPI-6. The 

values presented are the mean SD from triplicate determinations in a single experiment 

and are representative of three independent experiments with similar results. 
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Figure 46: Evaluation of SPI-6 (511) siRNA specificity in vivo. RNA was isolated 

from the liver of hydrodynamically transfected C57BL/6J mice stimulated with IFN-α 24 

hours post transfection. Gene expression was evaluated by real time PCR. Equal 

quantities of RNA were reverse transcribed and assessed for mRNA levels of 

homologous serpins. The values presented are the mean SD from triplicate 

determinations in a single experiment and are representative of three independent 

experiments with similar results. 

 

 121



 

 

Figure 47: SPI-6 protein levels are increased during hydrodynamic transfection. 

Liver tissue was isolated from hydrodynamically transfected mice 24 hours post 

transfection and protein lysates were prepared. Protein levels were assayed and, as 

indicated, 10 or 20 µg of protein was loaded per lane before SDS-PAGE separation of 

proteins and immunoblotting with SPI-6 specific antibody. The data represents the results 

of one of several experiments with similar results. 
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Figure 48: ALT levels in control, missense, and SPI-6 siRNA transfected mice.  B6 

mice were infused with vehicle, missense, or SPI-6 (511) siRNA and stimulated with 

IFN-α 24 hours post transfection. Plasma ALT levels were measured at selected time 

points. The experiments shown are representative of three with similar results. 
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Figure 49: ALT levels in control, missense, and SPI-6 siRNA transfected mice.  B6 

mice were infused with destabilized SPI-6 (511) siRNA, SPI-6 (511) siRNA, or SPI-6 

(1122) siRNA and stimulated with IFN-α 24 hours post transfection. Plasma ALT levels 

were measured at selected time points. The experiments shown are representative of three 

with similar results 
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Figure 50: ALT levels in control, missense, and SPI-6 siRNA transfected NK cell 

depleted mice. . B6 mice treated with anti-asialo GM1 24 hours prior to transfection 

were infused with vehicle, missense, or SPI-6 (511) siRNA and stimulated with IFN-α 24 

hours post transfection. Plasma ALT levels were measured at selected time points. The 

experiments shown are representative of three with similar results. 
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Figure 51: ALT levels in control, missense, and SPI-6 siRNA transfected granzyme 

B knockout mice. . B6.gzmb-/- mice were infused with vehicle, missense, or SPI-6 (511) 

siRNA and stimulated with IFN-α 24 hours post transfection. Plasma ALT levels were 

measured at selected time points. The experiments shown are representative of three with 

similar results. 
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Figure 52: ALT levels in control, missense, and SPI-6 siRNA transfected mice 

following AdCMV-LacZ infection. Plasma was isolated from C57BL/6J mice infected 

with 4 x 1011 OPU AdCMV-LacZ at select time points post hydrodynamic transfection 

with vehicle, missense, or SPI-6 (511) siRNA and ALT levels were evaluated. The data 

for each treatment group is representative of at least 3 independent experiments with 

similar results. 
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Figure 53: ALT levels in control, missense, and SPI-6 siRNA transfected mice 

following AdCMV-LacZ infection. Plasma was isolated from C57BL/6J mice infected 

with 1.2 x 1012 OPU AdCMV-LacZ at select time points post hydrodynamic transfection 

with vehicle, missense, or SPI-6 (511) siRNA and ALT levels were evaluated. The data 

for each treatment group is representative of at least 3 independent experiments with 

similar results. 
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Figure 54: Effect of SPI-6 depletion during hepatic viral infection. Formalin-fixed 

liver sections were embedded in paraffin, and 5-µm sections were cut and stained with 

hematoxylin and eosin (H&E). Photomicrographs are of livers obtained on day 3 from 

control (A), missense siRNA , AdCMV-LacZ treated (B), SPI-6 siRNA, AdCMV-LacZ 

treated, day 2 (C), or SPI-6 siRNA, AdCMV-LacZ treated mice, day 3 (D). 
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Figure 55: ALT levels in NK cell depleted mice. B6 mice treated with anti-asialo GM1 

