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The purpose of this study was to make an in vivo assessment of the performance of 

the TNFα/TNFR1 apoptotic pathway and assessment of the effect of IL-10 on lupus 

pathogenesis in the NZM2410 lupus mouse model.  The first goal was obtained by using 

an LPS/D-galactosamine-induced septic shock model that induces mortality via acute 

fulminant hepatic failure initiated by severe apoptosis.  This caspase dependent model is 

mediated by TNFα/TNFR1.  NZM2410 was resistant to LPS/D-galactosamine-induced 

mortality and produced significantly less TNFα-induced IL-6 and IL-10.  At low doses of 

LPS, partial resistance was associated with the Tnfaw allele.  At higher doses of LPS, 

partial resistance was associated with a lupus-susceptibility locus downstream of caspase 

3 activation and a non-lupus susceptibility locus between TNFα production and caspase 3 

activation.  Gene cDNA array analysis revealed that the defect(s) could be due to the 

overexpression of Bcl-xL anti-apoptotic gene.  In vitro, a chimeric Bcl-xL antisense 
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oligonucleotide caused induction of apoptosis in NZM2410 lymphocytes to the levels 

induced in B6, suggesting that Bcl-xL overexpression contributed to the defect initially 

revealed in vivo.  Inhibition of Bcl-xL in B6.Sle1.Sle2.Sle3 LPS-stimulated splenocytes 

resulted in a 2-fold decrease in autoantibody production suggesting a role in lupus 

pathogenesis.   The second goal was obtained by overexpressing IL-10 with an AAV 

vector.  In this model, IL-10 was transduced intramuscularly and all effects were due to 

chronic systemic responses to the single localized injection.  After overexpression with 

109 IU IL-10 AAV Serotype 2, B6.Sle1.Sle2.Sle3 pre-diseased mice had a delay in onset 

of autoantibody production, immune cell responses mainly to B cell 

activation/distribution, but no effect on renal pathology.  After overexpression with 1010 

IU IL-10 AAV Serotype 1, B6.Sle1.Sle2.Sle3 pre-diseased mice had long-term inhibition 

of autoantibody production, a decrease in splenic CD4+ T cell number/activation, and a 

significant reduction of renal pathology as assessed by proteinuria.  After overexpression 

with 1010 IU IL-10 AAV Serotype 1, B6.Sle1.Sle2.Sle3 diseased mice had significant 

decreased IgG2b and IgG3 antibodies, increased plasmablasts, and a reduction in renal 

pathology as assessed by proteinuria/histology.  Overall, these results suggest that Bcl-xL 

plays a critical role in survival of autoreactive cells and IL-10 can modulate lupus 

pathogenesis. 
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CHAPTER 1 
INTRODUCTION 

The immune system is one of the best models for homeostatic regulation by 

apoptosis (1).  During an infection, there is a rapid increase in the number of immune 

cells at the site of inflammation as a result of an increased survival of neutrophils, clonal 

expansion of lymphocytes, and bone marrow turnover.  After successful clearance of an 

invading organism, the immune response is terminated by a number of mechanisms that 

include, first, reduced survival signals due to decreased inflammatory cytokines or 

antigen; and second, engagement of death receptors for induction of apoptosis (1).  The 

importance of death receptor induced apoptosis in regulation of immune homeostasis has 

been well documented in conditions in which apoptotic defects in the lymphoid system 

result in failure to remove autoreactive cells which can lead to autoimmune diseases (2). 

In particular, defects in FAS and FASL members of the Tumor Necrosis Factor/Tumor 

Necrosis Factor Receptor (TNF/TNFR) family, result in severe lymphoproliferation and 

lead to autoimmunity (2). It has been shown that deletion of the p55 TNF receptor 

(TNFR1) in the B6-lpr/lpr mouse resulted in acceleration of lymphoproliferation and 

autoimmune disease (3). This suggests that the p55 TNFR pathway may play a 

compensatory role in lymphocyte apoptosis and that the inflammatory cytokine TNFα 

can regulate the survival of autoreactive lymphocytes (3). Although several studies have 

associated Tnfa sequence polymorphisms and SLE (4,5), the precise contribution of 

TNFα on systemic autoimmunity is controversial (6).   
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Another inflammatory cytokine that can regulate the survival of autoreactive 

lymphocytes is Interleukin 10 (IL-10).  IL-10 inhibits activation of monocytes, 

macrophages, and dendritic cells.  This inhibition leads to reduction of pro-inflammatory 

mediators and subsequent reduction of T cell stimulation (7).   IL-10 is also a potent 

stimulator of B cell differentiation, proliferation, and antibody production (7).  As with 

TNFα, the role of IL-10 in systemic autoimmunity is controversial as it has been shown 

to both inhibit and exacerbate disease in animal models (8,9).  This was confirmed in 

recent studies with SLE patients showing that addition of IL-10 can increase 

autoantibody production in inactive disease states and can decrease autoantibody 

production in active disease states (10-12).  In lupus NZB/W F1 mice, continuous 

administration anti-IL-10 neutralizing antibodies starting from birth delayed onset of 

autoimmunity which was mediated by up-regulation of TNFα production (8).  In the 

same study continuous administration of IL-10 to NZB/W F1 mice, starting from 4 weeks 

of age accelerated autoimmunity (8).  

Since inflammation is caused and regulated by cytokines and accompanies most 

autoimmune diseases, it is suggestive that inflammatory cytokines may not only be 

involved in autoimmunity but may also be precursors to autoimmune diseases (13,14).  

Therefore, the global purpose of this study was to evaluate in vivo the role of apoptosis 

and inflammation in the NZM2410 lupus mouse model by assessing the response to 

TNFα-dependent apoptosis and IL-10 overexpression with AAV serotype 1 or 2 

constructs.  
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CHAPTER 2 
BACKGROUND AND SIGNIFICANCE 

Systemic lupus erythematosus is an autoimmune disease characterized by high 

antibody production against self-nuclear proteins. The most severe form is caused by 

deposition of immune complexes on the basement membrane of the kidney, leading to 

glomerulonephritis, and ultimately kidney failure.  The NZM2410 mouse, derived from a 

combination of the NZB and NZW mouse strains, is a spontaneous lupus mouse model 

with a phenotype that closely resembles the severe form of human SLE (15,16).  The role 

of many endogenous inflammatory cytokines in this disease is unclear but it has been 

suggested that in the (NZB x NZW) F1 mouse model, low levels of the proinflammatory 

cytokine, TNFα, contribute to the disease (17). Several groups have shown that NZW 

mice are low producers of TNFα via in vitro stimulation of macrophages (18-20).  

Interestingly, characterization of the NZM2410 mouse has shown that the MHC region 

containing the TNFα gene was derived from the low TNFα producing NZW strain (16).  

SLE also occurs in mouse strains with normal TNFα alleles, such as (NZBxNZW.PL) F1 

(5), B6.Sle1.Sle2.Sle3 (21), MRL.lpr, and BXSB, proving that low TNFα production is 

not required to produce severe disease (6).  In addition, high dose TNFα replacement 

therapy delayed disease onset but did not prevent the ultimate development of lupus 

nephritis in (NZBxNZW) F1 mice (20,22). 

In the (NZBxNZW) F1 mice, inhibition of anti-inflammatory cytokine, IL-10, 

delays the development of lupus disease and prolonged survival (8,23).  The effects of 
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IL-10 inhibition were attributed to an increase in serum TNFα level and supported by 

counteraction of the protective effect with inhibition of TNFα (8,23).  CD5+ B1 cells and 

monocytes are the primary producers of IL-10.  SLE mice and patients have an 

overabundance of CD5+ B1 cells suggesting that there is an increase in the basal level of 

IL-10 in this disease (24-26).  Overabundance of CD5+ B1 cells is not a requirement for 

lupus pathogenesis since MRL-Faslpr mice have normal levels (27).  Incidentally, 

inhibition of IL-10 in MRL-Faslpr mice accelerated the lupus disease (9).   

In light of this conflicting data, the specific purpose of this study was to make an in 

vivo assessment of endogenous TNFα in terms of its relative levels, functionality, and 

effect on production of other inflammatory cytokines in the NZM2410 lupus mouse 

model.  The purpose was also to make an in vivo assessment of the effect of IL-10 

overexpression on autoantibody production, immune cell activation and distribution, and 

renal pathology in the NZM2410 lupus mouse model.  The first goal of this study was 

obtained by using an LPS/D-galactosamine-induced septic shock  model that utilizes D-

galactosamine  (hepatocyte sensitizing agent) to induce mortality as a result of acute 

fulminant hepatic failure initiated by severe apoptosis (28,29).  This model is mediated 

almost exclusively by TNFα signaling through its p55 receptor (TNFR1) (30-34) and is 

caspase dependent (35,36), making it an excellent model to study the TNFα functional 

pathway.  We also investigated the ability of an alternative long-term single dose 

treatment, adeno-associated virus (AAV) gene therapy, to induce the same response as 

seen with multi-dose treatments of neutralizing antibody.  Therefore, the second goal of 

this study was obtained by using IL-10 AAV gene therapy. In this model, IL-10 was 

transduced intramuscularly and all effects were due to a chronic systemic response to the 
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localized secretion of IL-10 from a single injection at various stages in lupus 

pathogenesis (37).  

The Model 

Systemic Lupus Erythematosus Mouse Model 

The NZM2410 mouse and derived B6.NZM congenic strains have been 

characterized genetically and phenotypically over the last decade (38,39).  Briefly, 

Quantitative Trait Loci analysis showed that there were four chromosomal regions 

responsible for lupus susceptibility in the NZM2410 mouse model (16).  Congenic strains 

were made of each of these loci on a B6 background with a single loci on chromosome 1 

(Sle1), chromosome 4 (Sle2), chromosome 7 (Sle3), and chromosome 17 (Sle4) (40).  

Pathogenesis can be reconstituted stepwise by combining congenic intervals, with full 

reconstitution in the B6.Sle1.Sle2.Sle3 (21) triple congenic strain. 

As a brief summary of the autoimmune phenotypes, NZM2410 presents with 

polyclonal IgM and IgG activation, high antinuclear autoantibody production (ANA), and 

severe fatal glomerulonephritis. Each of the congenic strains displays some but not all of 

the properties of the diseased parent. Interestingly, there were no deaths due to 

glomerulonephritis in any of the individual congenic strains. Very briefly, the B6.Sle1 

mouse has high ANA production; B6.Sle2 mouse has polyclonal IgM activation; B6.Sle3 

mouse has polyclonal IgM and IgG activation, ANA production, and mild 

glomerulonephritis; and the B6.Sle4 mouse (containing NZW TNFα allele, Tnfaw) has no 

discernable lupus phenotype (41).  All of the hallmark lupus phenotypes appear after 5 

months of age, which provides an appreciable pre-disease interval in which to study 

precursors to lupus nephritis (41).  
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Glomerulonephritis in SLE is immune complex mediated.   Immune complexes 

form by autoantibodies binding to circulating antigens, to antigens deposited from the 

circulation, or to kidney antigens on the glomerular and vessel walls.  Subsequent 

complement-mediated lysis of the renal cells initiate inflammatory responses (42) leading 

to massive immune cell infiltration, proliferation of resident glomerular cells, and 

increased glomerular extracellular matrix (43). 

Lipopolysaccharide Signaling Pathway 

Since lipopolysaccharide (LPS) in combination with D-galactosamine was used to 

induce TNFα-mediated septic shock in the NZM2410 mouse model, the details of its 

signaling pathway will be reviewed. LPS is a complex glycolipid that is released from the 

outer membrane of the cell wall of bacteria, by autolysis or complement –mediated 

bacterial lysis.  It is composed of a hydrophilic segment of repeating polysaccharides and 

an O-antigen, and a hydrophobic segment containing the toxic lipid A component.  In the 

LPS signaling pathway, LPS binding protein (LBP), an acute phase reactant, forms a 

complex with lipid A (44)(Figure 2-1).  The LBP – lipid A complex associates with 

CD14, a glycophosphatidyl inositol anchored surface protein on monocytes and 

macrophages (45).  The LBP-Lipid A-CD14 complex then associates with Toll-like 

receptor 4 (TLR4). The TLR4 is bound to MyD88, an adapter protein that recruits IL-1-

receptor associated kinase (IRAK) to the TLR4-LBP-Lipid A-CD14 complex (45).   The 

IRAK is autophosphorylated and associates with TNFR-associated factor 6 (TRAF6) 

(Figure 2-1).  The TRAF6 interacts with NFκB-inducing kinase (NIK), leading to its 

activation.  By phosphorylation, NIK activates IκB kinase α and β which, in turn  
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Figure 2-1.  Lipopolysaccharide Signaling Pathway.  LPS binding to its receptor complex 
on the surface macrophages leads to a cascade of events that allows NFκB to 
translocate to the nucleus of that cell and induce transcription of immune 
response genes.  Lipopolysaccharide (LPS), LPS binding protein (LBP), IL-1-
receptor associated kinase (IRAK), TNFR-associated factor 6 (TRAF6), 
NFκB-inducing kinase (NIK), IκB kinase α and β (IKKA/IKKB), CREB-
binding protein (CBP). 

phosphorylated IκB of the IκB/NFκB complex (45).  The phosphorylated IκB is 

degraded by ubiquitination, which causes the release of NFκB (45).  The NFκB is 

translocated to the nucleus and binds DNA at the κB site.  Through the co-adapter 

protein, p300, and the bridging protein CREB-binding protein (CBP), NFkB is able to 

signal the production of genes such as proinflammatory cytokines and adhesion 

molecules. (46) (Figure 2-1).  
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Inflammatory Cytokines 

The major inflammatory cytokines that have been involved in human septic shock 

are TNFα, IL-1, IL-6, and IL–10 (47).  The primary mediator of septic shock is thought 

to be the proinflammatory cytokine TNFα.  TNFα functions as a cellular cytotoxin 

against pathogens, a signal to immune cells in inflammation, and as a growth factor in  

 
 

Figure 2-2.  LPS-induced Septic Shock Pathway. Overwhelming LPS responses leads to 
the exaggerated overproduction of inflammatory mediators such as cytokines, 
acute phase reactants, lipid products of arachidonic acid, complement, 
superoxide radicals, and nitric oxide. This exaggerated immune response leads 
to severe tissue damage, multiple organ failure, and eventually death of the 
animal.  PG, prostaglandin; TxA, thromboxan; LTC4, leukotrienes; PAF, 
platelet activating factor; C5a, complement; O2-, superoxide; NO, nitric 
oxide. 

wound healing. Peak amounts of TNFα are detectable in the circulation of animals and 

humans 90 minutes after exposure to live bacteria or lipopolysaccharide (48).  The TNFα 

level declines after 90 minutes as it is cleared by the kidney or bound to either tissue  
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membrane receptors or circulating soluble receptors.  TNFα-induced septic shock, 

subsequent tissue injury, and eventual multiple organ failure with high mortality are 

dependent on other mediators such as acute phase proteins, superoxide radicals, nitric 

oxide, interleukins, leukotrienes, prostaglandins, platelet-activating factor, and stress 

hormones (49) (Figure 2-2). TNFα increases polymorphonuclear cell diapedesis through 

blood vessel walls and progression through extravascular tissue.  It also activates 

antimicrobial activity of neutrophils, eosinophils, monocytes, and macrophages (50). 

TNFα, its function and effects on IL-6 and IL–10 was effectively studied using the 

LPS/D-galactosamine-induced septic shock model. 

D-Galactosamine Sensitization 

The amount of LPS needed to elicit a toxic response in mice is enormous.  Therefore,  

 
Figure 2-3. D-Galactosamine Sensitization In Hepatocytes.  D-galactosamine inhibits 

mRNA transcription in hepatocytes by binding UDP and thereby preventing 
its incorporation for mRNA synthesis.  mRNA synthesis is necessary fro 
production of NFkB-induced survival signals.  If survival signals are not 
present after stimulation with LPS, FASL, and TNFα, the cell will undergo 
apoptosis.  LPS, lipopolysaccharide; FASL, FAS ligand, TNFα, tumor 
necrosis factor alpha; TNFR1, TNF receptor 1; UDP, uridine di-phosphate; 
GalN, D-galactosamine. 
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other approaches have been used to increase endotoxin sensitivity in the mouse. 

One of them utilizes adjuvants such as the transcriptional inhibitor, D-galactosamine. D-

galactosamine depletes hepatic UDP, which inhibits RNA synthesis in hepatocytes.  

Although it significantly reduces the lethal dose of endotoxin in mice, it changes the 

mode of death from multiple organ failure to fulminant hepatic necrosis as a result of 

severe apoptosis (51) (Figure 2-3).  This was confirmed by experiments done by Leist et 

al., (51), in which five hours after administration of LPS/D-galactosamine 

intraperitoneally, there were increased numbers of intracellular DNA containing 

apoptotic bodies and increased numbers of nuclei with anti-chromatin IgG condensation 

near the nuclear lining in the livers of susceptible mice.  There were also mild to 

moderate neutrophil infiltration, and minimal to mild multifocal hepatocelluar necrosis in 

the livers of susceptible mice (51). 

At eight hours after administration of LPS/D-galactosamine intraperitoneally, there 

were severe necrosis, massive neutrophil infiltration, erythrocyte agglutination, and large 

numbers of apoptotic bodies in the livers of susceptible mice.  This data showed that 

apoptosis occurred early in the development of hepatic failure in the LPS/D-

galactosamine susceptible mice (51).  This situation is not typically encountered in 

human septic shock due to Gram-negative bacteria but it was useful for studying the 

mechanisms, such as apoptosis, involved in this condition. 