24 hours prior to transfection were infused with vehicle, missense, or SPI-6 (511) siRNA 

and infected with 4 x 1011 OPU of AdCMV-LacZ. Plasma ALT levels were measured at 

selected time points during infection. The experiments shown are representative of three 

with similar results. 
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Figure 56: ALT levels in granzyme B knockout mice. B6.gzmb-/- mice were infused 

with vehicle, missense, or SPI-6 (511) siRNA and infected with 4 x 1011 OPU of 

AdCMV-LacZ. Plasma ALT levels were measured at selected time points during 

infection. The experiments shown are representative of three with similar results. 
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Figure 57: β-galactosidase levels in SPI-6 siRNA mice following AdCMV-LacZ 

infection. Β-galactosidase levels were assayed in livers isolated from 12 days post 

hydrodynamic transfection from B6 mice infused with AdCMV-LacZ alone, AdCMV-

LacZ plus missense siRNA or AdCMV-LacZ plus SPI-6 (511) siRNA treated mice. 
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CHAPTER VII: DISCUSSION 

 

The results of these studies indicate that expression of PI-9 and SPI-6, selective 

serpin inhibitors of granzyme B, is induced in hepatocytes and hepatoma cells by any of 

several antiviral cytokines known to be induced in the liver during hepatotropic viral 

infection [122, 154]. These studies also indicate that SPI-6 expression is induced in 

mouse livers during hepatic adenoviral infection at time points previously noted to 

correlate with peak intrahepatic, anti-adenoviral NK and CTL activity [85]. Moreover, 

IFN-treated, SPI-6-expressing mouse hepatocytes exhibit resistance to perforin- and 

granzyme-mediated cytotoxicity mechanisms despite enhanced ability of these IFN-

induced cells to trigger other T cell responses, such as the alternative Fas ligand-mediated 

cytotoxicity pathway. The lack of concurrent cytokine regulation of expression of other 

serpinB9 homologue serpins not known to modulate lymphocyte cytotoxicity, suggests 

that such cytokine-induced expression of PI-9 and SPI-6 expression may have evolved 

specifically as part of a hepatocyte cellular defense mechanism designed to avoid excess 

liver cell injury by granzyme B-dependent mechanisms during viral hepatic infections or 

other inflammatory states while leaving these cells susceptible to alternative cytotoxic 

lymphocyte effector mechanisms. 

 

The two most common viral causes of chronic hepatitis in humans,  hepatitis B 

and hepatitis C virus are both largely noncytopathic viruses that induce significant 

hepatocellular injury only after  the  generation of host antiviral NK and CTL responses 

[96]. During the course of acute hepatitis B or hepatitis C virus infection in humans, 
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antiviral cytokine responses typically precede induction of prominent CTL responses 

[96]. This sequence of host antiviral responses has been postulated as important in 

avoidance of acute liver failure secondary to overly robust CTL responses directed at 

virally infected hepatocytes. Since both IFN responses and enhanced intrahepatic TNF 

expression during viral hepatitis appear to significantly suppress viral replication via 

noncytopathic mechanisms, the fraction of hepatocytes susceptible to killing by antiviral 

CTL at any one point in time is thus reduced [47, 96]. The results of the present study 

identify another mechanism whereby early type I and II IFN and TNF responses to 

hepatic viral infection might limit hepatotoxicity via induction of expression of murine 

SPI-6 or human PI-9, selective inhibitors of the major perforin- and granzyme-dependent 

pathway of lymphocyte-mediated cytotoxicity [120, 155, 158]. Of note, as previously 

reported, the induction of PI-9 by TNF, a prominent component of innate responses to 

endotoxin and other bacterial stimuli, may also provide liver cells with a mechanism to 

avoid excess bystander toxicity from hepatic NK cell activation during abdominal or 

systemic bacterial infections in which the liver reticuloendothelial system plays a 

prominent role in clearance of invading organisms [145, 154].  