As in the human septic shock, it seems that LPS-induced TNFα is the lethal 

mediator in the murine LPS/D-galactosamine-induced septic shock model (52). Using 

TNF receptor knockouts, it was confirmed that TNFα lethality in the D-galactosamine 

model was mediated predominately via TNFR1 (30,53-55). Therefore the use of D-
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galactosamine sensitized animals in our study was necessary for testing and comparing 

systems whose toxic effects were mediated by TNFα/TNFR1 and for excluding or 

confirming TNFα as the sole mediator of the  lethal activity in the NZM2410 model (56). 

Apoptosis Of The Liver 

Apoptotic cell death is a programmed controlled process.  It may occur as the 

result of various chain reactions initiated by environmental changes or genetic alterations.  

In this process, dying cells release contact with neighboring cells and detach from their 

surrounding tissues. There is condensation from the nucleus and the cytoplasm causing 

significant cell shrinkage(57).  The nuclear envelope and the nucleolus break apart as the 

anti-chromatin IgG condenses and is cleaved into fragments.  The plasma membrane 

forms surface blebs, which can divide the cells into smaller apoptotic bodies that contain 

condensed or morphologically normal organelles (57). The trademark of apoptosis is the 

collapse of the nucleus, which is indicated by the fragmentation of DNA by 

endonucleases in the range of 50 to 300kb. This phenotype and key points in the TNFα 

pathway leading to apoptosis were used in our study to assess liver damage.  

The most recognized surface receptors that signal the initiation of apoptosis are 

components of the TNFR family.  These receptors, TNFR1 and FAS, initiate the extrinsic 

apoptotic pathway through death domains in their receptors upon interaction with their 

corresponding ligands, TNFα and FAS ligand, respectively (58).  In LPS/D-

galactosamine-induced septic shock model, TNFα signals apoptosis by first binding to 

the TNFR1.  This p55 receptor activates TRADD (TNF receptor associated death 

domain), which associates with FADD (FAS associated death domain), and activates a 

cascade of events that lead to the induction of the caspase cascade (59) (Figure 2-4).  The 
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initiator caspases that are induced, such as caspase 8, are responsible for the cleavage of 

cytoskeletal and related proteins and subsequent blebbing of the cell surface.  These  

 
Figure 2-4. Extrinsic TNFα-induced Apoptosis Cascade.  TNFα/TNFR1 signaling 

recruits several death domains to its complex leading to the activation of the 
caspase cascade.  This activation causes blebbing on the surface of the cell 
and eventually nuclear and cellular collapse.  TNFR1, tumor necrosis factor 
receptor 1; TRADD, tumor necrosis factor receptor associated death domain; 
FADD, fas associated death domain, and IAP, inhibitor of apoptosis. 

caspases are also thought to be responsible for phosphotidyl serine (PS) flip to the outer 

membrane of the cell.  Initiator caspases cleave and activate a second group of caspases 

called execution caspases.  These execution caspases, which include caspase 3, are 

responsible for the downstream progression of the apoptosis cascade (Figure 2-4). 

Once these caspases are activated, they either directly or indirectly (by activation of 

other caspases) cleave proteins that are critical for cell survival (60).  More specifically, 

for our study, caspase 3 degrades nuclear proteins within hepatocytes, which leads to 
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apoptosis (60). These caspases can be inhibited by inhibitors of apoptosis (IAPs) or 

enhanced by the Janius Kinase (JNK) pathway (Figure 2-4).  

 

 
 

Figure 2-5. Bcl-xL Role In Apoptosis. TNFα/TNFR1-induced activated caspase 8 can 
induce the production of Bax/Bad.  Bax/Bad disrupts the membrane potential 
of the mitochondria causing the release of Smac/Diablo.  Smac/Diablo binds 
the caspase inhibitor IAP family members thereby fueling the apoptotic 
response. Bcl-xL overexpression will negate this response by binding to 
Bax/Bad thereby disabling the disruption of the membrane potential and 
subsequent release of Smac/Diablo.   

The TNFα/TNFR1 apoptotic pathway can also induce the intrinsic apoptotic death 

pathway by mediation through caspase 8 and the mitochondria.  Caspase 8 activates Bid, 

which in turn activates BAX/BAD.  BAX/BAD changes the mitochondria membrane 

potential and induce the formation of pores in the plasma membrane of mitochondria.  

This allows for the escape of several proteins such as Cytochrome C and 
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SMAC/DIABLO from the mitochondria, which enhances apoptosis (Figure 2-5).  

Cytochrome C induces caspase 9, which induces caspase 3 leading to apoptosis.  

SMAC/DIABLO binds to members of the IAP family and inhibit their binding to pro-

caspases such as pro-caspase 3 (Figure 2-5).  The binding of the IAPs to pro-caspases 

tags them for ubiquitination and subsequent degradation.  This prevents caspase cleavage 

and subsequent activation. Anti-apoptotic proteins such as Bcl-xL can inhibit this 

pathway.  Bcl-xL will bind to BAX/BAD, prevent subsequent changes in membrane 

potential and pore formations in the mitochondrial membrane (Figure 2-5). Many key 

components of the intrinsic (TNFα, caspase 3) and extrinisic (Bcl-xL) TNFα apoptotic 

pathway were useful in locating the defects in the LPS-induced  resistant animals in our 

study. 

IL-10 Gene Therapy 

IL-10 is a regulatory cytokine produced by B cells for proliferation, macrophages 

for reduction/cessation of pro-inflammatory responses, and T cells for the effector 

function of a subset of regulatory and CD4+ T cells. We investigated the ability of an 

alternative long-term single dose treatment, Adeno-Associated Virus (AAV) gene 

therapy, to induce the same response as seen with multi-dose treatments of neutralizing 

antibody responses.  Several studies have shown that IL-10 transfer via AAV gene 

therapy can be a useful tool to study the effect of IL-10 on disease (61,62). Many studies 

have shown that a continuous stable production of secreted cytokines can be achieved in 

vivo through recombinant AAV-mediated skeletal muscle gene delivery (37,63).   

AAV is a 4.7 kb single stranded DNA non-pathogenic defective human parvovirus 

that is utilized in gene therapy as a viral vector.  It requires the presence of helper viruses 
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like adenovirus or herpesvirus for infection.  In the absence of these helper viruses, AAV 

integrates into the host genome and lies dormant until it can recombine with a helper  

 
 

Figure 2-6.  Recombinant Mouse rAAV-mIL-10 Construct. To generate the rmAAV-IL-
10 (serotype 1 or 2) vector plasmids, murine cDNAs for IL-10 were cloned 
into a p43.2 plasmid. The rAAV vector plasmid p43.2 contains the mouse IL-
10 gene under control of a cytomegalovirus (CMV) promoter and a helper 
plasmid pDG, containing AAV genes (rep and cap) and adenovirus genes that 
are necessary for successful AAV infection. ITR, rAAV inverted terminal 
repeat; CMVp, CMV immediate early promoter; mIL-10 cDNA, murine IL-10 
coding DNA; and SV40 Poly A Signal, simian virus 40 poly (A) signal. 

virus.  rAAV integrates into mitotic and postmitotic cells in many different cell types in a  

variety of animal species (37).  The cis elements required for replication, packaging, 

insertion into the host genome, and release from the host chromosome are inverted 

terminal repeats (ITRs) located in the last 145 bases of AAV.  For AAV vectors, the 

transgene of interest is inserted in between the ITRs.   To generate the rAAV-mIL-10 

(serotype 1 or 2) vector plasmids, murine cDNAs for IL-10 were cloned into a p43.2 

plasmid (62) with human 293 cells used as the primary hosts for rAAV.  Calcium 

phosphate mediated cell transfection was used to introduce the plasmid DNA into the 

host cell. The rAAV vector plasmid p43.2 containing the mouse IL-10 gene under control 

of a cytomegalovirus (CMV) promoter was combined with helper plasmid pDG, which 
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contained both the AAV genes (rep and cap)  and the adenovirus genes (64) (Figure 2-6). 

This rAAV-mIL-10 (serotype 1 and 2) was subsequently used to assess the effect of IL-

10 overexpression on autoantibody production, immune cell distribution and activation, 

and renal pathology in the B6.Sle1.Sle2.Sle3 lupus mouse. 
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CHAPTER 3 
MATERIALS AND METHODS 

TNFα-Dependent LPS/D-galactosamine-Induced Septic Shock Study 

Mice 

C57BL/6J (B6), NZM2410, B6.Sle1.Sle2.Sle3, B6.Sle1.Sle2.Sle3.Stat6-/-, B6.Sle1, 

B6.Sle2, B6.Sle3, and B6.Sle4 mice were used in this study.  All animals were  

 
 

Figure 3-1.  NZM2410 Lupus Mouse Model. The NZM2410 mouse was derived from 
NZB and NZW mouse strains. Quantitative Trait Loci analysis showed that 
there were four chromosomal regions responsible for lupus susceptibility in 
the NZM2410 mouse model.  Congenic strains were made of each of these 
loci on a B6 background creating B6.Sle1 from chromosome 1, B6.Sle2 from 
chromosome 4, B6.Sle3 from chromosome 7, and B6.Sle4 from chromosome 
17.  None of the congenic strains have glomerulonephritis but they do have 
phenotypes that are seen in the NZM2410 parental strain. Full reconstitution 
of NZM2410 lupus pathogenesis is seen in the B6.Sle1.Sle2.Sle3 triple 
congenic strain. B6, C57BL/6; NZW, New Zealand White; NZB, New 
Zealand Black; Sle, Systemic Lupus Erythematosus; NZM, New Zealand 
Mixed. Increasing sign of + denotes increasing severity of disease. 



18 

 

maintained in either conventional or specific pathogen free housing as specified in the 

text at the University of Florida Departments of Animal Resources or Pathology.  We 

used both groups of housed animals for husbandry related reasons but the groups were 

never mixed within a study.  That is, either all conventional housed animals were used or 

all SPF housed animals were in one experiment. All animal protocols were approved by 

the Institutional Animal Care and Use Committee of the University of Florida.  The 

initial breeding scheme used to produce the NZM2410 and B6.NZM congenic strains is 

shown in Figure 3-1.   

Experimental Conditions 

Mice were injected intraperitoneally with 200 µl of a 0.9% saline solution of 

various doses of LPS from Escherichia coli serotype 0111:B4 (Sigma, St. Louis, MO) or 

rhTNFα (generous gift from Dr. Tadahiko Kohno, Amgen, Thousand Oaks, CA) in 

combination with 8 mg of D-galactosamine (Sigma, St. Louis, MO). The animals were 

then either monitored 48 hrs for survival or sacrificed at 6-hrs for assessment of caspase 3 

activity, aspartate aminotransferase (AST) concentrations, and terminal deoxynucleotidyl 

transferase mediated dUTP nick end labeling (TUNEL+) in situ apoptotic cells.  Livers 

harvested at 6-hrs post injection were cut in half.  The first half was frozen in liquid 

nitrogen for later use to measure caspase 3 activity and the second half was formalin 

fixed, paraffin embedded, prepared for TUNEL assay and hematoxylin and eosin (H&E) 

staining. All animals were bled via tail vein at 90 min, 6-hrs, and termination post 

injection for cytotoxicity and cytokine measurements.  
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TUNEL Assay 

The Apoptosis Detection System, Fluorescein (Promega, Madison, WI), which 

utilizes TUNEL was used according to manufacturer’s instructions to stain formalin-fixed 

paraffin imbedded liver sections (5 µm) fixed to microscope slides. The slides were 

counterstained with propidium iodide (Sigma, St. Louis, MO) and immediately analyzed 

under a standard fluorescence microscope. 

Serum Transaminase And Cytokine Assays 

Serum levels of transaminases were determined by aspartate aminotransferase 

(AST) concentrations at 6-hrs post injection using a Sigma Diagnostics AST/GOT Kit 

(Sigma, St. Louis, MO).  Serum samples were diluted 1:10, assayed in duplicate, and read 

at 490 nm on a standard microtiter plate reader.  

Serum cytokine concentrations were measured 90 min and/or 6-hrs post injection 

using OptEIA™ Mouse TNFα (Mono/Poly), IL-6, and IL-10 Sets (BD Pharmingen, San 

Diego, CA) according to manufacturer’s instructions.  Samples were diluted 1:50 or 

1:100, assayed in duplicate, and read at 450 nm on a standard microtiter plate reader. 

Caspase 3 Assay 

Caspase 3 activity was measured using a fluorometric synthetic 7-Amino-

Trifluoromethyl Coumarin (AFC) (Enzyme Systems Products, Livermore, CA) substrate 

cleavage assay. Briefly, approximately one quarter of a lobe of liver tissue was 

homogenized in three volumes (v/w) of 4°C homogenization buffer (5mM MgCl2; 1mM 

EGTA, 1mM PMSF, 1µg/ml leupeptin, and 1µg/ml aprotinin (Sigma, St. Louis, MO); 

25mM Hepes, pH 7.5 (Gibco, Grand Island, NY).  The samples were then centrifuged for 

15 min.  Protein concentrations of liver samples were determined using the Bio-Rad 
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Protein Assay (Bio-Rad Laboratories, Hercules, CA) according to manufacturer’s 

instructions. Bovine serum albumin (BSA) was used as the standard (linear range is 0.2 to 

0.9 mg/ml). Sample and standards were run in duplicate. Afterwards, 50 µg of total 

protein per sample was mixed with 20 mM of synthetic substrate benzyloxycarbonyl-

Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl-courmarin (Z-DEVD-AFC, Enzyme 

Systems Products, Livermore, CA) in caspase buffer (10% Sucrose; 0.1% CHAPS 

(Sigma, St. Louis, MO), 0.1M Hepes pH 7.5 (Gibco, Grand Island, NY)).  The cleavage 

of the substrate was monitored on a standard microtiter plate spectrofluorometer, at 400 

nm excitation and 505 nm emission wavelengths.  Calibration curves were generated 

using standard concentrations of free AFC. 

TNFα WEHI 164 Clone 13 Cytotoxicity Bioassay 

Cytotoxicity was assessed by the ability of free TNFα to bind TNFR1 on the 

surface of WEHI 164 clone 13 cells and ability to lyse the cells (1). Fifty thousand cells 

were plated/well in RPMI 1640 medium (supplemented with 10% fetal calf serum, 1% 

Antibiotic-Antimycotic (Gibco, Grand Island, NY)) in a 96 well microtiter plate and 

incubated overnight at 37°C with 5% CO2.   Serum samples (1:10) or rhTNFα standard 

(serially diluted) were diluted in RPMI medium with Actinomysin D (Sigma. St. Louis. 

MO) and incubated overnight at 37°C with 5% CO2.  60 µg of 3-(4,5-di-methylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, MO) was added to the 

incubated microtiter plate, the cells were incubated for an additional 4 hrs, the 

supernatant was removed, and 2-propanol was added. Samples and standards were run in 

duplicate. The plates were read at 570/630 nm on a standard microplate reader. 
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cDNA Array Gene Expression 

Total RNA was isolated from the livers of LPS/D-galactosamine treated animals 

using Clontech Atlas™ Glass Total RNA Isolation Kit according to manufacturer’s 

instructions (BD Clontech, Palo Alto, CA).  2.5 µg of Total RNA was converted to 

biotinylated dUTP labeled cDNA probes.  The probes were hybridized overnight on three 

different GEArray Q Series SuperArray Pathway Specific cDNA gene expression arrays 

(Apoptosis; Inflammation & Cytokine Receptors; and NFkB Signaling Pathway). 

Hybridized products were detected using alkaline phosphatase-conjugated streptavidin 

and CDP-star chemiluminescent substrate. Results were scored visually by two 

independent viewers for expression level differences of at least 2-fold.   

Semi-Quantitative And Real-Time PCR 

Total RNA was isolated from liver and spleen using the Clontech Atlas™ Glass 

Total RNA Isolation Kit (BD Clontech, Palo Alto, CA) according to manufacturer’s 

instructions.  Standard one-step RT-PCR was used to convert 50 ng of total RNA to 

cDNA using the primers sequences in Table 3-1.  The RT-PCR cDNA production and 

amplification for the semi-quantitative method were carried out in a MJ Research PTC 

100 thermal cycler under the following conditions: Total RNA was converted to cDNA 

and amplified in 20µl reactions with 2.5U MMLV-RT, 10µM of each primer, 40 mM 

dNTP, and  2.5 µl 10X HF-PCR Buffer (Stratagene, La Jolla, CA). The cycling 

conditions were 48°C 30 min, 94°C 2 min for 1 cycle each; 95°C 30 sec, 65°C 30 sec, 

68°C 2 min for 35 cycles; and 68°C 10 min for 1 cycle.  Amplification products were 

visualized on 2% agarose gels stained with ethidium bromide and recorded on a standard 

photo-documentation system. The RT-PCR cDNA production and amplification 
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conditions for the Real-Time PCR method were carried out in a MJ Research Opticon 2 

thermal cycler under the following conditions: Total RNA was converted to cDNA and 

amplified in 20µl reactions with 6.25U MMLV-RT, 10µM of each primer, and 10 µl 

Sybr Green Master Mix (PE Biosystems, Foster City, CA).  The cycling conditions 

Table 3-1.  Primer Sequence Of Apoptosis Relevant Genes Differentially Expressed By 
cDNA Array Gene Expression Analysis.  Red denotes genes used for Real-
Time PCR.  Green denotes gene used for Semi-Quantitative PCR. 