 

The dichotomy between the apparently constitutive expression of PI-8, a putative 

tryptase inhibitor and the regulated expression of PI-9 in hepatoma cells is not entirely 

unexpected as, despite structural homology, these two molecules are encoded by genes 

residing on different chromosomes as part of different serpin gene clusters [120, 158, 

159]. Others have also noted that PI-8, in contrast to PI-9, appears to be constitutively 

expressed at relatively high levels in the liver and thus appears more likely to be involved 
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in regulation of proteases expressed during normal physiologic function of the liver rather 

than during pathologic immune responses as has been postulated for PI-9 function [141, 

159]. Nevertheless, high level, constitutive expression of PI-8 may afford hepatocytes 

protection from the tryptase activities of granzyme A and K.  

 

The similar patterns of IFN-induced hepatocyte expression of the human serpin, 

PI-9, and the mouse serpin, SPI-6, provides additional evidence that SPI-6 is a close 

murine orthologue of the human PI-9 gene. Furthermore, the present studies reveal that 

SPI-6 is expressed in both AML-12 hepatocytes and adenovirally infected mouse 

hepatocytes, two types of target cells previously found to be highly resistant to CTL 

killing mediated by perforin- and granzyme-dependent mechanisms [85, 88]. Moreover, 

in hepatocyte targets in which SPI-6 expression is enhanced by IFN stimulation, 

resistance to granzyme-dependent cytotoxicity is augmented following IFN-α exposure 

despite enhanced capacity to trigger alternative CTL effector mechanisms. Thus, the 

present observations regarding induction of PI-9 and SPI-6 expression in epithelial cells 

of hepatic origin extends the range of cell types in which PI-9 and SPI-6 expression has 

been observed and suggests that this cytoprotective molecule is involved not only in 

regulation of immune responses and in prevention of bystander cell injury during CTL 

responses but also is likely to play a role in modulating the mechanisms whereby NK and 

CTL kill virally infected parenchymal cells in the liver [141]. 

 

Our present studies illustrate that increases in hepatocyte SPI-6 expression during 

viral infection correlate with presence of granzyme B expressing NK and CTL. 
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Furthermore, mice lacking intact perforin/granzyme B do not exhibit increased hepatic 

SPI-6 mRNA or protein expression after IFN-α administration or during AdCMV-LacZ 

infection. Thus, the presence and likely release of DPPI processed, enzymatically active 

granzyme B and perforin by bone marrow derived cells that infiltrate the liver after IFN-α 

administration or during AdCMV-LacZ infection leads to the induction of SPI-6 

expression in hepatocytes. 

 

The necessity for the presence of enzymatically active granzyme B and perforin 

expression by intrahepatic lymphocytes to induce SPI-6 expression in hepatocytes 

suggests a unique mechanism of SPI-6 gene regulation not previously noted in other cell 

lineages that express SPI-6. Once inside the cytosol, granzyme B cleaves substrates that 

can induce apoptosis. Upregulation of PI-9 or SPI-6 may occur as a direct result of 

granzyme B or may be due to upregulation of additional factors present in the cytosol that 

bind and induce gene transcription. Previous work has illustrated that the liver does not 

constitutively express PI-9 or SPI-6, which may indicate that these genes are tightly 

regulated and bound to a transcriptional repressor during normal conditions [120]. Thus, 

the induction of SPI-6 expression may require the presence of enzymatically active 

granzyme B to remove transcriptional repression.  

 

In contrast to the human genome that appears to contain only a single serpinB9 

gene, the murine genome contains multiple serpinB9 homologues [159].  Putative PI-9 

homologues share greater than 90% homology with PI-9. However, these homologues 

differ greatly from PI-9 in the fact that they do not possess negatively charged residues in 
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the P1 region of their reactive center loop [158, 159]. Other than sequence comparisons, 

additional mouse homologues of PI-9 have not been previously well characterized. The 

current studies evaluated hepatic expression of SPI-6 as well as additional PI-9 

homologues, such as serpinb9b/R86, serpin9c/NK9, serpin9d/NK21, serpin9e/NK21b, 

and serpin9g/NK26, post treatment with anti-viral cytokines and during viral infection.  

Our findings indicate that SPI-6 is the only PI-9 homologue whose expression is 

significantly up-regulated in the liver post IFN-α administration or during the course of 

AdCMV-LacZ infection. Furthermore, the results of the present studies illustrate that 

SPI-6 is the only putative PI-9 homologue whose expression correlates with granzyme B 

expression, in that an upregulation in SPI-6 expression directly follows infiltration of the 

liver by granzyme B expressing cytotoxic lymphocytes. Taken together, the tissue 

distribution, expression analysis, and cellular localization of SPI-6 appears similar to that 

of PI-9, further indicating that murine SPI-6 is a functional counterpart of human PI-9 

[120, 154, 158].  