Gene Name Forward Primer Reverse Primer 

Bcl-xL 5’ – TGC GTG GAA AGC GTA GAC AA – 3’ 5’ – TGC TGC ATT GTT CCC GTA GA – 3’ 

p38MAPk 5’ – TGC ATC ATG GCT GAG CTG TT – 3’ 5’ – TCA TGG CTT GGC ATC CTG TT – 3’ 

GAPDH 5’ – AAT GCA TCC TGC ACC ACC AA – 3’ 5’ – AGC CCT TCC ACA ATG CCA AA – 3’ 

BFL1 5’ – AAG AGC AGA TTG CCC TGG AT – 3’ 5’ – TCC ATT CCG CCG TAT CCA TT – 3’ 

NAIP1 5’ – TCT CAT GGC TGT GCT TGC TT – 3’ 5’ – TGG CTT CAA AGC ATC GTC CA – 3’ 

IAP1 5’ – AGA CGC AGC AAT CGT GCA TT – 3’ 5’ – TGA AGC CCA TTT CCA AGG CT – 3’ 

NIP3 5’ – TTA AAC ACC CGA AGC GCA CA – 3’ 5’ – AAT GGC CAG CAG ATG AGA CA – 3’ 

EGRF1 5’ – TGC CTG TGA CAT TTG TGG GA – 3’ 5’ – TGC CTC TTG CGT TCA TCA CT – 3’ 

cFOS 5’ – AGC TGC TGC TCC TGA AAC TT – 3’ 5’ – TCT GCA ACG CAG ACT TCT CA – 3’ 

IRF1 5’ – ATC ATG TGG ATG GAC AGC CT – 3’ 5’ – TGC ACA AGG AAT GGC CTG AA – 3’ 

IkBa 5’ – TGC AGG CCA CCA ACT ACA AT – 3’ 5’ – AGC ACC CAA AGT CAC CAA GT – 3’ 

TNFAIP3 5’ – AGC AAG CTC CCA AAG CTG AA – 3’ 5’ – TCC AGT TTG AGC AGC CAA GT – 3’ 

TNFR1 5’ – ATG AGC ACA GAA AGC ATG ATC – 3’ 5’ – TAC AGG CTT GTC ACT CGA ATT – 3’ 

 

were 37-48°C 30 min, 95°C 10 min for 1 cycle each; 95°C 10 sec, 53°C 20 sec, 72-79°C 

10 sec for 35 cycles; 79°C 5 min for 1 cycle; and melting curve generation 65-95°C 

(0.2°/cycle) 1 sec. Both the reverse transcription and annealing temperatures were varied 

based on optimal conditions for MMLV-RT and primers used.  Amplification was 

visualized in Real-Time with the use of Opticon Monitor 2 Software.  Briefly, 

concentrations of cDNA were determined by relative quantification.  This was based on a 

standard curve generated from a total RNA sample with known high expression of the 
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target gene.  The standard curve was a plot of the threshold cycle (Ct) against the log of 

the concentration of RNA added.  Linear regression analysis of the standard curve was 

used to calculate the concentration of cDNA in the unknown samples.  All target genes 

were normalized to the housekeeping gene, GAPDH. 

Western Blotting 

Various solid tissue and cells were lysed in RIPA Buffer (1x TBS, 1% Nonidet P-

40, 0.5% SDS, 0.004% Sodium Azide, 0.01% Sodium Orthovanadate, 0.5% Protease 

Inhibitor Cocktail) (Sigma, St Louis, MO).  Protein concentration was determined by 

BioRad Protein Assay.  Thirty micrograms of protein (unless otherwise specified) was 

resolved electrophoretically on denaturing 4-20% gradient SDS-PAGE gels (BioRad, 

Hercules, CA) and transferred by electroblotting to PVDF membranes (Amersham, 

Piscataway, NJ).  Membranes were probed with primary antibody, rabbit anti-human Bcl-

x(S/L) (S-18) and secondary antibody (mouse and human absorbed) goat anti-rabbit IgG 

HRP (Santa Cruz Biotechnology, Santa Cruz, CA).  Protein expression was assessed by 

the ECL Plus Detection System (Amersham Biosciences, Piscataway, NJ) and standard 

x-ray film development and/or densitometric analysis.  Densitometry was performed 

using standard densitometry software. 

Bcl-xL Antisense Oligonucleotide Design 

A 20-mer 2’-O-Methyl chimeric antisense oligonucleotide (Integrated DNA 

Technology, Coralville, IA) was used.  The antisense oligonucleotide contained 2’O-

Me/phosphorothioate residues flanking a 2’-oligodeoxynucleotide/phosphorothioate 

central region that supports RNAse H-mediated cleavage of targeted mRNA in cells.  The 

antisense oligonucleotide Bcl-xL was designed to hybridize to positions 447 to 466 on the 

murine Bcl-xL transcript (accession number U10101.1)(2).  The sequence of the antisense 
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oligonucleotide was 5’-CTACGCTTTCCACGCACAGT-3’.  Bolded and underlined 

residues indicate 2’-O-Me modified residues (2). 

Creation of Bcl-xL Antisense Oligonucleotide 

The mode of action of an antisense oligonucleotide is as follows:  Under normal 

conditions after the sense mRNA is made, a translating ribosome binds to the 5’ end of 

 
 

Figure 3-2. Mechanism Of Action Of Antisense Oligonucleotides. Antisense 
oligonucleotides bind to the target gene and recruit RNase H. RNase H 
degrades the target gene and prevents the translating ribosome from bind and 
creating protein product. 

the ribosome to translate the mRNA into protein.  When an antisense oligonucleotide is 

added, it binds to the sense mRNA and recruits RNase H. RNase H degrades the target 
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gene and prevents binding of the translating ribosome and therefore prevents downstream 

protein production (3,4)(Figure 3-2).   

In order to reduce toxicity and increase activity and stability, a chimeric antisense 

oligonucleotide was designed (Figure 3-3).  The rationale is that although unmodified 

oligonucleotides have antisense activity, they degrade rapidly by nuclease activity.  

Therefore, the nuclease resistant compound, phosphorothioate, was added to the 

oligonucleotide (Figure 3-3).  For the phosphorothioate modification, a sulfur atom 

replaces a non-bridging oxygen in the phosphate backbone of the oligonucleotide (5).   

 
 

Figure 3-3. Bcl-xL Antisense Oligonucleotide Sequence And Structure.  The 20-mer 2’-
O-Methyl chimeric antisense oligonucleotide sequence was designed to 
hybridize to positions 447 to 466 on the murine Bcl-xL transcript. The 
sequence shows the 2’O-Me/phosphorothioate residues flanking a 2’-
oligodeoxynucleotide/phosphorothioate central region that supports RNase H-
mediated cleavage of targeted mRNA in cells. Bolded and underlined residues 
indicate 2’-O-Methyl modified residues. The structure shown depicts 
inclusion of the phosphorothioate modification in which a sulfur atom 
replaces non-bridging oxygen in the phosphate backbone of the 
oligonucleotide and the addition of the 2’-O-Methyl group. Nomenclature: O 
= oxygen; P= phosphate, S= sulfur, A, T, G, C = Base, CH3 = methyl group.  
All bonds culminate at a carbon group unless otherwise specified. 

The disadvantage of using phosphorothioates is that the oligonucleotides show an 

increase in non-specific protein binding which causes toxicity at high concentrations  (6).  
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This problem can be reduced or eliminated by using chimeric modifications, which 

combines both modified and unmodified oligonucleotides (Figure 3-3).  In order to 

increase stability and affinity and reduce the chance of adverse immune responses, 2’-O-

Methyl RNA bases were added to the 5’ and 3’ ends of the antisense oligonucleotide (6).  

The final antisense oligonucleotide received HPLC purification and sodium salt exchange 

to ensure that artifacts created and salts used in purification were removed (Figure 3-3).    

Transfection Of Cells With Antisense Oligonucleotide 

Thymocytes or splenocytes were harvested and erythrocytes were removed with red 

blood cell lysis buffer (500 mM Tris-Cl, 78mM NH4Cl) (Sigma, St Louis, MO).  Two-

hundred fifty thousand cells were transfected for 4 hrs with 50 pmol Bcl-xL antisense 

oligonucleotide and Oligofectamine (Gibco, Grand Island, NY) transfection reagent in 

Opti-M medium (Gibco, Grand Island, NY) at 37°C with 5% CO2.  The cells were then 

incubated for 24 hrs to 7 days with or without 1µg LPS (Sigma, St Louis, MO) at 37°C 

with 5% CO2. Optimal time point for cell count and autoantibody production was 

assessed through measurement of splenocytes at 3, 5, and 7 days in culture with and 

without 1µg LPS . 

Flow Cytometry 

Cultured splenocytes and thymocytes were stained in blocking buffer (1% PBS, 

0.05% Normal Rabbit Serum (Sigma, St Louis, MO)) with B220 (RA3-6B2) and CD4 

(RM4-5) for 30 min then Annexin V and 7AAD in Annexin V Staining Buffer for 15 min 

(BD Biosciences, San Jose, CA). The antibodies were conjugated to fluorescein 

isothiocyanate (FITC) or allophycocyanin (APC).  Cells were analyzed on a BD FACS 

Calibur.  Three thousand cells were acquired. 
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Antibody ELISA 

Total IgG, anti-dsDNA IgG, and anti-chromatin IgG antibody levels from 

supernatants collected from the transfection experiments were measured.  Total IgG 

plates were coated with an anti-kappa antibody (Southern Biotech, Birmingham, AL) and 

blocked with 6% BSA.  Supernatant samples (undiluted) and serial dilutions of IgG 

standard (BD Pharmingen, San Diego, CA) in culture medium were added, and samples 

were exposed to γ-chain specific anti-IgG alkaline phosphatase (Southern Biotech, 

Birmingham, AL) antibody. For anti-dsDNA IgG and anti-chromatin IgG, plates were 

coated with anti-dsDNA (50 µg/ml) or anti-dsDNA (50 µg/ml)/total histone (10 µg/ml) 

(Sigma, St Louis, MO), respectively and blocked with 6% BSA.  Sample and standard 

(serum positive B6.Sle1.Sle2.Sle3 sample), and secondary antibody addition was the 

same as above.  The samples were visualized with pNPP substrate and optical densities 

were measured at 405 nm using a standard microtiter plate reader. 

IL-10 AAV Gene Therapy Study  

Mice 

B6 and B6.Sle1.Sle2.Sle3 mice were used in this study.  They were maintained in 

conventional housing at the University of Florida Department of Animal Resources.  All 

animal protocols were approved by the Institutional Animal Care and Use Committee of 

the University of Florida. 

Experimental Conditions 

Mice were injected in the caudal muscle of both hind legs with a total of 109 

IU/100 µl of serotype 2 or 1010 IU/100 µl serotype 1 of murine IL-10 AAV.  Mice were 

bled and tested for proteinuria bi-weekly until termination.  Upon sacrifice, kidney, 

spleen, peritoneal cavity cells, peyer's patches, liver, caudal muscle, heart, lungs, and 
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thymus were harvested for histology (formalin fixed) and immunofluorescence 

(cryofixed).  A portion of spleen, peritoneal cavity, and bone marrow cells were reserved 

for Flow Cytometry.  

Flow Cytometry 

Single cell suspensions from bone marrow, spleen, and peritoneal cavity  were 

treated with Fc Block (anti-CD16/CD32 (2.4G2)) for 20 minutes and directly stained 

with monoclonal antibodies to mouse CD5 (53-7.3), B7.2 (GL1), B220 (RA3-6B2), 

CD19 (1D3), IL12R (C-20), CD24 (M169), CD43 (S7), CD43, IgDb (217-170), IgMb 

(LL/41), CD4 (RM4-5), CD8 (53-6.7), CD69 (H1.2F3), CD44 (1M7), CD62L (MEL-14), 

CD138 (281-2), CD23 (B3-B4), CD21 (7E9), CD25 (7D4) (all from BD Pharmingen, 

San Diego, CA) or IgG (Southern Biotech, Birmingham, AL) for 30 minutes.  

Biotinylated antibodies were stained with Streptavidin Quantum Red (Sigma, St Louis, 

MO) for 30 minutes. All antibodies were directly conjugated to either fluorescein 

isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), or biotin.  Cells were 

analyzed on a BD FACS Calibur. Fifty thousand cells were acquired. 

Antibody ELISA 

Serum total IgG, IgG1, IgG2a, IgG2b, IgG3, IgM, anti-dsDNA IgG, and anti-

chromatin IgG antibody levels were measured. Total IgG, IgG subclasses, and IgM plates 

were coated with a kappa antibody (Southern Biotech, Birmingham, AL) and blocked 

with 6% BSA.  Samples (1:200,000) and serial dilutions of standard (Mouse 

Immunoglobulin Panel, Southern Biotech, Birmingham, AL) were added, and then 

samples were exposed to anti-IgG (Chemicon International, Temecula, CA), anti-IgG1, 

anti-IgG2a, anti-IgG2b, or anti-IgG3 (Southern Biotech, Birmingham, AL) alkaline 

phosphatase antibodies, respectively. For anti-dsDNA IgG and anti-chromatin IgG, plates 
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were coated with anti-dsDNA (50 µg/ml) or anti-dsDNA (50 µg/ml)/total histone (10 

µg/ml) (Sigma, St Louis, MO) respectively and blocked with 6% BSA.  Samples (1:320 

for anti-dsDNA IgG, 1:640 for anti-chromatin IgG) and serial dilutions of standard 

(serum positive B6.Sle1.Sle2.Sle3 sample) were added and exposed to anti-IgG alkaline 

phosphatase antibody (Chemicon International, Temecula, CA).  The samples were 

visualized with pNPP substrate and optical densities were measured at 405 nm using a 

standard microtiter plate reader. 

Statistics 

The mortality data was analyzed by either Fisher’s Exact or χ2 tests.  All other data 

was analyzed by Wilcoxon (Mann-Whitney) test for unpaired data with continuity 

correction.  Statistical significance was obtained when p ≤ 0.05. 
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CHAPTER 4 
RESULTS AND DISCUSSION: TNFα-MEDIATED 

LPS/D-GALACTOSAMINE-INDUCED SEPTIC SHOCK 

Establishment Of The LPS/D-galactosamine –induced 
Septic Shock Model In The NZM2410 Mouse And Mapping 

Of Resistance Loci Using B6.NZM Congenic Strains  

The conventional colony NZM2410 strain was completely resistant to LPS/D-

galactosamine-induced mortality, as compared to the B6 strain (0% vs. 70-75% mortality, 

respectively) up to 100 µg of LPS (Figure 4-1).  Similar results were obtained with SPF 

NZM2410 and B6 mice with LPS doses of up to 10 µg, where some mortality was 

observed in NZM2410 (60% vs. 100% B6). This suggests that an increased pathogen 

load was associated with a higher resistance.  As expected, administration of the same 

doses of LPS alone induced high levels of TNFα but no mortality, whereas 

administration of D-galactosamine and saline alone did not induce either TNFα 

production or mortality (data not shown).  

In addition to the obvious candidate gene, Tnfa, we assessed whether LPS/D-

galactosamine resistance mapped to a Sle congenic interval by using two congenic 

strains, B6.Sle4 (containing the Tnfaw allele) and B6.Sle1.Sle2.Sle3 (containing the B6 

Tnfab allele).  If TNFα levels were the sole mediator of hepatocyte apoptosis and lethality 

in this model, B6.Sle1.Sle2.Sle3 would be expected to manifest the same phenotype as 

B6, i.e. high mortality, and B6.Sle4 would be expected to exhibit the same phenotype as 

NZM2410, i.e. no mortality within the tested LPS range (Figure 4-2). 
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Figure 4-1.  Mortality In Response To LPS In D-Galactosamine Sensitized NZM2410 
And B6.NZM Congenic Mice. Two-month-old mice were injected 
intraperitoneally with a 200 µl saline solution of various amounts of LPS and 
8 mg D-galactosamine.  Mortality was assessed for 48 h.  Each bar represents 
the average percent mortality with N=10 to 68 animals per strain. Comparison 
of all strains to B6. * p < 0.05; *** p < 0.0001 by χ2 or Fisher’s exact test. 

The mortality in the B6.Sle4 strain (29%) was not significantly different from that 

of NZM2410 at 1 µg LPS, but was significantly higher at 10 µg (63%) and 100 µg (70%) 
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of LPS (Figure 4-1).  The mortality in the B6.Sle1.Sle2.Sle3 strain was significantly 

lower than in B6, but higher than that of NZM2410 at all LPS concentrations tested 

(Figure 4-1).  We assayed for LPS/D-galactosamine resistance in the single congenic 

strains B6.Sle1, B6.Sle2, and B6.Sle3 to assess whether the partial resistance observed in  

 
 

Figure 4-2.  Genotype And Expected Phenotype Of Hepatocyte Apoptosis And Lethality. 
If Tnfa were the sole mediator of hepatocyte apoptosis and lethality then 
B6.Sle1.Sle2.Sle3 mice would be as susceptible as B6 and B6.Sle4 mice will 
be as resistant as NZM2410. The allele types are as follows: b, B6; w, NZW.   

B6.Sle1.Sle2.Sle3 mice segregated with a single Sle locus.  Both the Sle1 and Sle2 are 

associated with a significant partial resistance similar to that of B6.Sle1.Sle2.Sle3 mice 

(Figure 4-1).  Interestingly, the effects of either Sle1 or Sle2 alone were not significantly 

different from that of their combination in B6.Sle1.Sle2.Sle3 mice, suggesting an absence 

of interaction between the Sle1- and Sle2-linked loci.   Sle3, however, did not confer any 

resistance as the phenotype of B6.Sle3 mice was similar to that of B6 (Figure 4-1).  

Overall, the results obtained with the congenic strains indicate that resistance to LPS/D-

galactosamine-induced lethality in the NZM2410 mouse is polygenic, and maps to both 

the Tnfa gene itself and to genes unlinked to Tnfa, with some of them linked to the SLE-

susceptibility loci Sle1 and Sle2. 
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LPS-Induced Production Of Free Functional TNFα  

Resistance to LPS/D-galactosamine lethality could result from differences in the 

production or function of TNFα (34).  The WEHI 164 clone 13-cell cytotoxicity assay 

was used to evaluate the concentration of serum TNFα collected at 90 min post injection, 

which corresponds to the peak TNFα production in this model (69).  At 1 µg of LPS, 

TNFα levels were significantly lower in NZM2410 and B6.Sle4 than B6 mice, while 

B6.Sle1.Sle2.Sle3 mice produced significantly higher amounts than NZM2410 (Figure 4-

3).  This pattern segregated with the Tnfaw and Tnfab alleles, respectively.  At 10 µg and 

100 µg LPS, however, there were no significant differences in serum TNFα levels in any  

 
 

Figure 4-3. Assessment Of Serum TNFα In NZM2410 And B6.NZM Congenic Mice. 
Animals were challenged with various doses of LPS and 8 mgs D-
galactosamine, and serum TNFα levels were assessed 90 min post injection.  
Cytotoxicity was determined by the WEHI 164 clone 13 bioassay.  Each point 
represents a single animal.  Open circles represent resistant animals.  Closed 
circles represent susceptible animals. * p < 0.05. 

of the mouse strains tested including NZM2410 (Figure 4-3, data not shown).  

Furthermore, TNFα levels in B6.Sle4 reached (at 10 µg LPS) or exceeded (at 100 µg 
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LPS) levels produced by B6 (Figure 4-3, data not shown).  These results demonstrate that 

the deficiency in TNFα production associated with Tnfaw can be overcome by high levels 

of LPS stimulation.  There was a trend of increased serum TNFα levels corresponding to 

increased LPS levels, but there was no direct correlation between the amount of TNFα 

produced and mortality (Figure 4-3).  

Differential LPS-Induced TNFα Production 
Does Not Account For Differences In Mortality  

To eliminate the potential for differential TNFα production accounting for the 

differences in susceptibility to LPS/D-galactosamine-induced hepatocyte injury, mice 

were injected with rhTNFα and D-galactosamine.  Interestingly, rhTNFα binds 

exclusively to murine TNFR1 (54).  In order to reduce the amount of rhTNFα required 

this experiment was performed with SPF B6 and NZM2410 mice.  At 10-µg rhTNFα, 

NZM2410 mice were fully resistant, whereas B6 mice were susceptible (80% mortality) 

(Figure 4-4).  Similar results were obtained with B6.Sle1.Sle2.Sle3 (data not shown).   

 
 

Figure 4-4. Mortality In Response To Lethal Doses Of rhTNFα In NZM2410 Mice. 
Animals were challenged with recombinant human TNFα with D-
galactosamine (N=20 per strain). *** p < 0.0001. 

Overall, rhTNFα-induced mortality paralleled the results obtained with LPS.  This result 

shows that most of the resistance to LPS/D-galactosamine lethality in the NZM2410 and 
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B6.Sle1.Sle2.Sle3 strains maps downstream of TNFα production, implicating alterations 

in TNFR1 binding or post-receptor signaling.  

Apoptosis And Liver Damage  

Another potential mechanism for resistance to LPS/D-galactosamine-induced 

mortality was the inability to induce apoptosis in hepatocytes, despite high levels of 

systemic TNFα.  Therefore, we measured liver caspase 3 activity, serum AST levels, and 

directly evaluated apoptosis in the liver by TUNEL assay 6 h after LPS/D-galactosamine 

injection.  Based on studies by Bahjat et al. (69), this time point was associated with 

significant liver injury but preceded death. 

All tested strains, except NZM2410, showed similar levels of active caspase 3 in 

response to LPS/D-galactosamine despite the differences in mortality (Figure 4-5).  This 

suggests that the partial resistance observed in the B6.Sle1.Sle2.Sle3 strain maps 

downstream of caspase 3 cleavage.  NZM2410 livers, however, contained minimal active 

caspase 3, which suggests the existence of a signaling defect downstream of TNFα 

production and prior to caspase 3 activation (Figure 4-5).  As expected, serum AST levels 

increased with increasing liver damage.  Only NZM2410 displayed significantly lower 

AST values as compared with all other strains (Figure 4-5).  Mean AST levels were 

significantly lower in resistant (360 U/L) than susceptible (2056 U/L) animals (p < 

0.0001), which correlated well with liver damage (Figure 4-5). 
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Figure 4-5. Induction Of Apoptosis And Liver Damage Of NZM2410 And B6.NZM 
Congenic Mice. Animals were challenged with 10 µg LPS and 8 mg D-
galactosamine and bled for assessment of Transaminase production, or 
sacrificed at 6 h post-injection for assessment of caspase function. (A) Liver 
caspase 3 activity (pmol substrate cleaved/min/per mg protein).  Each point 
represents a single animal. (B) Serum AST concentration (U/ml).  Open 
circles represent resistant animals. Closed circles represent susceptible 
animals.  Most of the resistant animals displayed AST levels < 500 (U/ml) 
(dotted line). * p < 0.05; ** p < 0.001; *** p < 0.0001. 

 

 

A. 

B. 
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High numbers of TUNEL-positive apoptotic cells were found in B6 livers (Figure 

4-6A) while none were found in NZM2410 livers (Figure 4-6B).  B6 H&E staining 

indicated that there was extensive destruction of liver architecture, erythrocyte 

agglutination, and numerous cells displaying various signs of apoptosis (Figure 4-6C), 

which is consistent with other studies (51).  NZM2410 H&E staining displayed, as 

expected, no destruction of liver architecture, no erythrocyte agglutination, and no signs 

of apoptosis, which is consistent with complete resistance (Figure 4-6D). 

 
 

Figure 4-6. Identification Of Apoptotic Cells By in situ TUNEL Staining Of Livers From 
LPS With D-Galactosamine Injected NZM2410 And B6 Mice. Animals were 
injected as previously described and sacrificed at 6 h post-injection. (A) B6 
and (B) NZM2410 representative liver sections from TUNEL assay showed 
massive apoptosis in B6 livers and no apoptosis in NZM2410 livers.  
Apoptotic cells were stained in green.  (C) B6 and (D) NZM2410 
representative liver H&E sections showed massive erythrocyte agglutination, 
disruption of architecture, and widespread apoptosis in B6 and none of the 
above in NZM2410 (100 X). 

Production Of IL-6 And IL-10 In Response To LPS-Induced TNFα 

IL-6 and IL-10 have also been implicated in the persistence of autoreactive cells 

(70), but their role in the development of lupus is still debatable (71,72).  IL-6 is a 
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multifunctional cytokine that can assist in the down-regulation of pro-inflammatory 

responses and induce acute phase reactants (73-76), which has been suggested to be 

important in the clearance of apoptotic cells (77,78). IL-10 is an anti-inflammatory 

cytokine that also stimulates the proliferation of B and T cells (76,79).  Our data shows 

that LPS-induced TNFα serum IL-6 levels 90 min and 6-hrs post-injection were 

significantly lower in NZM2410 mice than in all other strains (Figure 4-7A and B).   

 
 

Figure 4-7. IL-6 Concentrations In NZM2410 And B6.NZM Congenic Mice. Animals 
were challenged with 10 µg LPS/D-galactosamine, and then bled at 90 min 
and/or 6 h post-injection. Open circles represent resistant animals. Closed 
circles represent susceptible animals. (A) IL-6 at 90 min, (B) at 6 h. IL-6 
concentrations for most of the resistant animals was located below the dotted 
lines. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

Interestingly, the mean IL-6 concentration in NZM2410 mice decreased 3.5 fold from 90 

min to 6 h, whereas it increased in all other strains by at least 1.25 fold (Figure 4-7A and 

B).  Mean IL-6 levels were significantly lower in resistant (90 min = 16.90 ng/ml; 6 h = 

9.59 ng/ml) than susceptible (90 min = 53.12 ng/ml; 6 h = 91.52 ng/ml) animals (p < 

A. 

B. 
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0.0001) regardless of their strain of origin, which suggests that IL-6 levels correlated with 

mortality (Figure 4-7A and B).  IL-10 levels paralleled IL-6 levels in all strains except 

B6.Sle4, in which they were significantly lower than in B6 mice (Figure 4-8).  

 
 

Figure 4-8. IL-10 Concentrations In NZM2410 And B6.NZM Congenic Mice. Animals 
were challenged with 10 µg LPS/D-galactosamine, and then bled at 90 min 
and/or 6 h post-injection. Open circles represent resistant animals. Closed 
circles represent susceptible animals.  IL-10 measured at 6 h post injection. 
IL-10 concentrations for most of the resistant animals were located below the 
dotted lines. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

Differences In Production Of Cytokines Were 
Not Due To Differential TNFR1 mRNA Expression 

In order for IL-6 and IL-10 to be produced by macrophages, there must be 

signaling through the TNFR1.  Since it is possible that there is not sufficient signaling 

due to lack of the receptor, we assessed TNFR1 mRNA expression by semi-quantitative 

RT-PCR 6-hrs post injection of 10 µg LPS/D-galactosamine comparing NZM2410 with 

B6 mice. The results suggest that there was no difference in mRNA expression of TNFR1 

in the livers of LPS/D-galactosamine injected B6 and NZM2410 mice by semi-

quantitative RT-PCR (Figure 4-9) or by array analysis (data not shown).  These results do 

not exclude the possibility of a difference in expression at the protein level. 
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Figure 4-9.  Semi-Quantitative RT-PCR Analysis Of Liver TNFR1 Expression. Animals 

were challenged with 10 µg LPS and 8 mg D-galactosamine, livers were 
removed at 6 hrs post injection, and Total RNA was isolated. Lanes 1, 2, 3, 
and 4 in each panel represents TNFR1 and 18S mRNA expression from cycle 
#19, 24, 29, and 34 respectively from each of the indicated strains. 

Discovery Of A Distinctive Gene Expression Profile 
In The Lupus-Prone NZM2410 Mouse After TNFα-Dependent 

LPS-Induced LPS/D-galactosamine Induced Septic Shock 

We used cDNA gene analysis to assess the differential expression profile of 

cytokines and apoptotic genes that correlated with LPS/D-galactosamine resistance. 

Young NZM2410 and B6 mice were injected intraperitoneally with 10µg LPS/D-

Galactosamine.  Animals were sacrificed at 6-hrs post injection and selected based on 

high serum IL-6 (>40 ng/ml) and AST (>480 U/L) for B6 and low serum IL-6 (<10 

ng/ml) and AST (<240 U/L) for NZM2410.  Three different types of SuperArray cDNA 

gene expression arrays were used: 1) Inflammatory Cytokine and Receptors, 2) 

Apoptosis, and 3) NFκB Signaling Pathway, each containing 96 pathway specific genes 

for a total of 288 genes (Figure 4-10). 

In comparison with B6, NZM2410 mice had decreased expression of pro-apoptosis 

related genes BFL-1, NIP3, TNFα, and caspase 3; decreased inflammation related genes 

CXCR5, Scya19, TARC, MCP-1, MIP-1α, MIP-1β, RANTES, C10, MCP-3, MIP-2, 

MIG, IL-15Rα, IL-1β, and IL-1R2; and decreased NFκB related genes EGR-1, c-FOS, 

and IRF-1 (Figure 4-10 and Table 4-1). Also in comparison with B6, NZM2410 mice 

showed increased expression of anti-apoptosis related genes Bcl-xL, NAIP1, NAIP2, and 

B6#1 B6#2 NZM#1 NZM#2
18S 

TNFR 
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IAP1; and increased expression of NFκB related gene p38 MAPK (Figure 4-10 and Table 

4-1). These results suggest that in the NZM2410 mouse there was a decrease in the 

mRNA production of genes responsible for inflammatory responses, which can lead to 

decreased apoptosis, and an increase in the mRNA production of genes that promote 

survival.  

 
 

Figure 4-10. GEArray Q Series SuperArray Analysis Of LPS/D-Galactosamine Treated 
B6 And NZM2410 Mice. Animals were challenged with 10 µg LPS and 8 mg 
D-galactosamine. Mice were sacrificed 6 hrs post injection, total RNA was 
isolated from the livers, and hybridized to the Apoptosis, Inflammation & 
Cytokine Receptors, and NFkB Signaling Pathway Arrays. Each image set is 
representative of two experiments. Each red numbered square represents a 
gene that was expressed visually at least 2-fold higher in NZM2410 than B6.  
1=Bcl-xL, 2=NAIP1, 3=NAIP2, 4=p38Mapk. 

Real-Time PCR Confirmation Of CDNA Array Gene Expression With 
Links To Dysregulation Of Bcl-xL Anti-Apoptotic Gene 

Real-Time RT-PCR was used to confirm the cDNA array gene expression results 

on a subset of the selected genes that were induced or decreased in the NZM2410.  The 

genes chosen for further analysis were based on the ability of the specific gene to directly 

affect the apoptotic pathway.  Sybr Green Real-Time RT-PCR was done on total liver 
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Table 4-1. Categorized SuperArray Results.  Arrangement is according to SuperArray 
type, generic gene name, strain with greatest increase in gene expression, and 
position on array membrane corresponding to selected gene.  In general B6 
mice livers showed an increased expression of pro-inflammatory and pro-
apoptotic genes.  NZM2410 mice showed an increased expression of anti-
apoptotic genes and decreased expression of pro-inflammatory genes. Real-
Time PCR was performed on the genes of interest highlighted in black to 
confirm array results.  

 
 

RNA from B6, NZM2410, and B6.Sle1.Sle2.Sle3 mice on the following genes: Bcl-xL, 

p38MapK, BFL-1, NIP3, EGR1, cFOS, IRF-1, IkBα, TNFAIP3, IAP1, NAIP1, and 

GAPDH (internal control).  
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Figure 4-11. Real-Time PCR Analysis Of Bcl-xL Gene Expression In Livers Of LPS/D-
Galactosamine Treated Lupus Mice.   Animals were challenged with 10 µg 
LPS and 8 mg D-galactosamine.  Total RNA was extracted from livers 6 hr 
post injection and 50 ng was used for Sybr Green Real-time PCR.  Each 
symbol represents a single animal. Bcl-xL expression was normalized to 
GAPDH. RES, resistant; SUS, susceptible. * p < 0.05; ** p < 0.001; *** p < 
0.0001.  

Out of the 11 genes tested, only Bcl-xL showed a statistically significant difference 

in the total RNA levels between B6 and NZM. The normalized anti-apoptotic Bcl-xL 

gene expression (Bcl-xL: GAPDH) was increased in NZM2410 and B6.Sle1.Sle2.Sle3 γ-

irradiated thymocytes (data not shown) and livers from untreated and LPS/D-

galactosamine  treated animals as compared with B6 (Figure 4-11).  Comparison of 

untreated with LPS/D-galactosamine treated animals revealed that Bcl-xL expression 

increased in NZM2410 and B6.Sle1.Sle2.Sle3 but not in B6.  This increase suggests that 

the increase in the Bcl-xL gene expression maps with the lupus phenotype.  None of the 

other genes showed any statistically significant differences in relative gene expression 
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between NZM2410 and B6 by Real-Time RT-PCR.  There was however, a trend that the 

EGR1 gene was increased in the B6 as compared to the NZM2410.    

The Real-Time RT-PCR results suggest that NZM2410 and B6.Sle1.Sle2.Sle3 

resistance to LPS-induced apoptosis may be due to an increase in Bcl-xL expression.   

 
 

Figure 4-12. Real-Time PCR Analysis Of Splenic Bcl-xL Gene Expression From 
Untreated Young And Old Lupus Mice.   Total RNA was extracted and 50 ng 
was used for Sybr Green Real-time PCR.  Each symbol represents a single 
animal. Bcl-xL expression was normalized to GAPDH. * p < 0.05; ** p < 
0.001; *** p < 0.0001. 

Since this increase in cell survival may also be useful for understanding how defects in 

the TNFα/TNFR1 pathway affect the pathogenesis of SLE, Bcl-xL basal level mRNA 

expression was assessed in the spleen of disease/autoimmune (old) and pre-

disease/autoimmune (young) NZM2410 and B6.Sle1.Sle2.Sle3 mice. Both pre-diseased 

and diseased NZM2410 mice possess an increased level of Bcl-xL as compared to B6 

(Figure 4-12). Interestingly, only the diseased autoimmune B6.Sle1.Sle2.Sle3 mice 

display an increase in Bcl-xL expression (Figure 4-12), which corresponds with data 
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showing a significant delay in their disease progression as compared with NZM2410 

(21).  Overall, the data shows that there was a significant increase in Bcl-xL mRNA 

expression in lupus mice, which can potentially be involved in the initiation and 

persistence of lupus in NZM2410 mouse model.  The mechanism may involve permitting 

survival of autoreactive cells. 

Bcl-xL Protein Expression In Response To 
TNFα-Dependent LPS/D-galactosamine-induced Septic Shock 

Since the mRNA levels of Bcl-xL are increased in the lupus mice, we wanted to 

verify that the protein levels were also increased.  An increase in protein expression 

would strongly suggest prolonged survival of autoimmune lupus cells.  Therefore, Bcl-xL 

protein expression was evaluated for B6, NZM2410, and B6.Sle1.Sle2.Sle3 after LPS/D-

galactosamine treatment.  Bcl-xL protein expression was first evaluated in the livers of 

LPS/D-galactosamine treated animals. NZM2410 and B6.Sle1.Sle2.Sle3 resistant LPS/D-

galactosamine treated mice had a significant increase in protein expression as compared 

with B6 (Figures 4-13).  LPS/D-galactosamine – treated B6.Sle1.Sle2.Sle3 susceptible 

mice have decreased Bcl-xL protein expression equivalent to B6.   This suggests that in 

order to induced hepatocyte apoptosis in lupus mice, Bcl-xL protein levels must be 

reduced to level of treated B6 animals (Figure 4-13). 

We also measured the Bcl-xL protein expression in the peritoneal cavity of the 

LPS/D-galactosamine treated animals to assess whether the increase in protein expression 

was specific to the LPS/D-galactosamine treatment.  Bcl-xL protein expression was 

increased in both resistant and susceptible NZM2410 and B6.Sle1.Sle2.Sle3 as compared 

to B6.  This suggests that the increase in Bcl-xL protein expression in the lupus mice was 

a global defect. 
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Figure 4-13. Analysis Of Bcl-xL Protein Expression In Livers Of LPS/D-Galactosamine 
Treated Lupus Mice.   Animals were challenged with 10 µg LPS and 8 mg D-
galactosamine.  Whole cell lysates were prepared from livers 6hrs post 
injection and 30 µg of protein (liver) or 5x106 cells (PerC) was used for 
western blot. The top panel depicts protein expression after exposure on x-ray 
film. The bottom panel shows corresponding protein density from 
densitometric analysis. Each symbol represents a single animal. * p < 0.05; ** 
p < 0.001; *** p < 0.0001. 