 

The results of the present studies indicate that an important role of serpinb9/SPI-6 

expression in hepatocytes is to protect these cells from killing by granzyme B expressing 

NK cells and CTL (Figure 57). Moreover, regulated expression of this specific inhibitor 

of granzyme B in the liver [154] accounts, at least in part, for the previously observed 

resistance of virally infected hepatocytes to perforin and granzyme dependent effector 

mechanisms [85] and, in turn, the greater importance of Fas and related death receptor 

dependent cytotoxic effector mechanisms in immune mediated injury and clearance of 

viral infections from the liver [86]. Of note, when serpinb9/SPI-6 expression was 
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inhibited during adenoviral infection, immune clearance of adenovirally encoded 

transgenes was accelerated. These results are in agreement with a large body of clinical 

literature indicating that the presence of a vigorous cytopathic immune response during 

acute viral infection is associated with a high likelihood of viral clearance and that 

inhibition of the cell-mediated component of the immune response significantly delays 

this process [9, 37]. However, the risk to the host of an excessively vigorous anti-viral 

cytopathic immune response in the liver is illustrated by the observation, during the 

studies reported here, that lack of SPI-6 expression can lead to fatal acute liver failure as 

the result of rapid and extensive NK cell killing of virally infected hepatocytes.  

 

When hepatic SPI-6 expression was knocked down in vivo by SPI-6 specific 

siRNA, enhanced hepatocellular injury mediated by granzyme B expressing NK cells was 

observed not only in response to adenoviral infection but also in response to the modest 

level of hepatocyte injury associated with the hydrodynamic transfection technique used 

to deliver siRNA to hepatocytes. Previous analysis of siRNA and / or recombinant DNA 

delivery to hepatocytes in vivo have noted that the efficacy of the hydrodynamic 

transfection technique is closely tied to the volume and rate of infusion and associated 

transient disruption of the hepatocyte membrane [191-193]. NK cells kill target cells in 

response to a variety of stimuli that elicit expression of stress proteins [19] and thus, in 

addition to their role in clearance of malignant or virally infected cells, NK cells play a 

role in killing cells injured by drugs or other agents [19, 33].  As fully differentiated 

granzyme B expressing NK and NKT cells reside in the normal liver and are poised to 

promptly eliminate injured hepatocytes expressing appropriate stress protein ligands for 
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NK cell activating receptors, regulation of granzyme B mediated apoptosis by 

serpinb9/SPI-6 expression during the course of ischemic or toxin induced liver injury is 

also likely of importance in determining the magnitude of liver injury.  

 

Under the experimental conditions employed in the present studies, inhibition of 

SPI-6 expression during adenoviral infection in the liver induced an accelerated course of 

NK cell mediated hepatocellular injury that evolved prior to development of adaptive 

CD8+ T cell responses which peak later in the course of this infection [44]. Thus, any 

separate role for serpinb9/SPI-6 expression in protection of hepatocytes from CTL 

mediated immune injury in vivo was not apparent. However, hepatic SPI-6 mRNA levels 

remain more than 10-fold above basal levels throughout the first 3 weeks of in vivo 

adenoviral infection. In addition, in vitro SPI-6 siRNA treated hepatocytes were observed 

to become more sensitive to perforin and granzyme dependent CTL killing. Therefore, it 

is likely that regulated expression of SPI-6 plays an equally important role in preventing 

excessive CTL mediated hepatic injury.  During adenoviral infection, hepatic NK cells 

and CTL also express high levels of granzyme A [85, 88], a serine protease capable of 

inducing perforin dependent apoptosis in the absence of granzyme B [43]. In previous 

studies [154], we have noted that human and murine hepatocytes appear to constitutively 

express proteinase inhibitor 8, a putative granzyme A inhibitor [120, 158]. Thus, hepatic 

expression of this serpin and / or additional cytoprotective factors also may contribute to 

the resistance of virally infected hepatocytes to the multiple effector molecules that are 

components of the granule exocytosis pathway of cell mediated immune injury.  
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Interestingly, hepatocytes remain susceptible to Fas ligand / Fas mediated killing, 

but, as indicated by this study, tightly regulate perforin / granzyme B mediated killing 