Bcl-xL Protein Expression In Lupus Pathogenesis 

The significant increase in LPS-induced Bcl-xL protein expression in hepatocytes 

of lupus mice prompted us to assess the expression of Bcl-xL in lupus mice during full-

blown lupus disease.  Bcl-xL protein expression was measured in the spleen, peritoneal 

cavity, submandibular lymph node, and kidney of diseased lupus mice.  The protein 

levels of Bcl-xL was significantly increased in not only the lymphoid tissue of lupus mice 

but also the primary disease target tissue, the kidney, as compared with B6 (Figure 4-14).  

This suggests that Bcl-xL may have a role in the lupus disease. 
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Figure 4-14.  Bcl-xL Protein Expression In Diseased Lupus Mice. Whole cell lysates were 
prepared from spleen, peritoneal cavity, submandibular lymph node, and 
kidney from seropositive lupus mice. 30 µg of protein was used for western 
blot. The panels depict protein expression after exposure on x-ray film. 

It has been shown in several studies that Bcl-xL is inducible by Stat6 (80,81).    To 

determine if Stat6 was necessary for Bcl-xL protein expression in B6.Sle1.Sle2.Sle3 mice, 

we measured Bcl-xL protein expression in the thymus, spleen, submandibular lymph 

node, and the kidney in B6.Sle1.Sle2.Sle3.Stat6-/-.  There was no difference in the thymic 

and submandibular lymph node Bcl-xL protein expression of diseased B6.Sle1.Sle2.Sle3 

mice with or without stat6 (data not shown).  There was a statistically significant increase 

in Bcl-xL expression in the spleen of B6.Sle1.Sle2.Sle3.Stat6-/- as compared to that of 

B6.Sle1.Sle2.Sle3. Although there was a significant decrease in spleen weight (Figure 4-

15 A,B,C) with the lack of Stat6, the spleen weight was still 4x that of B6 (~100mg).  

There was also a significant decrease in Bcl-xL expression in the kidney of lupus mice in 

the absence of Stat6 although there was no difference in proteinuria (Figure 4-15 A, D, 

and E). These results suggest that Stat6 does not have an affect on Bcl-xL protein 



48 

 

expression in lymphoid tissues.  It also suggests that there was possibly less lymphocyte 

infiltrating cells in the kidney. 

 

Figure 4-15. Comparison Of Bcl-xL Protein Expression In Various Tissue Of Lupus Mice 
With And Without stat6. Whole cell lysates were prepared from spleen and 
kidney from seropositive lupus mice. 30 µg of protein was used for western 
blot. (A) Protein expression after exposure on x-ray film. (B, D) 
Corresponding protein density from densitometric analysis.  (C) Spleen 
weight in milligrams. E.) Proteinuria as measured by Albustix. *p<0.05.  

Bcl-xL Antisense Oligonucleotide Induction 
of Apoptosis in Cultured Lupus Thymocytes 

In order to confirm that Bcl-xL was involved in the inhibition of apoptosis in the 

NZM2410 mouse model, an antisense oligonucleotide of Bcl-xL was used (see material 

and methods).  To test the effectiveness of the newly designed Bcl-xL antisense  
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Figure 4-16. Bcl-xL Antisense Oligonucleotide Induction Of Apoptosis In Cultured Lupus 
Thymocytes.  Thymocytes were cultured for 24 hrs with or without LPS 
and/or Bcl-xL antisense oligonucleotide. Apoptosis was detected by flow 
Cytometry.  ] %, denotes percent of apoptotic cells.  Percentage includes both 
early and late apoptotic cell population (7AAD+/-, Annexin V+).  Labeling on 
top of FACS plots denote culture conditions as follows: strain name, 
stimulant, inhibitor (ex. NZM, Med, ASO). Plots representative of 2 
experiments. 

oligonucleotide, apoptosis levels were assessed in thymocytes from young B6 and 

NZM2410 mice, with or without treatment of rhTNFα and/or Bcl-xL antisense 

oligonucleotide. Thymocytes were used because they were a homogeneous population of 

cells.  The results showed that both untreated (spontaneous apoptosis) and treated 

(induced apoptosis) cultured thymocytes from NZM2410 mice displayed decreased early   
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 (Annexin V+, 7 AAD-) and late (Annexin V+, 7 AAD+) apoptotic cell populations and an 

increased live (Annexin V-, 7 AAD-) cell population as compared with B6 (Figure 4-16).  

Theses results also show that NZM2410 lymphocytes are resistant to apoptosis.  This 

resistance could be due to an increase in Bcl-xL expression. This suggests that the 

existence of autoreactive cells could be a direct result of an increase in anti-apoptotic Bcl-

xL protein in these cells.  If one could reduce or eliminate Bcl-xL protein production in 

autoreactive cells, one could potentially reduce or eliminate autoreactive cells.  The 

addition of Bcl-xL antisense oligonucleotide to apoptosis resistant thymocytes from the 

NZM2410 mouse increased the  levels of early and late apoptotic cells to levels 

equivalent to that of B6 (Figure 4-16).  These results proved that the newly designed Bcl-

xL antisense oligonucleotide could reduce levels of apoptosis in the NZM2410 to that of 

the levels of B6.  This suggests that autoreactive cell levels could be reduced by the 

reduction of Bcl-xL.  

Bcl-xL Inhibition Reduces Lupus Autoantibody Production 

So far, we have proven that the TNFα/TNFR1 apoptotic signaling pathway was 

defective in the NZM2410 mouse leading to increased survival of cells.  This defect was 

caused, in part, by overexpression of anti-apoptotic protein, Bcl-xL. The increased 

survival as a result of increased Bcl-xL protein expression can translate to an increase in 

the number and survival of autoreactive cells.  Therefore, our hypothesis was that the 

addition of Bcl-xL antisense oligonucleotide to lymphocytes from autoantibody positive 

lupus mice would allow the lymphocytes to undergo normal cell death.   This normal cell 

death will lead to a decrease in autoantibody production as direct result of a decrease in 

the number of lymphocytes due to an increase in apoptosis.   
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The first step in testing our hypothesis was to assess the optimal time point for 

antibody production from cultured lupus splenocytes.  B6 and B6.Sle1.Sle2.Sle3 

splenocytes were cultured for 3, 5, and 7 days with and without LPS.  After each 

appropriate time point, the cells and supernatants were removed and assayed for cell 

counts, total IgG, anti-dsDNA IgG, and anti-chromatin IgG antibodies.  There was a 

significant increase in the cell count of the B6.Sle1.Sle2.Sle3 LPS stimulated splenocytes,  

 
 

Figure 4-17. Assessment Of Optimal Time Point For Antibody Production From Cultured 
Lupus Splenocytes.  Splenocytes from seropositive lupus mice were cultured 
for 3, 5 and 7 days with or without 1µg LPS.  On specified days, cells were 
counted, supernatant removed, and antibody production assessed by ELISA 
for Total IgG, IgG anti-dsDNA IgG, and IgG anti-chromatin IgG. 

which correlated with an increase in culture time (Figure 4-17).  The total IgG levels 

started out high, remained equivalently high in B6.Sle1.Sle2.Sle3, and were not increased 

by LPS stimulation (Figure 4-17).  There was a substantial increase in both measured 

autoantibodies (anti-dsDNA IgG, anti-chromatin IgG) at 7 day in culture as compared 

with the other days (Figure 4-17).  All together, this data suggests that in order to assess 

difference in autoantibody production, lymphocytes must be cultured for at least 7 days. 

The final step in testing the hypothesis was to assess cell count and antibody 

production from cultured lupus splenocytes after Bcl-xL inhibition by Bcl-xL antisense 
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oligonucleotide addition.  The cell count was significantly increased after LPS 

stimulation and was reduced by at least 2-fold after the addition of Bcl-xL antisense 

oligonucleotide (Figure 4-18).  This data suggests that the Bcl-xL antisense 

oligonucleotide mode of action was via apoptosis.  The results also show that total IgG 

antibody production was not affected by Bcl-xL antisense oligonucleotide addition 

(Figure 4-18).  Interestingly, Bcl-xL antisense oligonucleotide induced a 2-fold reduction 

of autoantibody production (anti-dsDNA IgG, anti-chromatin IgG) only after LPS 

stimulation (Figure 4-18).   This suggests that, activated autoreactive cells are most 

affected by Bcl-xL inhibition.  To confirm that Bcl-xL protein expression was  

 
 

Figure 4-18. Assessment Of Antibody Production From Cultured Lupus Splenocytes 
After Bcl-xL Inhibition.  Cells were cultured for 7 days with medium alone, 
Oligofectamine transfection reagent alone, Bcl-xL antisense oligonucleotide 
alone, LPS alone, or LPS plus Bcl-xL antisense oligonucleotide.  Cells were 
counted, supernatants removed, and antibody production assessed by ELISA 
for Total IgG, IgG anti-dsDNA IgG, and IgG anti-chromatin IgG. LPS dose = 
1µg.  Plots representative of 3 experiments.  

specifically inhibited with the Bcl-xL antisense oligonucleotide, western blotting was 

performed on cells collected from the previous experiment (Figure 4-19).  There was 

minimal Bcl-xL protein produced in cells that were cultured with medium, 

Oligofectamine transfection reagent, or Bcl-xL antisense oligonucleotide alone.  The 
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results also show that Bcl-xL was upregulated by LPS stimulation and completely 

abolished by the Bcl-xL antisense oligonucleotide.  In order to determine if Stat6 was 

involved in the upregulation of Bcl-xL in these splenocytes, cultured cells from 

B6.Sle1.Sle2.Sle3.Stat6-/- animals were also assessed.  The results mirrored that of the 

B6.Sle1.Sle2.Sle3 with intact Stat6.  These results suggest that the Bcl-xL antisense 

oligonucleotide eliminates Bcl-xL protein expression and that Stat6 is not involved in the 

LPS-induced upregulation of Bcl-xL in splenocytes. 

 

Figure 4-19.  Assessment Of Bcl-xL Protein Expression From Cultured Lupus 
Splenocytes After Bcl-xL Inhibition.  Western blot was performed on whole 
cell lysates from the total cell population from each cultured condition. Panels 
depict protein expression after exposure on x-ray film. 

Since the Bcl-xL inhibition reduced cell count and autoantibody production, the 

level of apoptosis in these cells was assessed to confirm that induction of apoptosis was 

the cause of the reduced phenotypes displayed in the lupus mice.  The results from 7AAD 

and Annexin V staining show that there is a significant increase in apoptotic cells after 

Bcl-xL antisense oligonucleotide stimulation suggesting the reduced phenotypes were due 

to an increase in apoptosis of B cells specifically (Figure 4-20).   
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Figure 4-20. Assessment Of Cell Death In Splenic B Cells After Bcl-xL Inhibition. Cells 
from Figure 4-18 were stained with B220 and 7AAD and flow cytometry was 
performed to detect apoptotic cells.  Apoptotic cell (7AAD+) percentages are 
denoted in the upper right corner of the FACS plot. The culture conditions are 
denoted above the FACS plots. 

Discussion 

It has been suggested that TNFα can regulate the survival of autoreactive cells (3).  

To assess the integrity of the TNFα signaling pathway in the NZM2410 lupus-prone 

mouse and its derived B6.NZM congenic strains, we used a TNFα-dependent LPS/D-

galactosamine model of hepatocyte apoptosis and lethality.  LPS combined with the 

hepatocyte-sensitizing agent D-galactosamine results in lethality that is not typical of 

Gram negative bacteria-induced septic shock, in that the animals succumb to TNFα- and 

caspase-dependent fulminant hepatic failure, and not to hemodynamic collapse 

(28,29,33,35,51). 

Our study shows that NZM2410 mice are resistant to LPS/D-galactosamine-

induced lethality, which is indicative of a defect in the TNFα apoptotic pathway.  

NZM2410 resistance loci were mapped using the B6.NZM strains carrying genomic 

intervals containing SLE-susceptibility or resistance loci (40).  Co-segregation of LPS/D-

galactosamine resistance loci and lupus susceptibility loci would support the possibility 

that defects in the p55 TNF-R pathway may be involved in the SLE susceptibility.   

At the lower dose of LPS, mortality in B6.Sle4 (containing low TNFα producer 

Tnfaw allele) and B6.Sle1.Sle2.Sle3  (containing normal TNFα producer Tnfab allele) mice 
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was intermediate between that of B6 and NZM2410 mice, indicating the existence of 

multiple distinct resistance factors in the TNFα apoptotic pathway.  At higher doses of 

LPS, mortality in B6.Sle4 was similar to B6, and mortality in B6.Sle1.Sle2.Sle3 was 

similar to the resistant NZM2410.  This indicated that the Tnfaw allele provided partial 

resistance only at low doses of LPS.   

The assessment of the single congenic strains showed that LPS/D-galactosamine 

resistance in the B6.Sle1.Sle2.Sle3 was itself multigenic and contributed by loci linked to 

both Sle1 and Sle2, but not Sle3.  Overall, partial resistance was independently linked to 

the Tnfa gene, to the Sle1 and Sle2 loci, and to an additional resistance locus (or loci) 

unlinked to either Tnfa or the Sle.   A detailed mapping study will be necessary to narrow 

down the location of the LPS/D-galactosamine resistance genes relative to Sle1 and Sle2, 

and to confirm that the resistance in B6.Sle4 mice is due to Tnfaw.  

Resistance to LPS/D-galactosamine lethality at low doses could have been a direct 

result of variations in the concentrations of functional circulating TNFα, which were 

significantly lower in the strains with the Tnfaw allele (NZM2410 and B6.Sle4) than with 

the Tnfab allele (B6 and B6.Sle1.Sle2.Sle3).  This suggests that at this dose of LPS, the 

levels of TNFα may have been insufficient to induce mortality in NZM2410 mice.  This 

is consistent with previous work showing that low amounts of TNFα are produced by 

LPS-stimulated NZW macrophages due to mutations in the 3’ untranslated region of 

Tnfaw (18,82-84), and in the kidney of young NZB/W F1 mice (17).  

At higher doses of LPS, TNFα levels in NZM2410 and B6.NZM congenics were 

similar or higher than in B6.  Moreover, there was no correlation between the TNFα 

concentration and either susceptibility or resistance, indicating at these doses of LPS, 
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resistance was independent of TNFα production.  In general, TNFα levels increased with 

increasing doses of LPS/D-galactosamine, which indicates that all animals were 

producing sufficient TNFα to induce apoptosis.  These results also suggest the existence 

of a threshold for activation of TNFα production in the NZM2410 mouse that was higher 

than that of the B6 mouse strain.  Once this threshold was reached, TNFα availability 

was no longer likely to be the source of resistance, which functionally mapped the 

reduction in mortality to defects in TNFR1 and/or in its downstream signaling.  This 

corroborates experiments in which high doses of TNFα replacement therapy in NZB/W 

F1 mice delayed disease onset but did not prevent its development (20,22).  

Resistance in the NZM2410 was due to the absence of liver damage that normally 

results from hepatocyte apoptosis.  NZM2410 livers displayed significantly lower AST 

values than B6 and minimal active caspase 3.  This suggests that resistance in this strain 

is partially provided by a TNFα signaling defect post-TNFα production and pre-caspase 

3 cleavage.  The average AST and active liver caspase 3 values in the B6.Sle1, B6.Sle2, 

and B6.Sle1.Sle2.Sle3 strain were similar to B6, although these strains showed significant 

resistance to mortality.  This suggests that LPS-resistance in the B6.Sle1.Sle2.Sle3 strain 

mapped downstream of caspase 3 cleavage.  A possible mechanism for resistance in this 

strain would be caspase 3 inability to translocate into the nucleus of the cell or to activate 

the degradation pathways for nuclear enzymes, such as PARP and topoisomerase IIα 

(60).  Interestingly, the PARP gene (Adprt1) is located in the Sle1 congenic interval, and 

this gene has been associated with lupus susceptibility is some SLE patients (85), but not 

in others (86). The potential involvement of PARP in conferring LPS/D-galactosamine 

resistance in the B6.Sle1 mice will have to be directly addressed.  It is also possible that 
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other factors inhibited TNFα binding and/or signaling through its TNFR1 on hepatocytes.  

These factors could include, but are not limited to, other inflammatory cytokines, indirect 

mediators, and/or possibly TNFR1 itself. 

Comparable mortality in response to either LPS or rhTNFα confirmed that most of 

the resistance factors in NZM2410 and B6.Sle1.Sle2.Sle3 mapped downstream of TNFα 

production.  The resistance factors upstream of caspase 3 may involve FADD, TRADD, 

the TNFR1 itself (87), a yet unidentified protein located within the pathway, or other 

proteins that function to inhibit this pathway such as the inhibitors of apoptosis (IAP).  

Production of IL-6 and IL-10 in response to LPS is TNFα-dependent, and is 

attenuated by blocking endogenous TNFα production in response to live bacteria or 

endotoxin (47,88,89).  It is not clear whether the production of IL-6 and subsequently IL-

10 results from the inflammatory response to secondary necrosis or from other 

mechanisms.  In general, serum IL-6 level is not elevated in most SLE patients, but there 

is an increase in serum IL-6 level following increased c-reactive protein (CRP) levels in 

SLE patients with serositis, infection, and during severe disease flare-ups (71,90).  On the 

other hand, in vitro studies have shown that IL-6 production by peritoneal macrophages is 

decreased in young lupus prone mice (19).  The role of IL-10 is also unclear, with some 

studies showing a protective role for IL-10 (8,23,91) while others showed an 

exacerbation effect (9).  In addition, in vitro data has shown that there is no change in IL-

10 production from peritoneal macrophages in lupus prone animals (19).  

In this study, serum IL-6 and IL-10 levels in response to LPS were significantly 

lower in NZM2410 than all other strains, and these levels correlated with mortality in all 

strains.  The basal levels of these cytokines are below the limit of detection.  The fact that 
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IL-6 and IL-10, and not TNFα, levels mirrored the mortality results correspond to the 

fact that IL-6 and IL-10 production are located downstream of the genes mediating 

LPS/D-galactosamine resistance, while TNFα is located upstream of this process.  The 

defect in IL-6 production is interesting in terms of lupus pathogenesis.  IL-6 is  

 

Figure 4-21.  Schematic Of Defects In The TNFα/TNFR1 Pathway In The NZM2410 
Mouse. (A) B6 illustration of normal functional TNFα/TNFR1 pathway.  
Under normal LPS/D-galactosamine-induced apoptotic conditions, LPS 
induces overproduction of secreted TNFα.  This high concentration of TNFα 
binds to TNFR1 on hepatocytes to in induce massive apoptosis and lethality.  
TNFα also binds to TNFR1 on the surface of macrophages to signal the 
production of IL-6 and IL-10. (B) NZM2410 illustration of defective 
TNFα/TNFR1 pathway. LPS/D-galactosamine-induced apoptotic conditions 
in NZM2410 yields overproduction of secreted TNFα equivalent to B6. 
Although fully functional TNFα is produced, it does not induce hepatocyte 
apoptosis or upregulation of downstream markers of TNFα signaling, IL-6 
and IL-10.  There are at least 3 possible defects, one located upstream of 
caspase 3 (TNFR1, IAP), one located downstream of caspase 3 (PARP, 
Topoisomerase I), and one located upstream of IL-6 and IL-10 signaling 
(TNFR1, INFγ). X, denotes inhibition.   

responsible for production of acute phase reactants such as CRP and SAP, which have 

been shown to be important in anti-chromatin IgG clearance (78) and down-regulation of 

autoimmune responses (92).  SAP deficient mice develop autoantibodies to anti-
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chromatin IgG (93) and CRP treatment of NZB/W F1 mice injected with anti-chromatin 

IgG bound latex beads prolonged survival (94). In addition, reduced TNF function 

combined with IL-6 deficiency prevents the release of acute phase proteins (95), which 

may contribute to the development of lupus (92). This suggests that IL-6 mediated down-

regulation of acute phase reactants could be involved in lupus pathogenesis in the 

NZM2410 model.  

In summary, LPS/D-galactosamine-induced apoptotic conditions in NZM2410 

yields overproduction of secreted TNFα equivalent to B6 (Figure 4-21). Although fully 

functional TNFα is produced, it does not induce hepatocyte apoptosis or upregulation of 

downstream markers of TNFα signaling, IL-6 and IL-10 (Figure 4-21).  There are at least 

3 possible defects, one located upstream of caspase 3 possibly TNFR1 or member of the 

IAP family, one located downstream of caspase 3 possibly PARP or Topoisomerase I, 

and one located upstream of IL-6 and IL-10 signaling possibly TNFR1 or INFγ (Figure 4-

21).  It is intriguing that the resistance to the LPS/D-galactosamine-induced mortality is 

also found in the NOD (Non-Obese Diabetic), another autoimmune mouse model (69). 

In this study, we used cDNA array gene expression analysis to detect genes that 

were differentially expressed after LPS/D-galactosamine induction to isolate the defect in 

the TNFα/TNFR1 signaling pathway.  We found 26 genes that were highly expressed in 

the livers of B6 but not NZM2410.  The majority of these genes were either from the 

NFkB pathway or from the inflammatory cytokine and receptor pathway.  The genes that 

were upregulated in the apoptotic pathway in B6 mice were all pro-apoptotic.  Of 

particular interest were BFL-1, NIP3, EGR-1, c-FOS, IRF-1, IkBa, and TNFAIP3.  BFL-

1 is an NFkB dependent gene that protects lymphocytes and neutrophils from apoptosis 
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(96).  NIP3 is a pro-apoptotic gene that induces the opening of the permeability transition 

pore in the mitochondria (97) allowing for the release of proteins such as Smac/Diablo.  

EGR-1, early growth response 1, is a transcription factor that functions as a negative 

regulator of growth and proliferation and can induce pro-apoptotic activity (98).  cFOS is 

a pro-apoptotic gene that is part of the AP1 transcription factor complex (99). IRF1, 

interferon regulator factor , is a  transcription factors that stimulates the promoter of IFN-

induced genes and functions as a negative regulator of cell proliferation (100).  IkBa 

binds NFkB in the cytoplasm disallowing NFkB translocation to the nucleus of a cell and 

subsequent transcription.  TNFAIP3, A20 protein, functions as both an inhibitor of NFkB 

activation and as an inhibitor of apoptosis (101).  These results suggest that the B6 mice 

have an increase in expression of pro-inflammatory and pro-apoptotic genes, which lead 

to severe liver damage and subsequent mortality.   

Most importantly, expression of p38Mapk, Bcl-xL, NAIP1, NAIP2, and IAP1 genes 

were significantly increased in the NZM2410 mouse as compared to the B6 mouse.  

p38Mapk is activated by inflammatory cytokines and environmental stress and stabilizes 

mRNA which contains AU repeats in their 3’ UTR (102).  Bcl-xL and the IAP1 family 

members (NAIP1/2, IAP1) are all anti-apoptotic genes functioning within the same 

pathway.  These results suggest that the NZM2410 mice have an increase in anti-

inflammatory and anti-apoptotic genes which results in protection from liver damage and 

subsequent mortality. 

The most interesting upregulated gene in the NZM2410 from the cDNA array gene 

expression was Bcl-xL.  This gene was the only one confirmed at significant levels by 

Real-Time PCR from the cDNA gene array.  Bcl-xL is B-cell Leukemia Lymphoma 2 
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Like Anti-Apoptotic Protein.   It is related to Bcl-2 protein in size and structure and can 

function independently to regulate apoptosis.  Highest levels of Bcl-xL are expressed in 

the lymphoid and central nervous system tissue.  There are two distinct cDNA species, a 

short and long form. The short form is created by alternate 5’ splice sites in exon 1.  The 

long (L) form is the most abundant and anti-apoptotic.  The short (s) is pro-apoptotic and 

inhibits Bcl-2 mediated cell survival (103,104).   

Under normal apoptotic conditions, BAX/BAD induce the formation of pores in the 

plasma membrane of mitochondria, which allows for the escape of several proteins such 

as SMAC/DIABLO from the mitochondria (103,104).   SMAC/DIABLO binds to 

members of the IAP (Inhibitors of Apoptosis) family such as NAIP1/2 and IAP1 and 

inhibit their binding to pro-caspases such as caspase 3 (103,104).  The binding of the 

IAPs to pro-caspases prevents caspase cleavage and subsequent activation. When Bcl-xL 

is upregulated, it will bind to BAX/BAD and prevent subsequent changes in membrane 

potential and pore formation in the mitochondrial membrane (103,104). 

Bcl-xL has a significant role in the developmental stages of lymphocytes.  Its role in 

contrast to Bcl-2 is shown in Figure 4-22 (103,104).  Bcl-xL is present in thymic double 

positive cells, in bone marrow pre-B cells, and is highly expressed in splenic activated B 

and T cells (Figure 4-22) (103,104).  In the activated B and T cells, the Bcl-xL is 

potentially what is required to keep the cells alive for long periods of time in order to 

clear a pathogenic immune response (Figure 4-22) (103,104). 

Bcl-xL role in apoptosis suggests that overexpression on hepatocytes could lead to 

elimination or reduction of apoptosis.  Several studies have shown that Bcl-xL protects 

hepatocytes from apoptosis (105,106). Our data shows that Bcl-xL liver mRNA 
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expression was significantly upregulated in both NZM2410 and B6.Sle1.Sle2.Sle3 mice 

untreated and treated with LPS/D-galactosamine.  In the LPS/D-galactosamine treated 

animals, Bcl-xL protein expression was upregulated in the livers of both NZM2410 and 

 
 

Figure 4-22.  Bcl-xL And Bcl-2 Protein Expression During Developmental Stages Of 
Lymphocytes In The Thymus, Spleen, And Bone Marrow.  Bcl-2 is present at 
every stage of lymphocyte development except for thymic DP and bone 
marrow Pre-B cell development in which case Bcl-xL is present instead.  
Although Bcl-2 is present in activated lymphocytes, Bcl-xL is highly 
expressed on this mature cell population. 

B6.Sle1.Sle2.Sle3 resistant mice.  The fact that the mRNA levels are increased in both 

resistant and susceptible lupus mice after LPS/D-galactosamine challenge suggests that 

there was post-transcription regulation of the Bcl-xL gene. This post-transcriptional 

regulation leads to selective increase in Bcl-xL protein expression in resistant animals.  

The overproduction of BclxL protein in lupus LPS/D-galactosamine resistant animals 

suggests that Bcl-xL was responsible for the protection against severe hepatocyte 

apoptosis and lethality.    
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We also evaluated the mRNA and protein expression of Bcl-xL in lupus mice under 

full-blown lupus disease conditions.  There was an increase in splenic Bcl-xL mRNA and 

protein.  This could possibly be a result of an increase in activated proliferating 

lymphocytes characteristic of the NZM2410 lupus mouse model (21).  Interestingly, the 

highest expression of Bcl-xL protein in general has been found in activated lymphocytes 

(103,104). This is because these cells have to survive long enough to perform their 

function.  It is unclear as to whether or not the increase in activating lymphocytes is the 

cause or result of an increase in Bcl-xL protein expression.  The B6.Sle1 congenic mice 

have also been shown to have an increase in activating lymphocytes.  It is possible that 

the increase in Bcl-xL protein expression on activated lymphocytes may not be limited to 

these specific cells and therefore potentially a global defect.  Therefore, is a possible that 

the mechanisms involved in this increase in activating lymphocytes may also be involved 

in the B6.Sle1 congenic mice resistance to LPS/D-galactosamine shock (107) as a result 

of a possible increase in Bcl-xL protein expression in hepatocytes.  In pre-diseased lupus 

mice the increase in Bcl-xL mRNA in the spleen only occurred in NZM2410 and not 

B6.Sle1.Sle2.Sle3 possibly due to lag in onset of lupus disease in the B6.Sle1.Sle2.Sle3 

mice (21).   

There was an increase in Bcl-xL protein expression in the peritoneal cavity cells of 

diseased lupus mice possibly due to the greater than 2-fold increase the apoptosis 

resistant B1a cells in the peritoneal cavity (108,109).  There was also an increase in Bcl-

xL protein expression in LPS/D-galactosamine treated peritoneal cells in pre-diseased 

NZM2410 and B6.Sle1.Sle2.Sle3 mice that may be due to the increase in the percentage 

of B1a cells and not to mere activation of the peritoneal cavity cells since there was no 
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Bcl-xL protein in the B6 animals.  Interestingly, the B6.Sle2 congenic mice have the same 

increase in the apoptosis resistant B1a cells population as the NZM2410 mouse 

(109,110). It is possible that the increase in Bcl-xL protein expression on apoptosis 

resistant B1a cells may not be limited to these specific cells and therefore potentially a 

global defect.  Therefore, it is a possible that the mechanisms involved in this increase in 

apoptosis resistant B1a cells may also be involved in the B6.Sle2 congenic mice 

resistance to LPS/D-galactosamine shock.  This could possibly be a result of an increase 

in Bcl-xL protein expression in hepatocytes.  

There was an increase in Bcl-xL protein levels in the submandibular lymph nodes 

and spleen of diseased lupus mice possibly due an increase in activated cells.  There was 

also an increase in Bcl-xL protein expression in the kidneys of diseased lupus mice 

possible due to hypercellularity of the glomeruli and/or increase in infiltrating 

lymphocytes-induced by glomerulonephritis (43,111).   

Bcl-xL protein upregulation in B6.Sle1.Sle2.Sle3 or NZM2410 does not require the 

Bcl-xL inducer Stat6 in the spleen or submandibular lymph nodes in diseased lupus mice. 

This was shown by the equal to or greater than levels of the Bcl-xL protein expression in 

B6.Sle1.Sle2.Sle3.Stat6-/- as compared to B6.Sle1.Sle2.Sle3 animals.  These results 

suggest that Stat6 does not have an affect on Bcl-xL protein expression in lymphoid 

tissues.  However, the Bcl-xL protein upregulation in the kidney was controlled by Stat6 

as shown by its significant decrease in B6.Sle2.Sle2.Sle3.Stat6-/- as compared to 

B6.Sle1.Sle2.Sle3 animals.  A recent study by Singh et al. (111) showed that 

NZM2410.Stat6-/- mice have significant reduction in kidney disease characterized by 

decreases in proteinuria, glomerular hypercellularity, and glomerulosclerosis but with no 
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change in  anti-dsDNA IgG autoantibody levels as compared with NZM2410.  Together 

these results suggest that glomerular hypercellularity and/or inflammatory cell infiltration 

require Bcl-xL upregulation in a Stat6 dependent manner.    

A chimeric antisense oligonucleotide was used to block Bcl-xL protein expression 

to confirm that in lupus mice the Bcl-xL gene was responsible for protection from 

apoptosis.  The hypothesis was that the Bcl-xL antisense oligonucleotide would block the  

 

Figure 4-23.  Bcl-xL Antisense Oligonucleotide Mode Of Action On Autoreactive Cells. 
(A) Bcl-xL protein expression comparison between normal and autoreactive 
lymphocytes (B) Illustration of Bcl-xL antisense oligonucleotide induction of 
normal apoptosis in autoreactive lymphocytes that normally display reduced 
apoptosis. X, denotes cell death. 

production of Bcl-xL protein and subsequently allow for normal progression of apoptosis.  

In vitro culture of thymocytes from B6 and NZM2410 mice under spontaneous or 

rhTNFα-induced apoptotic conditions proved that Bcl-xL antisense oligonucleotide could 

increase the levels of apoptosis in the NZM2410 to the levels seen in B6.   These results 

confirm studies (80,112,113) that have shown the mitochondria has a major role in 

spontaneous and inducible apoptosis of lymphocytes. 
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Since we showed that there was an overexpression of Bcl-xL in spleen and 

peritoneal cavity cells in the NZM2410 and the B6.Sle1.Sle2.Sle3 mice we can 

extrapolate that these tissue, which contain autoreactive cells, will also be resistant to 

apoptosis.  This suggests a mechanism by which autoreactive cells can survive and persist 

in the periphery.  Theoretically, if the Bcl-xL expression can be reduced, the autoreactive 

cells can undergo normal apoptosis and lead to a reduction or complete elimination of 

autoreactive cells leading to reduction or elimination of autoantibodies and renal damage 

(Figure 4-23). 

This hypothesis was tested by assessing the effect of Bcl-xL inhibition on 

autoantibody production from cultured splenocytes from seropositive lupus mice.   

Optimization experiments revealed that there was a 10-fold increase in cell number from 

cultured lupus splenocytes as compared to B6 by day 3 (data not shown).  The cell count 

increased substantially up to day 7 at which time there was an appreciable increase in 

autoantibody (IgG anti-dsDNA IgG, IgG anti-chromatin IgG) levels although the total 

IgG levels remain unchanged throughout the experiment.     These results suggest that the 

proliferating population of cells were mainly autoreactive cells.   

Bcl-xL inhibition by Bcl-xL antisense oligonucleotide addition eliminated the LPS-

induced increase in cell count and autoantibody production from splenocytes after 7 days 

in culture.  Interestingly, Bcl-xL inhibition had no effect on total IgG levels suggesting 

that the effect was specific for autoreactive cells.  This specificity is likely due to the fact 

that autoreactive cells are hyperactivated and that Bcl-xL expression is highest in 

activated monocytes and lymphocytes. Extensive literature search revealed that this was 
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the first time anyone has shown that autoantibody production can be directly specifically 

decreased by inhibition of an anti-apoptotic gene.   

We also showed that Bcl-xL protein expression in 7 day cultured lupus splenocytes 

was upregulated after LPS stimulation, but was eliminated after the addition of Bcl-xL 

antisense oligonucleotide. We also show that the Bcl-xL upregulation and inhibition in 7 

day cultured lupus splenocytes was not dependent on Stat6.  This Bcl-xL antisense 

oligonucleotide-induced elimination of Bcl-xL protein not only validated the specificity 

of the reagent but also the role of Bcl-xL in reduction of autoreactive cells.  The reduction 

of cell count and subsequent autoantibody levels was a direct result of a substantial 

increase in apoptosis specifically in B cells after Bcl-xL inhibition.  

A wide variety of pathways can induce Bcl-xL protein production.  These pathways 

include but are not limited to, growth factor, cytokine, non-tyrosine kinase, 

immunoglobulin/CD40, and death receptor (Figure 4-24).   A possible role of Bcl-xL in 

lupus pathogenesis is in increasing autoreactive and activated lymphocytes.  This could 

lead to antibody-antigen complex formation and deposition on the basement membrane 

of the kidney (Figure 4-24).  This deposition will induce complement-mediated lysis of 

renal cells and recruit immune cells, which will cause even more damage to the kidney.  

This cycle will eventually lead to severe proliferative glomerulonephritis (Figure 4-24). 
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Figure 4-24.  Possible Mechanisms Of Induction Of Bcl-xL Overexpression With 

Potential Downstream Effects On The NZM2410 Lupus Mouse Model. Any 
pathway inducing NFκB will induce Bcl-xL, which can potentially lead to 
renal failure in lupus animals.  So far, the major pathways are mediated by 
death receptors, cytokines, immunoglobulin, growth factor receptors, and non-
tyrosine kinase receptors.  LPS/D-galactosamine model suggest that although 
NFκB mediates Bcl-xL transcription, protein production is post-
transcriptionally regulated.  Key components of the pathways outlined in 
green were shown to be altered or have direct effect on renal damage in the 
NZM2410 Lupus Mouse Model. 