[85, 86, 88]. Granzyme B is the main “rapid kinetics” mechanism of killing and too 

vigorous killing of hepatocytes may result in a high level of apoptosis and acute liver 

failure [43, 165, 195]. Selective regulation of granzyme B by PI-9/SPI-6 serves as a 

cytoprotective mechanism to ensure hepatocyte integrity during infection while allowing 

virally infected hepatocytes to remain susceptible to slower methods of cell-mediated 

cytotoxicity, such as Fas / Fas ligand death receptor pathway. Fas ligand mediated killing 

of virally infected or transformed target cells has been regarded as a secondary, 

cytotoxicity pathway that is utilized when the perforin / granzyme B mediated 

cytotoxicity pathway is compromised. The Fas / Fas ligand pathway plays an important 

role in maintaining liver homeostasis and constitutive expression of Fas on hepatocytes 

that can engage Fas ligand present on the surface of CTL and readily undergo apoptosis 

is indicative of this [89].  Thus, there is a greater dependence upon Fas ligand mediated 

cytotoxicity as well as other perforin-independent antiviral mechanisms for viral 

clearance from the infected liver in the setting of mechanisms that limit perforin and 

granzyme mediated cytotoxicity [85-88].  

 

In summary, the nucleocytoplasmic serpins PI-9 (human) and SPI-6 (mouse) are 

selective regulators of granzyme B mediated apoptosis. The present studies demonstrate 

that SPI-6 expression protects hepatocytes from granzyme B mediated mechanism of 

cytotoxicity during both non-infectious forms of liver injury and during the course of 

viral infections that elicit cytopathic immune responses. Hepatic viral infections and 
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associated antiviral immune responses induce the expression of PI-9 or SPI-6 in human 

or murine liver cells. This mechanism of PI-9 / SPI-6 gene regulation, as outlined in 

Figure 58, explains the resistance of virally infected liver cells to perforin and granzyme-

dependent hepatotoxicity. The finding that liver specific inhibition of SPI-6 expression 

during adenoviral hepatitis leads to fatal, acute liver injury argues that inhibition of 

granzyme B by the tightly regulated expression of PI-9 and SPI-6 has evolved as a crucial 

cytoprotective mechanism utilized by hepatocytes. This mechanism blocks rapid kinetic 

granzyme B dependent mechanisms of hepatocyte killing while allowing Fas ligand or 

TNF death receptor pathways to mediate apoptosis of virally infected or transformed 

hepatocytes via slower kinetic mechanisms thus providing greater opportunity for 

compensatory hepatic regeneration and replacement of virally infected hepatocytes as 

they are killed by cytotoxic lymphocytes.  

 

In summary, the results of the present studies demonstrate that serpinb9 mediated 

regulation of cytotoxic lymphocyte function in the liver plays a central role in both 

determination of the rate of immune clearance of viral pathogens from the liver and in 

protection from immune mediated hepatocellular injury. These findings suggest that the 

severity of illness and the potential for development of fatal acute liver failure during 

both acute viral hepatitis and following non-infectious forms of injury capable of 

triggering NK cell responses is likely to be related not only to the vigor of the host 

cytotoxic lymphocyte response, but also to the efficiency with which hepatocytes 

upregulate expression of cytoprotective molecules such as murine SPI-6 or human PI-9. 
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Figure 58: Difference in immune regulatory molecules between normal and virally 

infected hepatocytes. (A) Normal hepatocytes do not express serine proteinase inhibitors 

PI-9 (human) or SPI-6 (mouse). (B) Induction of PI-9/SPI-6 during viral hepatitis may 

serve as a mechanism to protect infected hepatocytes from rapid kinetic granzyme B 

dependent mechanisms of hepatocyte killing, while allowing the Fas ligand or TNF death 

receptor pathways to mediate apoptosis of virally infected or transformed hepatocytes via 

slower kinetic mechanisms.  
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