Our study showed for the first time that inhibition of Bcl-xL could substantially 

reduce the levels of autoantibody production through decreasing cell number by increase 

apoptosis.  Therefore autoreactive cells have an increase in Bcl-xL protein and the forced 

inhibition of this protein would cause an increase in apoptosis and subsequent reduction 

of antibody and potential reduction of other lupus phenotypes (Figure 4-24). 
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CHAPTER 5 
RESULTS AND DISCUSION: IL-10 AAV GENE THERAPY IN LUPUS MICE  

IL-10 AAV Gene Therapy In 2-2.5 Month Old B6.Sle1.Sle2.Sle3 Lupus Mouse 

To assess the effect of IL-10 overexpression on Lupus mice, 2-2.5 month old B6 

and B6.Sle1.Sle2.Sle3 mice were injected intramuscularly with IL-10 AAV serotype 2 or 

saline.  The animals were sacrificed at 7 months of age, which corresponded to 5-month 

post injection, for analysis of autoantibody production, immune cell distribution and 

activation, and renal pathology.   

 
 

Figure 5-1.  Autoantibody Production Of IL-10 Transduced Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice At 8 Weeks Post Injection. The animals were injected 
intramuscularly with 100 µl 109 IU of IL-10 AAV serotype 2 or saline.  Mice 
were bled bi-weekly for up to 7 months of age and antibody production was 
assessed by ELISA for total IgG, total IgG1, total IgG2a, total IgG2b, total 
IgG3, anti-dsDNA IgG, and anti-chromatin IgG. Only data displaying a trend 
or statistically significant is shown.  Each point represents a single animal. * p 
< 0.05; ** p < 0.001; *** p < 0.0001. 

At eight weeks post injection the IL-10 transduced B6.Sle1.Sle2.Sle3 animals had a 

significant reduction in autoantibody (anti-dsDNA IgG, anti-chromatin IgG) production 

(Figure 5-1).  These results suggest that IL-10 could potentially eliminate autoantibody 

production.  At 22 weeks post injection, the antibody (total IgG, total IgM, anti-dsDNA 
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IgG, anti-chromatin IgG) production was the same for both saline and IL-10 treated 

animals (Figure 5-2).  These results suggest that IL-10 overexpression only delays the 

onset of autoantibody production. 

 
 

Figure 5-2.  Autoantibody Production Of IL-10 Transduced Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice At 22 Weeks Post Injection. The animals were 
injected intramuscularly with 100 µl 109 IU of IL-10 AAV serotype 2 or 
saline.  Mice were bled bi-weekly for up to 7 months of age and antibody 
production was assessed by ELISA for total IgG, total IgG1, total IgG2a, total 
IgG2b, total IgG3, total IgM, anti-dsDNA IgG, and anti-chromatin IgG. Only 
data displaying a trend or statistically significant is shown.  Each point 
represents a single animal. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

The percent of lymphocytes (FSClow, SSClow) in the peritoneal cavity was not 

affected by IL-10 overexpression in the B6.Sle1.Sle2.Sle3 mice but was significantly 

reduced in B6 mice suggesting that there may be an inhibitory mechanism in the lupus 

mice related to the pathogenesis of the disease (Figure 5-3).  The percentage of 

macrophages (FSClow, SSCintermediate) in the peritoneal cavity was significantly reduced by 

IL-10 overexpression in the B6.Sle1.Sle2.Sle3 but not in B6 mice (Figure 5-3).  This 

suggests that macrophages in lupus mice were hyper-responsive to IL-10 overexpression.  
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Figure 5-3.  Assessment Of Lymphocyte And Macrophage Distribution In B6 And Pre-
Disease B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. 
The animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of peritoneal cavity cells were analyzed by flow cytometry. (A) 
Scatter Plots of the percentage of lymphocytes and macrophages per total 
peritoneal cavity cell population (B) Representative FACS Plots of Scatter 
Plots in (A).  Gating: lymphocytes (R1), forward scatter low, side scatter low; 
macrophages (R2), forward scatter low, Side Scatter high.  Each point 
represents a single animal. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

The mean fluorescent intensity of B7.2+ conventional B cells (B220+CD5-B7.2+) 

were significantly decreased in B6 mice and significantly increased in B6.Sle1.Sle2.Sle3  

A. 

B. 
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Figure 5-4.  Assessment Of Conventional B2 Cell Activation In B6 And Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of peritoneal cavity cells were analyzed by flow cytometry. (A) 
Scatter Plots of the mean fluorescent intensity (MFI) of activated peritoneal 
cavity conventional B2 cells (B) Representative FACS Plots of Scatter Plots 
in (A). Gating: conventional B2 cells, B220+CD5-B7.2+.  B7.2 expression was 
based on MFI of area under marker region 1 (M1) based on an isotype control.  
Each point represents a single animal. * p < 0.05; ** p < 0.001; *** p < 
0.0001. 

mice in response to IL-10 overexpression (Figure 5-4).  These results suggest that 

conventional B cells were hyper-responsive to IL-10 in the B6.Sle1.Sle2.Sle3.   

A. 

B. 



73 

 

 

 
 

 
 

Figure 5-5.  Assessment Of Splenic B Cell Distribution In B6 And Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of spleen cells were analyzed by flow cytometry. (A) Scatter 
Plots of percentage of splenic transitional 1 (T1), transitional 2 (T2), follicular 
(FO), and marginal zone (MZ) B cells (B) Representative FACS Plots of 
Scatter Plots in (A). Gating: T1, IgM+CD21-CD23-; T2, IgM+CD21+CD23+; 
FO, IgM+CD21-CD23+, MZ, IgM+CD21+CD23-.  Each point represents a 
single animal. * p < 0.05; ** p < 0.001; *** p < 0.0001.  

A. 

B. 
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The splenic B cell distribution was changed drastically by the overexpression of IL-

10 and the results in the B6.Sle1.Sle2.Sle3 mice mirrored the results in B6 mice (Figure  

5-5). The transitional 1 cells (IgM+CD21-CD23-) were decreased, the transitional 2 cells 

(IgM+CD21+CD23+) were increased, the follicular B cells (IgM+CD21-CD23+) were  

decreased, and the marginal zone B cells (IgM+CD21+CD23-) were increased (Figure 5-

5).  The levels of the B6.Sle1.Sle2.Sle3 transitional 1 cells were reduced to the level of  

 
 

 
 

Figure 5-6.  Assessment Of T Cell Distribution And Activation In B6 And Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of spleen cells were analyzed by flow cytometry. (A) Scatter 
Plots of percentage of splenic T cells per total lymphocytes and activated 
CD8+ T cells (B) Representative FACS Plots of Scatter Plots in (A). Gating: T 
cells, B220+CD5+; activated CD8 T cells, CD8+CD69+.  Each point represents 
a single animal. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

B6.  The levels of B6.Sle1.Sle2.Sle3 transitional 2 cells were increased by not as much as 

B6 (Figure 5-5).  The levels of B6.Sle1.Sle2.Sle3 follicular cells were reduced to the same 

A. 

B. 
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level as B6 although the saline levels were initially lower than B6.  The levels of the 

marginal zone cells were on average greater than B6 (Figure 5-5).  These results suggest 

that IL-10 may have a role in advancement of splenic cells from transition 1 to 

transitional 2 and the marginal zone in general, since there was no difference between 

normal and lupus mice.   

 
 

 
 

Figure 5-7.  Assessment Of Surface Immunoglobulin Distribution In B6 And Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of bone marrow cells were analyzed by flow cytometry. (A) 
Scatter Plots of mean fluorescent intensity of bone marrow total surface IgM 
and IgD cells (B) Representative FACS Plots of Scatter Plots in (A). Gating: 
IgM, IgM+; IgD, IgD+ based on MFI of area under marker region 1 (M1).  
Each point represents a single animal. * p < 0.05; ** p < 0.001; *** p < 
0.0001. 

Assessment of T cell distribution and activation revealed there was a substantial 

increase in T cells (B220-CD5+) in B6 as a result of IL-10 overexpression, but not in 

A. 

B. 
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B6.Sle1.Sle2.Sle3 mice (Figure 5-6).  There was a substantial decrease in activated 

splenic CD8+ (CD8+CD69+) T cells in both B6 and B6.Sle1.Sle2.Sle3 mice.   

 

 
 

 
 

Figure 5-8.  Assessment Of Plasma Cell And Plasmablasts Distribution In B6 And Pre-
Disease B6.Sle1.Sle2.Sle3 Mice 22 Weeks Post IL-10 AAV Overexpression. 
The animals were injected intramuscularly with 100 µl 109 IU of IL-10 AAV 
serotype 2 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of bone marrow and spleen cells were analyzed by flow 
cytometry. (A) Scatter Plots of percentage of splenic and bone marrow plasma 
cells and plasmablasts (B) Representative FACS Plots of Scatter Plots in (A). 
Gating: plasma cells (PC), B220-CD138+; plasmablasts (PB), B220+CD138+. 
Each point represents a single animal. * p < 0.05; ** p < 0.001; *** p < 
0.0001. 

A. 

B. 
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Assessment of surface immunoglobulin expression revealed that bone marrow IgM 

and IgD was significantly decreased in B6 mice but not changed in B6.Sle1.Sle2.Sle3 

mice in response to IL-10 overexpression (Figure 5-7).  This suggests that Il-10 may 

decrease the levels of recirculating mature cells. 

Assessment of plasma cells (B220-CD138+) and plasmablasts (B220+CD138+) 

distribution revealed that IL-10 overexpression decreased bone marrow and splenic 

plasma cells and decreased splenic plasmablasts in B6 mice but had no effect on 

B6.Sle1.Sle2.Sle3 mice (Figure 5-8).  These results suggest that the decrease in plasma 

cells and plasmablasts may result in a decrease of autoantibody production. This decrease 

in autoantibody production may have occurred early in the overexpression of IL-10 in the 

B6.Sle1.Sle2.Sle3, but a strong defective mechanism in the lupus mice prevented the 

stabilization of the phenotype.  The identity of this mechanism is unclear but it may have 

to do with the pathogenesis of the lupus disease. 

Histological analysis was performed on kidney, spleen, peyer’s patches, liver, 

caudal muscle, heart, lungs, and thymus.  The results show that there was no difference in 

pathology between the saline treated and IL-10 AAV treated animals.  There was also no 

difference in proteinuria, which confirmed the histological renal pathology results. 

IL-10 AAV Gene Therapy In 
6-Week-Old B6.Sle1.Sle2.Sle3 Lupus Mouse 

The effect of IL-10 AAV serotype 2 on 2 – 2.5-month-old animals was transient.  

This suggests that long-term reduction of autoantibody production and subsequent 

reduction of renal pathology may require IL-10 overexpression in younger animals, a 

higher dose, and serotype that secretes higher amounts of IL-10.  Therefore, 6 weeks old 

B6.Sle1.Sle2.Sle3 mice were transduced intramuscularly with 1010 IL-10 AAV 
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serotype 1.  AAV serotype 1 has greater activity than serotype 2 which suggest it may 

potentially induce long-term effects on the phenotypes elicited by serotype 2.  The 

animals were sacrificed at 7 months of age, which corresponded to 6-month post injection 

 
 

Figure 5-9.  Antibody Production Of IL-10 Transduced Pre-Disease B6.Sle1.Sle2.Sle3 
Mice At 22 Weeks Post Injection. The animals were injected intramuscularly 
with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline.  Mice were bled bi-
weekly for up to 7 months of age and antibody production was assessed by 
ELISA for total IgG, total IgG1, total IgG2a, total IgG2b, total IgG3, anti-
dsDNA IgG, and anti-chromatin IgG. Only data displaying a trend or 
statistically significant is shown.  Each point represents a single animal. * p < 
0.05; ** p < 0.001; *** p < 0.0001.  

for analysis of autoantibody production, immune cell distribution and activation, and 

renal pathology as in the previous set.  Up to 22 weeks post injection, there was a 

substantial decrease in the amount of antibody (total IgG2b, anti-dsDNA IgG, anti-

chromatin IgG) in IL-10 transduced B6.Sle1.Sle2.Sle3 mice (Figure 5-9).   

Assessment of plasma cells revealed that there was a significant increase in plasma 

cells (B220-CD138+) in the bone marrow in response to IL-10 overexpression (Figure 5-
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10).  These results suggest that IL-10 increased homing of plasma cells to the bone 

marrow. 

Assessment of bone marrow lineage distribution revealed that there was a 

significant increase in progenitor cells consisting of stem cells, multilineage progenitor 

 

 
Figure 5-10.  Assessment Of Plasma Cell Distribution In Pre-Disease B6.Sle1.Sle2.Sle3 

Mice 26 Weeks Post IL-10 AAV Overexpression. The animals were injected 
intramuscularly with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline. Mice 
were sacrificed at 7 mo of age and single cell suspensions of bone marrow 
cells were analyzed by flow cytometry. (A) Scatter Plots of percentage of 
bone marrow plasma cells (B) Representative FACS Plots of Scatter Plots in 
(A). Gating: plasma cells (PC), B220-CD138+; plasmablasts (PB), 
B220+CD138+. Each point represents a single animal. * p < 0.05; ** p < 
0.001; *** p < 0.0001.  

cells, and common lymphoid progenitor cells (CD24-CD43+) (Figure 5-11).  In spite of 

the increase in progenitor cells, there was a significant decrease in early pre-B cells 

(CD24+CD43+) (Figure 5-11).  There was no difference in the late/new B cells 

(CD24+CD43-) or the mature B cells (CD24-CD43-).  Together these data suggest that 

there may be a potential decrease or delay in the maturation of B cells in the presence of 

excess IL-10.   
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Figure 5-11.  Assessment Of Bone Marrow Linage Distribution In Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 26 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 1010 IU of IL-10 AAV 
serotype 1 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of bone marrow cells were analyzed by flow cytometry. (A) 
Scatter Plots of percentage of bone marrow progenitor and early pre-B cells 
(B) Representative FACS Plots of Scatter Plots in (A). Gating: progenitor 
cells (PG), CD24-CD43+; early pre-B cells (EPBC), CD24+CD43+; late/new 
B-cells (LNBC), CD24+CD43-, mature B-cell (MB), CD24-CD43-. Each point 
represents a single animal. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

Assessment of T cell distribution and activation revealed that there was a 

substantial decrease in splenic CD4+/CD8+ T cell ratio in response to IL-10 

overexpression (Figure 5-12).  There was also a significant decrease in splenic activated 

CD4+  T cells (CD4+CD44+CD62L-) and an increase in naïve CD4+ T cells (CD4+CD44-

CD62L+) (Figure 5-12).  These results suggest that IL-10 inhibits the activation of CD4+ 

T cells that are necessary for isotype class switching and subsequently autoantibody 

production.  Increased CD4+/CD8+ T cell ratio in the B6.Sle1.Sle2.Sle3 is due to defective 

activation induced cell death (114).   IL-10 overexpression corrects the defect.   
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Figure 5-12.  Assessment Of T Cell Distribution And Activation In Pre-Disease 
B6.Sle1.Sle2.Sle3 Mice 26 Weeks Post IL-10 AAV Overexpression. The 
animals were injected intramuscularly with 100 µl 1010 IU of IL-10 AAV 
serotype 1 or saline. Mice were sacrificed at 7 mo of age and single cell 
suspensions of spleen cells were analyzed by flow cytometry. (A) Scatter 
Plots of the splenic ratio of CD4+/CD8+ T cells and the percentage of naïve 
and activated CD4+ T cells (B) Representative FACS Plots of Scatter Plots in 
(A). Gating: CD4, CD4+; CD8, CD8+; naïve, CD4+CD44-CD62L+; activated, 
CD4+CD44+CD62L-. Each point represents a single animal. * p < 0.05; ** p < 
0.001; *** p < 0.0001. 
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To assess the effect of IL-10 overexpression on renal pathology, the level of 

proteinuria was assessed and histology was performed on formalin fixed kidneys.  The 

amount of proteinuria was decreased with IL-10 overexpression (Figure 5-13).  This 

suggests that there could potentially be a decrease in renal damage.  Formalin fixed 

kidneys from both saline and IL-10 transduced animals were paraffin embedded, fixed to 

microscope slides, and stained with H&E.  The clinical score from formalin fixed kidney 

sections revealed that there was no reduction in severe glomerulonephritis with IL-10 

overexpression (data not shown).  These results suggest that IL-10 overexpression may 

decrease renal disease in lupus mice. 

 
 

Figure 5-13.  Assessment Of Proteinuria In Pre-Disease B6.Sle1.Sle2.Sle3 Mice 26 
Weeks Post IL-10 AAV Overexpression. The animals were injected 
intramuscularly with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline. Mice 
were sacrificed at 7 mo of age and proteinuria was assessed bi-weekly by 
Albustix Protein Reagent Strips For Urinalysis. Proteinuria score was based 
on percentage of total animals positive per proteinuria level.  Proteinuria level: 
Trace = < 30 mg/dL, + = 30 mg/dL, ++ = 100 mg/dL, +++ = 300 mg/dL. 

Histological analysis was performed on spleen, peyer’s patches, liver, caudal 

muscle, heart, lungs, and thymus.  The results show that there was no difference in 

pathology between the saline treated and IL-10 AAV treated animals.  
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IL-10 AAV Gene Therapy In 
B6.Sle1.Sle2.Sle3 During The Early Stage Of Lupus Disease 

To assess the effect of IL-10 overexpression on lupus mice at the early stage of 

lupus disease, 4-5 month old B6.Sle1.Sle2.Sle3 mice were injected intramuscularly with 

IL-10 AAV serotype 1 or saline.  The animals were sacrificed at 1 or 2 months post-

injection for analysis of autoantibody production, immune cell distribution and activation, 

and renal pathology.   

 

Figure 5-14.  Antibody Production Of IL-10 Transduced Diseased B6.Sle1.Sle2.Sle3 
Mice At 1 And 2 Months Post Injection. The animals were injected 
intramuscularly with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline.  Mice 
were bled bi-weekly for 1 or 2 months post-injection and antibody production 
was assessed by ELISA for total IgG, total IgG1, total IgG2a, total IgG2b, 
total IgG3, anti-dsDNA IgG, and anti-chromatin IgG. Only data displaying a 
trend or statistically significant is shown.  Each point represents a single 
animal. * p < 0.05; ** p < 0.001; *** p < 0.0001. 

Assessment of autoantibody production revealed that there was no difference in 

autoantibody (anti-dsDNA IgG, anti-chromatin IgG) production in response to 

overexpression with IL-10 (Figure 5-14).  There was however a significant decrease in 
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total IgG2b antibodies at 1 mo post and a trend in the same direction 2 mo post IL-10 

overexpression (Figure 5-14).  There was also a significant decrease in total IgG3 at 2-mo 

post IL-10 overexpression (Figure 5-14).   

Assessment of immune cell distribution and activation revealed that IL-10 

overexpression increased the percentage of plasmablasts (B220+CD138+) cells in the 

bone marrow (Figure 5-15).   

 

 
Figure 5-15.  Assessment Of Plasmablasts In Diseased B6.Sle1.Sle2.Sle3 Mice 2 Months 

Post IL-10 AAV Overexpression. The animals were injected intramuscularly 
with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline. Mice were sacrificed 
at 2 months post injection and single cell suspensions of bone marrow cells 
were analyzed by flow cytometry. (A) Scatter Plots of percentage of bone 
marrow plasmablasts (B) Representative FACS Plots of Scatter Plots in (A). 
Gating: plasma cells (PC), B220-CD138+; plasmablasts (PB), B220+CD138+. 
Each point represents a single animal. * p < 0.05; ** p < 0.001; *** p < 
0.0001. 

Finally, the amount of proteinuria was decreased with IL-10 overexpression (Figure 

5-16).  This suggests that there could potentially be a decrease in renal damage.  Formalin 

fixed kidneys from both saline and IL-10 transduced animals were paraffin embedded, 

fixed to microscope slides, and stained with H&E.  The clinical score from formalin fixed 
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kidney sections revealed that there was a reduction in severe glomerulonephritis with IL-

10 overexpression (Table 5-1).  This confirms that there was a reduction in renal 

pathology as a result of IL-10 overexpression.  

 
 

Figure 5-16.  Assessment Of Proteinuria In Diseased B6.Sle1.Sle2.Sle3 Mice 2 Months 
Post IL-10 AAV Overexpression. The animals were injected intramuscularly 
with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline. Mice were sacrificed 
at 2 mo of age and proteinuria was assessed bi-weekly by Albustix Protein 
Reagent Strips For Urinalysis. Proteinuria score was based on percentage of 
total animals positive per proteinuria level.  Proteinuria level: Trace = < 30 
mg/dL, + = 30 mg/dL, ++ = 100 mg/dL, +++ = 300 mg/dL. 
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Table 5-1.  Histological Assessment Of Renal Pathology In Diseased B6.Sle1.Sle2.Sle3 
Mice 2 months Post IL-10 AAV Overexpression. The animals were injected 
intramuscularly with 100 µl 1010 IU of IL-10 AAV serotype 1 or saline. Mice 
were sacrificed at 2 mo of age and immunohistochemistry was performed on 
formalin fixed paraffin embedded kidneys fixed to microscope slides.  The 
severity of renal damage was based on a clinical glomerulonephritis (GN) 
scoring system with the following classifications: Hyaline GN (0-4) 
>>Mesangial GN (0-4) >>Proliferative GN (0-4).  Number in ( ) denote 
severity within a classification such that the higher the number the greater the 
severity.   >>, denotes increasing severity between GN classifications. 

 

Histological analysis was performed on spleen, peyer’s patches, liver, caudal 

muscle, heart, lungs, and thymus.  The results show that there was no difference in 

pathology between the saline treated and IL-10 AAV treated animals. 

Discussion 

IL-10 is a regulatory cytokine mainly produced by B cell for proliferation and 

macrophages for reduction/cessation of pro-inflammatory responses.  IL-10 is also 

produced by a subset of regulatory and CD4+ T cell for maintenance of their effector 

function (7). In lupus NZB/W F1 mice, continuous administration anti-IL-10 neutralizing 

antibodies starting from birth delayed onset of autoimmunity which was mediated by up-

regulation of TNFα production (8).  In the same study continuous administration of IL-10 

to NZB/W F1 mice, starting from 4 weeks of age accelerated autoimmunity.  Overall, this 

suggests that an increase in IL-10 will increase disease.   
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Many studies have shown that a continuous stable production of secreted cytokines 

can be achieved in vivo through recombinant AAV-mediated skeletal muscle gene 

delivery (37,63).  In the NOD mice, IL-10 overexpression through transduction with 109 

IU AAV serotype 2 prevented insulin dependent diabetes (62).  Since diabetes is a T cell 

mediated disease, this suggests that IL-10 decreases T cell activation.  The advantage of 

using recombinant AAV as opposed to soluble cytokines is the lack of need for repeated 

administration.  Therefore, we used recombinant mouse IL-10 AAV to assess the effect 

of IL-10 overexpression on autoantibody production, immune cell distribution and 

activation, and renal pathology in the B6.Sle1.Sle2.Sle3 lupus mouse. 

In our study, IL-10 overexpression in 2-2.5 month old B6.Sle1.Sle2.Sle3 mice with 

109 IU of serotype 2 AAV caused a delay in the onset of autoantibody production (anti-

dsDNA IgG, anti-chromatin IgG) up to 10 weeks post overexpression, which suggested 

that mediators present at this age or the dosage of IL-10 prevented long term inhibition of  

autoantibody production.    At the termination of the experiment at 22 weeks post 

injection, the levels of autoantibody in the IL-10 transduced animals were equivalent to 

saline injected animals.   

IL-10 overexpression in this age group of lupus mice affected mainly B cell 

activation and distribution.   Specifically there was an increase in the mean fluorescent 

intensity of B7.2+ peritoneal cavity conventional B2 B cells and trend showing an 

increase in splenic plasma cells.  These results corroborate studies that showed activated 

B cells cultured with IL-10 differentiates B cells into plasma cells (114,115).  The splenic 

B cell subsets showed a decrease in transitional 1 maturing B cells, which may be a direct 

result of these cells developing into transitional 2 maturing B cells since there was an 
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increase in this cell population.   At this stage the B cells can develop into either marginal 

zone B cells or follicular B cells (116). There was a significant decrease in follicular 

(recirculating) B cells and a significant increase in marginal zone (compartmentalized) B 

cells in response to IL-10 overexpression.   Marginal zone B cells are the first mature B 

cell responders to pathogens circulating in blood within the first three days of infection 

(116) therefore it is plausible that this population would be more sensitive to IL-10.  

The effect of IL-10 on T cell population, distribution, and activation was minimal 

as it only decreased the percentage of activated splenic CD8+ T cells.  This response may 

be the result of negative feedback since IL-10 induces proliferation and cytotoxic activity 

of CD8+ T cells (7).  IL-10 overexpression also significantly decreases peritoneal cavity 

macrophages, which is a result of negative feedback.   

Variations in some immune cells phenotypes were a direct result of IL-10 

overexpression regardless of lupus predisposition suggesting that the dysregulated 

responses were specific and tightly regulated (117,118).  B6 mice demonstrated this point 

as they display the same splenic B cell subsets and T cell activation phenotypes as the 

B6.Sle1.Sle2.Sle3 when we transduced them with IL-10 AAV at the same age and time 

point as the lupus B6.Sle1.Sle2.Sle3 mice.  IL-10 overexpression also induced phenotypes 

in B6 but not B6.Sle1.Sle2.Sle3, suggesting that in lupus mice these phenotypes are no 

longer regulated by IL-10. The B6 mice had a decreased total percent of peritoneal cavity 

lymphocytes, decreased mean fluorescent intensity of B7.2+ peritoneal cavity 

conventional B2 cells, decreased mean fluorescent intensity of bone marrow IgD and 

IgM, decreased plasma cells in the bone marrow and spleen, and decreased plasmablasts 

in the spleen.    
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Since the effect on autoantibody production was transient, the immune cell 

responses at the termination of the experiment may not be representative of the immune 

cell phenotypes at the time point that eliminated autoantibody production.  Furthermore, 

the immune cell phenotypes in the B6.Sle1.Sle2.Sle3 at the termination of the experiment 

may be a direct result of resistance from the strong lupus phenotypes.  Proteinuria and 

renal immunohistochemistry showed that IL-10 AAV overexpression in 2-2.5 month old 

B6.Sle1.Sle2.Sle3 did not protect against renal damage.  This data suggest that long-term 

reduction of autoantibody production and subsequent reduction of renal pathology may 

require IL-10 overexpression in younger animals, a higher dose, or a serotype that 

secretes higher amounts of IL-10.   

In studies using IL-10 AAV serotype 2 on NOD (Non-Obese Diabetic) mice, it was 

reported that IL-10 production reached optimal levels at 4 weeks post injection (119).  

B6.Sle1.Sle2.Sle3 mice production of autoantibodies by 3 month of age could overpower 

the weak lagging IL-10 response from AAV transduction and therefore account for the 

transient effect from IL-10 overexpression.  To circumvent the lag in IL-10 production 

from AAV overexpression, 6-week-old B6.Sle1.Sle2.Sle3 mice were transduced 

intramuscularly with 1010 IU IL-10 AAV serotype 1.  AAV serotype 1 has greater 

activity than serotype 2 which suggest it may potentially induce long-term effects on the 

phenotypes elicited by serotype 2.  

There was a significant decrease in autoantibody (anti-dsDNA IgG, anti-chromatin 

IgG) and total IgG2b production in B6.Sle1.Sle2.Sle3 mice even at 22 weeks post 

transduction with IL-10 AAV.  A recent study showed that IL-10 production is associated 

with anti-DNA IgG, anti-Ro IgG, and anti-La IgG autoantibody production in SLE 
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patients (12).  The addition of IL-10 has also been shown to cause peripheral blood 

mononuclear cells from SLE patients with inactive disease to increase anti-ssDNA IgG 

and anti-dsDNA IgG autoantibody production while patients with active disease to 

decrease antibody production (10,11,72).   These data suggest that IL-10 levels during 

autoantibody production are high which serves to stimulate B cell proliferation and 

subsequent increase in autoantibody production.  These data also suggest that if 

additional IL-10 is added at high enough concentrations in this environment, as in the 

case of IL-10 AAV in the B6.Sle1.Sle2.Sle3 mice, then IL-10 will function as a negative 

feedback regulator to suppress B cell proliferation and subsequent autoantibody 

production.   

IL-10 overexpression in 6-week-old B6.Sle1.Sle2.Sle3 mice caused a significant 

increase in bone marrow plasma cells, which are long-lived cells.  This corroborates a 

study that showed that B cell in the presence of IL-10 differentiates into plasma cells 

(115).  IL-10 overexpression also increased progenitor cells and decreased Early Pre-B 

cells in the bone marrow.  The increase in the progenitor cells may be the result of a 

reduction in maturation, which would account for the reduction of Early Pre-B cells. IL-

10 overexpression had a significant effect on T cell activation and distribution such that 

there was a decrease in splenic CD4+/CD8+ T cell ratio, decrease in activated splenic 

CD4+ T cells, and an increase in splenic naïve CD4+ T cells.   CD4+ T cells are required 

for isotype switching and antibody production by B cells.  The negative regulatory 

feedback of the transduced IL-10 could decrease the CD4+ T cells and all of its 

downstream effects. Therefore, the long-term inhibition of autoantibody production may 

be the direct effect of the reduction of not only CD4+ T cell number but also the reduction 
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of activated CD4+ T cells.  IL-10 overexpression in 6-week-old B6.Sle1.Sle2.Sle3 lupus 

mice showed a significant reduction in renal pathology as assessed by proteinuria but not 

renal damage by histology.  Since renal damage in this lupus model is mediated by 

immune complex formation, the reduction of autoantibody production by IL-10 

overexpression could also lead to a reduction of renal pathology as a result of a reduction 

in immune complex formation.  

Now that we have shown that we can reduce autoantibody production and reduce 

renal damage in mice pre-lupus disease, we wanted to assess the effect of IL-10 

overexpression on B6.Sle1.Sle2.Sle3 mice at the early stage of disease.  Therefore, we 

transduced 4-5 mo old B6.Sle1.Sle2.Sle3 mice with 1010 IU of IL-10 AAV serotype 1 and 

assessed autoantibody production, immune cell distribution and activation, and renal 

pathology at 1 and 2 months post overexpression.  IL-10 stimulates immunoglobulin 

secretion (7).   Since lupus mice are autoantibody positive, it is possible that the basal 

levels of IL-10 in the lupus animals at 4-5 mo of age are high and therefore the 

overexpression of IL-10 only serves as negative feedback regulation.   

There was no change in autoantibody (anti-dsDNA IgG, anti-chromatin IgG) levels 

at 1 or 2 months post IL-10 overexpression in disease lupus mice.  There was a 

significant decrease in total IgG2b, a nephropathic antibody, at 1 month and a decreasing 

trend at 2 month.  This decrease in total IgG2b, which was also seen after overexpression 

of 6-week lupus mice, is interesting in that typically IgG2b is induced by TGFβ.  This 

suggests that TGFβ, which is also a regulatory cytokine, may also, be decreased in 

response to IL-10 overexpression in the B6.Sle1.Sle2.Sle3 mouse.  There was also a 

significant decrease in total IgG3, a nephropathic antibody, at 2 months post IL-10 
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overexpression.  IgG3 is typically induced by IFNγ as is IgG2a, which did not show a 

change in production.  Since the reduction of total IgG2b and total IgG3 also suggest a 

reduction in nephropathic antibodies, it also suggests a reduction in renal fibrosis.  The 

effect of IL-10 overexpression on lymphocytes was minimal in that the only change was 

an increase in plasmablasts in the bone marrow.  Most importantly, IL-10 overexpression 

reduced renal pathology by decrease proteinuria and reduction in glomerulonephritis 

score.  The reduced renal pathology may be a direct result of a change in the cytokine 

environment due to the addition of the anti-inflammatory IL-10 (66,120,121) since there 

was no change in autoantibody production and subsequent immune complex formation.  

This suggests that a higher dose of IL-10 AAV may be needed to completely inhibit renal 

damage. 

Our study showed for the first time that in the B6.Sle1.Sle2.Sle3 lupus prone mouse 

overexpression of IL-10 could lead to reduction of not only autoantibody production but 

also reduction of renal disease.  This shows that after proper optimization of dosing, IL-

10 AAV is a viable option for clinical reduction of lupus pathogenesis.  Our study 

suggests that lupus patients may benefit from pharmaceutics that can cause a reduction of 

autoreactive T cell proliferation, as this cell may be responsible for the persistence of the 

autoimmune response.   Our study also suggests that IL-10 may play a different role at 

different stages in lupus pathogenesis depending on the basal level of IL-10 at the 

respective disease developmental stages (Figure 5-17). 
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Figure 5-17.  Overview Of IL-10 AAV Effect On Lupus Pathogenesis In Pre-Disease 

And Diseased B6.Sle1.Sle2.Sle3 Mice.  (A) Initiation and progression of renal 
damage in saline treated animals.  During normal development of 
glomerulonephritis in the NZM2410 lupus mouse model, kidney damage is 
immune complex mediated.  The immune complex consisting of 
autoantibodies and antigen deposits on the basement membrane of the kidney.  
This induces complement mediated renal cell lysis, recruitment of immune 
cells and release of cytokines, inflammation, subsequent proteinuria, and 
eventual renal failure.   (B)  Initiation and progression of renal damage in IL-
10 AAV treated pre-disease animals.  Overexpression of IL-10 decreased 
activated T cells, which lead to decrease in autoantibody production and 
subsequent proteinuria. Note that IL-10 overexpression also reduced total 
IgG2b antibody production, which has been associated with renal damage. (C)  
Initiation and progression of renal damage in IL-10 AAV treated disease 
animals.  Overexpression of IL-10 decreased proteinuria in diseased lupus 
mice although there was no decrease in autoantibody levels.  Note that IL-10 
overexpression also reduced total IgG2b and total IgG3.  IgG3 has also been 
associated with renal damage 
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CHAPTER 6 
CONCLUSION 

In its completion, this study has shown that there was a defect in the NZM2410 

mouse model TNFα/TNFR1 pathway.  It was shown, surprisingly, not to be TNFα, but 

the anti-apoptotic protein Bcl-xL.  In vitro data showed that inhibition of Bcl-xL in 

autoantibody positive cells lead to a reduction of autoantibody production.  These results 

also suggest that Bcl-xL inhibition may also reduce other lupus phenotypes such as renal 

disease.  In order to confirm this, an in vivo study will need to be done in which Bcl-xL 

antisense oligonucleotide would be used to assess the effect Bcl-xL inhibition at various 

stages of lupus pathogenesis.  This study has also revealed that IL-10 overexpression in 

the NZM2410 mouse model inhibits autoantibody production with a mechanism, which 

may involve reduction of activated autoreactive CD4+ T cells, and most importantly a 

decrease in renal pathology.  Further studies on a larger sample size of clinically relevant 

lupus diseased animals will need to be completed in order to fully assess the role of IL-10 

in lupus pathogenesis.  In combination, both studies show that reduction of autoreactive 

cells may be required for reduction and possibly elimination of lupus pathogenesis. 
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